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ABSTRACT 

The rare final states produced by 10 GeV/o K maons 

in hydrogen are analysed, and values are given for many of 

their cross-sections, as well as details of the ambiguities 

present1 Resonance production in these states is examined, 

and evidence is presented for the production of the 

K* (890) 9  the K1(l420),  the 	l385) and the f' (1514) 

resonances. Finally, the production characteristics of the 

antioáscade particle are investigated and possible production 

mechanisms are suggested for the 3-body final states. No 

event was detected which could be reliably interpreted as 

involving the production of the anti-omega particle. 



ACKNOWLEDGEMENTS 

It is a pleasure to thank Dr. G .R. Evans, my supervisor, 

for constant help and encouragement with this work • I am 

grateful'also toDr. D.J. Candlin andDr.N.E. Fanceyfor 

muoi help with computing and analysis ofthe data, to 

Dr. J.G. Co]vine for help and advice during the initial part 

of this work, to Dr. J. Muir for assistance with travelling 

arrangements, to Dr. M.F. Votruba In Birmingham University, 

and to the scanning and measuring teams in both Edinburgh 

and Glasgow University, who did so much of the ground work. 

The assiaanoe of Dr. P. Negus at Glasgow University is 

acknowledged. Thanks are due to Professor N • Feather, P.R. S., 

for extending the facilities of his department, to Mrs. 

Chester who made light of the enormous tas.k of typing this 

manuscript, and to the Science Research Council for financial 

assistance. 

Finally, I should like to thank my wife, Naddy, for her. 

patience and understanding during the completion of this 

research. 



C ON TENTS 

I. 	Introduótion. 

II.. 	The Data .Analy8is 

The Calculation of the Cross-Seótiona 

Resonance Production in Rare, Final StateB 

Ant-Hyperón Product jon 

Appendioes: 

2A 	A Justification of. the Use of the % 2 Method of Fitting 

2B 	Fits to Hypotheses 

3A 	Scanning Efficiency 

3B 	Cross-Sections 

3C 	Derivátionof the Likelihood Function for N (Observed) 

14A 	Phase Space 	 . 

Inside Back Cover 

Reprint of, Nuclear Physics B 	(1972) 77-87. 



CHAPTER I 

INTRODUCTION. 

	

1.1 	The Spectrum of Particle States 

	

1.2 	(uantum Numbers and Selection Rules 

1.2.1 G'Parity 

1.2.2 Parity 

	

1.3 	Resonance Production in K+P  Interactions 

1.3.1 The Reaotbp KP 

1.3.2 The Kitit Effective Mass 

1.3.2.1 The Q-region 

1.3.2. 2  The L-region 

1.3.3 Other Results 

1.3.14 Z'e 

	

1.14 	The Rare EvOnte 

	

1.5 	References for chapter I. 



CHAPTER 1 

INTRODTJT ION 

1.1 The Spectrum of Particle States 

When the nucleon is exposed to a beam of high energy 

mesons or nucleona, it is transformed into short-lived states 

of higher energy, which are known under various names, such 

as ?byperons  or ?e3oraflØ5. These states form a spectrum 

of baryon states, of which the proton and neutron form an joSlin  

ground state doublet. All other states can be. reached by 

supplying the nucleon in the ground state with the necessary 

excitation energy. 

Some of the excited states have different charges from 

the ground state. Some have different strangeness, or hyper-

charge. The excited states return to their ground state in 

one or several steps, with the emission of n-mesons, Ic-viesons, 

light quanta or electron-neutrino (lepton) pairs. 

The charged mesons and the lepton pairs are charge 

carriers and are therefore emitted when there is a charge 

difference between excited and ground state. The K-meaons 

are also strangeness carriers and are emitted when the strangeness 

changes. 

e.g. 	A° 	p 

l765) -' N 

An odd situation occurs with the lower exalted states of dif-

ferent strangeness, such as the ones designated by 	, A and 
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They cannot lie-excite by Kemiaaion into the ground 

state because the mass of 'the Kmeson is higher than the energy 

difference. These states, therefore, would be stable, it the 

conservation of strangeness were an exact law (such as the 

conservation of elOotri'o' charge). In tact, however, strange-

ness isoonsórvOd in all interactions except the weàkinter-

actions. Thërótóre, there exist very slow tran8jtions from" 

these statOs' 'to the ground 'state, with the emission of 

mosons,''ór lepton'p&irs,'módjated 'by"thO' Wàak'iñt'eraotic,n,'' 

Hence1 the l'owOst states, with strangeness' different from 

zero are metastable, and decay' slowly 4into the orilk real 

stable atate which is thó proton. 

Apart from the baryon spectrum, there exists a second 

speotrurn' caned the meson 'apëOtruni,' or boson 'spectrum. ' A 

oareful analysis of the me8ons 'prOduced by hi energy 

Collisions has revealed that thOrC àis'ts' a sane's of óxoited 

states,"referred to by vaniàus letters: p meaOn8, ' me8dna, 

Ti meson' ii 	 - 

'In transitions'from'an excited state to a lower one;' the 

energy difference 'ii emitted mostly in the form of meèons, 

e.g. the p m9soñ decays to two it mesons'. 

The dynamical basis of the baryon and boson spectra is 

not yet understood. However, 'inspection of the spectra 

definitely reveals multiplet structures which indicate certain 

symmetries, e.g. Isotopic spin multiplets are present in these 

spectra, i.e. the characteristic groups of levels of almost 

equal energy, which 'differ 'only in electric 'charge. 
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+-0 	+0 E.g. 	1ttt, 	KK 	etc. 

ThO.most Jnteresting obervation, however, is the presence 

of an additional aynnnetry, to do with hypercharge, and known as 

817(3) synmetry f  This is based on the idea of quarks as the 

building bloCks Df the fundamental rnrtioles, a baryon. being 

a oombinati9n of 3. quarks1 and a me son. being a quark-antiquark 

pair. 

From such ideas, one can derive a super-multiplet structure 

for the levels of a 3-quark 8ys tern, and of a quark-antiquark 

pair. This leads to the oonolusion that a 3-quark system 

gives rise to singlets, octets and decupletá,: and that a quark 

antiquark pair to..singlets and octets only. A possible baryon 

octet is shown in Fig. 1.la, and a boson nonet in Fig. .1.lb. 

It was the use, of such multipiets which led to the pre-

41otion and. subsequent, discovery of the cI' particle, 

strangeness 3. 

1.2 Quantum Numbers and Selection Rules 

Particle states may be divided into two groups, 'viz. 

"stable" particles which decay through weal or electromagnetic 

interactions, and "resonances" which decay via the strong 

interaction. The lifetimes of these states are correspondingly 

different. Thus, the stable particle lifetime varies from 

>lOs for the proton, to 10. is for the EI°, while the 
resonances normally have a lifetime of --' 10 23s. The Heiaenberg 

uncertainty relation, L B Lt 	-h indicates that a lifetime 

io23 corresponds to an uncertainty in energy (mass) 

65 MeV. The width of the stable particles is zero for 

practical purposes, whereas the resonance has more of a 
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statistical nature, giving rise to a mass distribution which 

resembles a "bump" rather than the "spike" of a stable particle. 

A particle state maybe defined by the numbers, 

N, 	, 3, P, I s  Q, 8, B, L, Les  G (for non strange mesons), 

where 	 . 	. 

M is the mass of the state in,MeV, 
1 1 	 '. 
j. is the width of the state, related to its lifetime, I , 

• by F = 	where 1, (MeV) . 7 x 
-22 or is 	i 7 x 10.MeV. 

o) 3 isthespinoftbe.atate. 

4) P is,te intrnsio parity. 

e) I is the isotopic spin. The number,of charge states is 

given by .21 + 1. 

1') Q  is the eleotrio ,ohrge quantum number. 

g) S is the strangeneSS quautun. number. 

Ii) B is the. bax'yon number, ,=. 0 for a],]. meson states or, 

excited meson states. 

L., L5  are the lepton numbers, zero for all particles 

except the neutrinos, the: ôIeetron, the muon, and their 

antipartioles. . 

G is the:'G-parity, definedlater. 

A nomenclature whieh'has bioome commonly aooópted is that 

•re8cnanóe8 are oallód N'8, and .1, /2, 0 

resonances are called A ', baryon resonances with S = -1 are 

called 'Y to subdivided into 8 and L to á000rding to 

their I-spin.  

• In8tead of à'trangene,es, a. conveniOnt quanity in discüèsiig 

elementary partioles is the' hyporàhargo, Y,'defined a 

Y = 3+B. 



For"stz'ange" particles, the charge, Q, differs from I3  

the third compOnent or 'I-spin, by a oonetantwhioh isohapac-

teriatlo o' the mi1piet, i.e. 

Q 	=' I3 +•.Y 

1.2.1 G-Parity 

An additional quantum number is introduced in the oase of 

mosona. This is the G-pa.rity quantum number, or "isotopic 

parity", quantum number. To understand Gparity one must first 

look at C, the charge-conjugation operator. This operator 

transforms a particle state into its anti-particle state, i.e. 

Cx> = 	L 
where X has opposite charge and StrangenesS to X. Strong 

and electromagnetic interactions 'ai'e assumed to be invariant 

under C. For the neutral, non-strange mesons,' particle and 

anti-particle are indistinguishable, e.g. y, 1t 0 . Thus, 

these àtátes will be eigenstatea of 'C with eigenvalue 	1. 

(It may be shown that the C-parity of y  is -I; and thus 

that the C-parity of the it °  is +1, from 1E °  '-4 ry.) To 

extend thi 8 symmetry to the' óharged mSmbèrs, one defineS the 

G-pari ty, 

G = C . R = C exp(iit 12) 

where R is the rotation of 1800  around the y-axisinl-8pin 

'SpacS. Then 	 ' 

a. 	it 	 1E o 



Thus, the, Gparity of pious ia-i. The minus sign arises from 

the tact that R(jt)— - t), aincetheeigónvalueofR tor. 

neutral non-strange states (I)I. In general, the G-parity 

of a multipiet, I of mesona, of which the neutral member has 

a oharg-aonjugation parity, C 1 , is 

a = c(-1)' 

If a system is coupled strongly to sub-sy8tems of G-pax'ity, 

G1 , G29  a3 , ...., its G-parity will be defined by 

a = G1  . 	. 	..... 

e.g. the obaervation of p - 	leads , to G(p) = +1. 

For n pions, a 	(_1)U • 
	

': 

This gives rise to a very imortaut selection rule for 

strong interactions. An even ('or odd)' number of pions',ó'annôt 

be 'transformed into an:odd(e'ven) nuuibez' of pious,' it 1 the 

system i8, an elgenstate of G. 

1.2.2. Parity.  

The wavOfuzotiOn' of any fundamental particle is an elgen-

state off the parity operator, P, with eigenvalue ± 1. 

i.e.. 	P 	= 	+4i 	even parity. 

pgj 	' 	 odd pax'ity. 

In practice, one is concerned with systems of at least two 

particles, where the:whole wave function can be considered as 

the product of the intrinsic parities of the individual par-

ticles, and the parity' of the orbital angular momentum part 

of the wave function,., From the properties of spherical 

harmonics, it may be eeón that the parity is given in terms 
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of the orbital angular momentum quantum number, L, by 

P(L) 	= 	(_1)I. 

The parity of the proton is chosen to be +1, and from 

this one can deduce the parity of the piona to be -1. 

Since parity is conserved in strong interactions, one can 

make predictions about the JP  of the resonant state from its' 

decay products, e.g., one which decays to two pions must have 
JP = +, 1, 2, ... etc. (so -called "natural" spin'paz'ity. 

assignment)., since the product of the intrinsic parities = +1, 

and the angular momentum part (-1) L whioh is +1 it 

L 	0, 2, ..., and -1 if .L 'l, 3, •.. etc. High values 

of angular momentum are, inhibited by the barrier effeot 

Thus, the experimenter attempts to measure, the mass and 

width of, .obsOrved resonances, and from their decay angular 

distributions, or Dalitz Plot populations (which are also a 

function of spin), determine the JP . and I-spin quantum, 

numbers. 

These states may be compared with those iredicted by the 

quark model, as a guide to the success of that scheme. States 

having quantum numbers which cannot be formed from a three-

civark system, or a quark-antiquark pair, are called "exotic". 

Meson states are given descriptive names, according to 

their 	values, i.e. 

a) 0+ atates .are called. scalar particles. 

b). 0 statea are called pseudoaca].ar particles, e.g. it, r, 

because: P = -'iv, unlike most soalara . under an 

inversion.  

o) L states are called vector particles, e.g..K(890) (1019). 
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l Etatea are called axial veotorpartioles, since true. 

VectOrs, obviou3].y change sign under an inversion 

-x1 ) 	E.g, A1 (1070), 

2 

	

	states are Called tónaor particles.' E'.g.'. t(12(70), 

KN (1420 ). 

1.3 Resonance Production in Kp Interactions 

One must flOW; examine more specific interactions,, in 

particular those involving collisions of the ,p±'o.ton, available 

in a liquid hydrogen target, with incident K, mesona.' 

It is knounthat the three and tour -'body'fjnai'etatea 
1- 

from K p interactions are dominated by resonance production, 

and that an important traction of the reaøtionsproceed through 

quasi-two body states in which the Krnéson and/or the nucleon 
are excited to the well-known K (892) and(1236) resonances. 

The contribution of resonant processes giving final states of 
high multiplioities is less yell-known. Its systematic study 

may provjde'jnformation on resonance, productjon and decay. ..Tb,e 

theoretical models describing mu]tibody final states (multi-

peripheral, statistical eta..) often neglect resonance produo, 
tion, so that a better understandirigof theHexperimental 

situation may lead to improved models where it would be in- 

cluded. 

U 

1.3.1 The Reaction .Kip 

The reaction, .K+p 	pK%+ 
	

(1) 

is known to be dominated by the' production of a 'few resonances, 

namely, 
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K(892) 

K (1420) - often called KN(1420) 

A'(1a36) 

Each of these resonances is olearly observable, i.e. the 

signal to noise ratio is large. In Fig. 1.2 is shown the 

effective mass distribution for M(K° ) and M(pt + ) from 

a K'p experiment at 9 0eV/c, by V.G. Lind e b 

The K°  is produced strongly forward in the C.M.S., the 

proton strongly backward, and the 	either strongly forward, 

or strongly backward, depending, on whether it is a decay 

product of the K(892), or of the A(l236). 

Reaction (1) is considered as being composed of ii.  channels 

(assumed to be non-interfering), namely 

Kp —> K*+ (892)p 	 (2) 

Kp 	 (1420)p 	 . 	 (3) 

Kp 	> L\1236)K0 	 (lj.) 

+ 	 0+ K p 	> pK it 	(non resonant). 

It may be seen from Fig. 1.3.  that, for this channel, 

the. fraction of observed quasi-two body reactions is approxi-

mately constant at a level "- 60 - 70
0/o over the range of 

incident momentum from 2 to 12.7 0eV/c. 

Table 1.1 shows the relative fractions of events arising 

from the four possible &vpnels, in the present experiment. 

If one plots the distributions in t, the four -momentum 

transfer squared, for reactions 2, 3, 14 (from the initial 

proton to the final proton in reactions 2 and 3, and to the 

pit 4  system in Li), one finds a dip in the cross-section at 

-t 	0.1 (0eV/c) 2, which is considered to be due to the 
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TABLE 1.1 (see Ref. (2)) 

+ 
Kp 	Kitp 

• Width (GV). 

0.086 :± &.008 

± 0.005 

0.115 ' 0.020 

Fráotioñ. o 	(Lb) 

.0.27 ± 0.02 • 	72 ± 10 

0.36 ±0 0 02 96 t lii. 

0.19 0.02 , 	51 	9 

0.18 0.02 47 + 	8 

266 ± 32 Vb 

Resonance' 

 

K*+(892) 

3..K N (i420) 

ii. 	K° p 

(ñozr-reoriaxit) 

Mass (GeV). 

1.206 0.004 

0.895 ± 0.002 

1.42 ± 0.006 

Note that the Kp total cross section = ( 17.3 0.1)mb 

0 
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dominance of vector meson exciiange(1), the particular Inesons 

being the ,,0(765) (and the w(748) meson). It was also con-
cluded(2) that the decay angular distributions of the 

K N+ (lZ120) favoured a 2+ or 3 over a 1- assignment for 

values. The KN(1420)• decays to two pseudosealar par-

ticles, so its spin parity must be natural, i.e. O, l, 2+,... 

The angular decay distribution rules out 0+, and previous 

work 	ruled out l, 80 that 2' and 3 are the most likely 

assignments. The K*(892) is established as a l particle. 

Similar results were obtained by V.G. Lind et ai., who 

estimated that the JP of KN ' (l1 2O) is 2', with 180/0 

pseudoscalar and 720/0 vector meson exchange in its production, 

the same proportion as for K*(892) production. 

The results of the study of K*production indicate that 

the reactions can be grouped into two classes, one with no 

exchange of charge Q = 0 9  and the other with charge exchange 

e.g. Kp -+ K °LV". It is found that Q = 0 reactions 

proceed by vector meson exchange while q = 1 reactions have 

n-exchange. The observation of a dip near t = 0 in the dif-

ferential cross-section, 	for Q = 0 reactions, is charac- 

teristic of vector meson exchange reactions, while the non-

observation of such a dip in Q = 1 reactions is consistent 

with other pion-exchange reactions. 

1.3.2 The Ki Effective Mass 

1.3.2.1 The Q-reion 

One may divide the K 	mass region into two distinct 

parts. The first, between 1.2 and 1.4 GeV/c2 , called the 

Q-region, and the second between 1.7 and 1.8 GeV/c2, called the 
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L-region. 

The comined distribution of the K. mass from the re-

actions, 

Kp - K 9%p 
	 (5) 

K+p 	> 
	 (6) 

is shown in Pig. 	This shows the well-known low-mass 

enhancement between 1.2 and 1.4 0eV/c 2 9  known as the Q. If 

one treats the Q-region structure as a single bump, "the 

then its production is hih1y peripheral, most events having 

a four-momentum transfer squared, t, of modulus less than 

03 (0eV/c)2 . One experiment 6  which fitted an exponential 

et to the differential cross-section in the s-region found 

a value of b = 7.1 ± 0.2 (0eV/0)2 . If the Q-region is con-

sidered as a single object (as it was when first discovered) 

then the 1972 Particle Data aroup 	give the mass as 

m = 1298,8 ± 11.3 MeV/c2 , with a width, 

= 	82.5 ± 21.6 MeV/c2 . 

However, the a-region does not have a simple Breit-Wigner shape, 

and the number of people who see structure; in this region is at 

least equal to the number of those, who do not, and the number 

of sub-peaks and their position in the Q vary widely from 

experiment to experiment. 

The Q has never been observed in the reaction 

K+p 

and thus its isospin was taken to be = Y. (This was later 

confirmed in K1D.experiments(8).) 

The 	decays predominantly into K*(890)%,, , and Kp as 

may be seen by plotting the, two-particle effective masses in this 



FIGI.4 

The distribution of Kicit invariant mass between 	l.O 
and 2.2 GeV/c 2 . The unshaded histogram contains all 

00+  K t 'it 	and K 7E 'it 	events in this range, the shaded 
histogram shws the effect of removing all N pro-

duction. An estimate of the maximum K N (1420) contri- 
(6) bution is also shown. - From K.W.J. Bu 	a rnnm et al. 
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region. F.irthermore, the absence of signal in the Xx channel 

in the (i-region, suggests that states of the unnatural spin-

parity series, 0, 1+ 9  2, ... dominate the Q. All experi-

ments performed so far have suggested a strong preference for 

the 1+ assignment. 	 . 	
• 0 

The possibility of more than one resonance in this region 

arose from the pazent variation in the ..mass ofthe ,,K*(1300)t, 

observed in differéñt exper±ments, and the first observation of 

the actual splitting of the 11x(1300)" was by Goidhaber etal. 

in 1967 in a Kp experiment at 9 aevic ) . 
The data from the present experiment also suggested that 

the Q Was split, with a dip of 3 s.d. below the line join-

ing the peaks. Thus, an attempt was made to fit this Q-

region using 3 models. 

The sum of two incoherent resonances. 

The sum of two coherent resonanôes. 

The sum of two partially coherent resonances. 

All three models provided a good fit to the data. It is of 

interest that the parameters describing the lower resonant 

amplitude in (3), notably, 

	

rn 	10 24 ± 0.005 GeV/c2  

'I = 0.11 1  0.015 GeV/02 , 

correspond well with the mass and width of the "C-meson" or 

the KA(1211 0 )9 where the subscript 'A' indicates unnatural 

J. 

This meson was BtUdied in annihilation in p at rest, 

	

into ic 	 and was found tàhave a mass of 1240 MeV/c 2 ,. 

with a width of 130 MeV/c 2 . The C-meson is in fact con-

sidered to be the only well-established candidate in the Kxx  
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mass region below 1400 MeV/o 2 , at the present time. 

However, the Dalitz Plot distributions, and the angular 

decay distributions from the present experiment strongly support 

the hypotheses that the Q-erthancement consists of two 1+ 

resonances. 

The nature of the -region was also investigated using 

data from the InternationalK Collaboration, with 	96,000 

events at fourteen beam momenta, in the range, 2.5 —> 12.7 

GeV/o. This collaboration used a "World Tape" containing data 

from maiw experiments, including the present one. The reactions 

investigated were 

Kp 	KYp 	 (77,267 events) 

Kp —4 K° t°p 	 (18,806 events). 

To measure the spin-parity of the Q. they analysed  the angular 

distributions of the dominant two-step decay, 

Q 

Their results gave 

where JP f i) 

gave good fits'oñly 

+-+ 	O K 	(K 	is they K (892)). 

= 1 (althdugh allowing lesser fractions 

Furthermore, the Dalitz plot densities 

to J 	 1', and their results were clearly 

incompatible with the interpretation of the Q as a single 

resonance. 

1.3.2 , 2 The L-region 

Above the KN(1420)  is the "L-xegion',. i.e. a very definite 

bump around 1800 MeV/o2 . 3nhanoements in the Kxx and Kw 

effective masses near 1800 MeV/c 2  were first reported by Bartsch 

et al. 12 ). This enhancement was first thought to be simply a 

K N(11420)* threshold enhancement, but further evidence for decay 

to K*(890) and  K*(890)10 from this experiment, has helped 
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establish the L as a true resonance. Good evidence for decay 

to K(89O)w was also found. 

The Particle Data Group Table of 1972 gave as the masB:and 

width: L(1770)

M. 	1763 	10 MeV/c2  

F 	100 + 100 MeV/02 

with an I-spin = 3, and JP  = 2 favoured, with l and 

not excluded. 

1.3.3 Other Results 

In addition to studying the Q and L regions, and quasi-

two body final states, the collaboration also submitted a paper 

to the Lund Conference on "A Double Regge Model Analysis  of the 

reaótions Kp - Kw°p, and Kp 	K 9p at 10 QeV/c'. 

(Birmingham-Glasgow Collaboration). 

Using a modified CLA jodel (Chan, Loskiewioz, and aiison), 

they considered the reaction 

+ 	. K+.
COo 
	•0 	__ Kp —+ 	P 	w(783). 	

+ - . o 
 

Kp 	K 0p 	0 (1019) - K00, KK 

Their results showed that the modified double Regge model used 

in the analysis  appeared to provide a good description of single 

particle distributions. This was especially true for the 

Kp— K+wOp channel, where the parameters required no change 

between 6 and 10 GeV/c incident Kaon momentum. 
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'l.3.L 	Z's 

A 'Z' is a strange baryon resonance with S = +1 9  

i.e. Y = 2. Over, the last few years, several experiments 

have been performed to try to detect baryon.  resonances with 

hyeroharge, 2, in K4p and KD co11iions. If such 

resonances do exist.,, the consequences are' very, far reaching. 

Firstly, the well-established hadron resonances have quantum 

numbers which permit their classification as. quark-antiquark 

(inesona), or triple quark states. Each quark. is assumed to 

have Baz'yon  number, B = 4,. and only one quark has non-zero 

strangeness S =' -.1. Thus, a Z' will not fit this scheme 

since one would require five quarks to form such a state, 

e.g* referring to Table 1.20 giving the quark quantum numbers, 

one possibility wOuld be 	, 

Z 	3Q22 iQ1  

with charge, +1. 	. 	. 

R.L. Cool et al.(1  measured very accurately the total 

cross-section for Kp and KD collisions, between 0.9 and 

2.14 Gév/c incident momentum, and found one bump in the I = 0 

and another in the I = 1 state. Since 'then,' several total 

cross-sections, phase shift analyses  and production experiments 

have been performed. The bumps are around 1.25 .GeV/c for Kp 

'and, 1.15 GeV/o for KD. , Assuming these bumps , to be resonances, 

Cool et al. calculated that the masses would be 

m = 1.863 + 0.020GeV/c2  with t =O'. 150 for Z. 

rn = 1.910 ± 0.020 GeV/c2  with 	i,b.'. 180 for 

The latest.data indicates 'that the I = 0 state is still 

2  very 'confused and suggest an' elastic resonance at 1800 MeV/c 
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TABLE 1.2 

'Quark Quantum Numbers 	S  

QUark 
B. 13 	8 qJe 

2. 4 o 1 
1• 1! 0 1 

o 	-1 
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with a width of 300-600 MeV/c 2 . However #  the Particle Data 

Group still find the existence of exotic resonances a very 

open question, and suggest that very much more precis.e data 

is needed. It may be that production of possible Z*s  is 

strongly inhibited by the abundant production of K, KN, and 

There was no evidence found in the present experiment to •  

suggest the existence of these states. 

1,4 The Rare Events 

An event is classed as "rare" if it includes at least two 

observed strange decays in the fina] state. Their cross-

sections are of.. the, order of, 1Qb. as opposed to several hundred 

0 for common events. The K+p  total cross section is, at 10 Gev/c, 

(17.3 ± O.l)mb. The'analysis of these events provided 

values, for previously unpublished oross-.seotions, as well as 

much information on the anti-cascade. The lowest energy state 
-+ 

for production of a charged ,. , occurs in 

Kp -> 

with a. C.M.. energy, of 3075 GeV. , .. requixing a beam momentum 

> 5.0 GeV/c. Because of the requirement of production of two 
-+ 

baryons along with the ' 	, the production cross-section is 

low, i.e. ---- few nb., so that the 51 ,fits obtained to iEEE. 

states from the analysis  of the rares, represent a significant 

contribution to the world data on mass, lifetime and production 

characteristics of these states. 

There was a ;special interest in the rare events because of 

'the possible production of an anti-omega particle, never seen 
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before, partly because of its high mass ,and very low, pro-

duction cross-section. However, although possible can4idates 

were seen, they were ruled out on the grounds that there were 

other more likely interpretations of the event. The first 

anti-omega was seen by J.H. Allardt in Deoember 1970.  in a 

KD experiment at 12 evic(15). The reaction was 

KD > 51A° 

L K 

L + 

where the p annihilated in the chamber, forming a "star". 

rj 
C-., 
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CHAPTER II 

EXPERIMENTAL BACKGROUND 

2.1 Introduction 

The data on which this work is based was drawn from 

several exposures of the ,2m. Hydrogen' Bubble Chamber (RBC) 

at CERNW, to a beam of 10 GeV/c K+  mesons. The main part 

of the work is 'based on exposures taken in 1968, although 

data collected in 1965/66 is also used. Table 2.1 gives a 

eununaz'y of the Runs. 

Runs 1, 2, and 3 were analysed by Birmingham, Glasgow and 

Oxford Universities in 1966/67, and Rune Ii, 5 by Birmingham and 
Glasgow and Edinburgh, from 1968 onwards. For the 1968 film, 

Birmingham took the even-numbered rolls of film, and Glasgow, 

the odd-numbered. 

Runs 1 and 3 were found 

compared to rune 2, Ii  and  5. 
Leng1er 2  that for 10 Gay/c 

protons at 00  from a Be targ 

kaone, at the end of a180 ñi  

to have a high proton oontmnination, 

It has been calculated by 

secondaries, produced by 23 GeV/c 

t, the ratio of protons, pione and 

beam line is 

• +. + 
= 300:77:1 

so that protons will be the dominant contamiation. This is 

particularly serious because of the relatively high pp total 

cross-section ( .10 rnb against 17.3  mb for ip). It is Imown 

that Run 1 was subject to phaee 'instability in the R.F. eepara-

tore 2 , and Run 3 had reduced beam purity, due to the opening 
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TABLE 2.1 

Run 2 	Run 3 	Run ii. Runi 

Date 	 Dec. 1 65 

No. of piotuz'e5 	70,000 

Magnetic field 	17.30 kG 

June '66 

75,000 

17.31i. kG 

July '66 

75,000 

17.314. kG 

Jan. '68 

190,000 

16.0 kG 

Run5 

Feb. '68 

120,000 

17 4±kG 

'U 
9 

Flo 
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of collimators, because of poor secondary intensity. 

The proton contamination in Rune I. and 5 was estimated 

at less .than.2.0/ô 

In part of Run Ii.,  due to overheating in the magnet coils, 

the current was reduced from 10,000A to 9,000A,, thus lowering 

the magnetic field value in the centre of the chamber. 

i.e. 	Roll numbers 	Run 	Magnet Current 

1A—'11B 	 4 	10,000A (Roll 3 - Bad 
film) 

13A - 91B 	 4 	9,000A 

(1 film in here) 

261A-379B 	5 	10,000A 

The distribution of beam momentum for fitted events on 

the final DST is shown in Fig. 2.0. The centre of the die-

tribution is 10,08 GeV/c. 

• since eatiátee of beam contRination were obtained by delta-

ray scanning, this method will now be described. 

2.2 Delta-ray Sonn1ig 

A delta rayis defined as an electron ejected with energy 

large compared to the ioniaation potential. So the binding 

of the electrons can be neglected and their collisions with 

the incident heavy particles evaluated by means of the 

Rutherford scattering formula. 

At relativistic velocities, a quantum-mechanical caloula-

tion results in a modifying factor so that the number of col- 

-2 lisione in traversing an interval dx g cm 	of the medium, 
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resulting in energy transfers E' - B' + dE' is 

f(B')dE'dx = 2itz2eI0ZtE' (1 	
v2E' 

CEl max 

where 	and Ze  are the velocity and charge of the incident 

particle, N is Avogadx'o's number, Z and A the atomic 

and mass numbers of the medium and m the electron mass. 

The maximum transferable energy, 	is given by 

= 	 (2) 

where 	= v/c f or the incident particle (not electronic) 

and m = electron mass. 

Thus, f or a given momentum, a muon may transfer more energy 

than a kaon, which in turn may transfer more energy than a proton. 

In fact, the maximum energy transferable by a 10 GsV/c 

muon is 	9 GeV 

kaon is 	0.4 GeV 

proton ie 	- 0.11 GeV. 

This fact was used, 

to obtain an estimate of muon contamination, 

to obtain an estimate of total kaon beam track length. 

Delta-rays appear as single tracks, beginning on beam 

tracks, curving to the left and having minimum bubble density. 

Their curvature was measured on the table, using a template 

to classify them as type A(D101), type B(D102) or neither 

(momentum too low). 



Type A corresponds to a momentum, p, 

in 0.1]. GeV/o < p <0.14. GV/c, 

and Type B corresponds to a momentum 

'>0,14 GeV/o. 

Thu, all D102 types must be due to muons. From this, 

one can calculate the number of Dl0l'a due to muons and there- 

fore calculate the number due to kaons (and which cannot be due 

to protons) and from equation (1), therefore estimate the total 

kaon track length. 

2.3 The Chamber 

The chamber used was the CN 2m chamber, filled with 

liquid hydrogen at a temperature of 260K, and a preseure of 

several atmoepherës. At expansion, the pres8ure is x'eduod to 

nearly atmoepheria pressure. The chamber containa 10 m 

liquid hydrogen with a density of.62'.75, kgt3,  at 25.82  K and 

1.9 atmospheres, at beam Ontry (i.e. aftir expansion). The 

magnetic field at the centre is nominally 17.14.kG,,and four 

50 mm ,cameras provide a visible volume of 200, cm x 50 cm x 60 cm. 

Pig. 2. l shows the relative poeition of the chamber planes: 

The beam entere the chamber in the X'direotion1 with a 

spread in the Y-direotion. The spread of the beam iá shown 

in Pig. 2. 2  As shown in Fig. 2.3 , about 160 cm of the 

medial (i.e. beam)' plane was visible to all four cameras. 

The chamber is viewed in: the diagram, fPom the camera plate. 
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There are fiducial marks on all three planes, to be used in 

the three-dimensional re-construction of the events. The 

tnniflg grid, used to.provide arough position of.verticee 

for measurement, was based on the layout of the fiducial 

marks on plane 2, shown in Fig. 2.4. 

In the X-direotion, the fiducials, 201 - 212, were 

divided into 10 regions and in the Y-direction, fiduojale 

203 - 202, plus lam (in the chamber) on either side, were 

divided into lO,regione. The first digit of the 3-digit 

fiducial name givee the plane on which the fiducial is etohed., 

The fiduoials,on plane 3 were "gull-shaped", i.e. 

The positions of the fiduaiale mentioned above are given in 

Table 2.2. 

The àharnber wae illuminated by three flashlamps with a 

light-pulse duratIon of approximately 200 p.s 

Fàur óameraa were ásed, with a focal length 	182 mm., 

at ff32. The oamóraswiregiven names for use in sornning and 

measuring, viz. 

	

camera (1) 	TOP 1 

	

(2) 	FATRY2 

•8 	 (3) 	EXIT 3 

	

(4) 	BOTTOM 14.. 

The relative poeitione of the cameras on the camera plate are 

shown in Fig. 2..5 . The soPnning  grid was used with the TOP 1 

view, with a (table:ohamber) magnification of 0.8.. 



TABLE 2.2 

Camera Window(no. 2). Plane 2 

fiducial 
	 x 	 Y 
	1. 

at 2O°C, ± o.b5 mm. 

201. 	 0.0. 	1914. 9p 	units, mm. 

212 
	

1425.08 
	

194.90 

202 
	

125.10 
	

389.50 

203 
	

125.19 

2.7 
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2.4 Scanning 

• The 8onni-ng grid was divided: (as described in Section 

2.3), into 10 regions, denoted P, Q, ... X, Y, from beam 

entryto beam exit, and into 10 regions denoted 1,2,3... 10, 

from left to right across the table. On the scan sheet was 

recorded, 

The roll and frame number. 

The event number. 

a) The topology (àe'e later). 

The grid position of the primary interaction, followed 

by the position of kinks (charged deeays) andneutra]. 

decays (V° ' 8). 

Comments - usually restricted to "COM Volt, if a 

neutral decay appeared to point to more than one event. 

Every event was recorded, except two-prongs which were recorded, 

only every fifth roll. 

"Common" events, i.e,, events with at most one aeon decay, were 

reaorded only in grid regions P - U inclusive, if the decay 

occurred below the top half of region, Y. 

'tare" events were recorded anywhere in the chamber. 

A beam count was taken every 50 frames. 

Events occurring in "bad frames were not noxmaliy 

accepted (at the scanning stage) unless they were of special 

interest (e.g, a track which appeared to have a double kink, 

or a VO pointing to a decay vertex). A "bad" frame is defined 

as one in which 

whole or part of the frame has not been exposed; 

the frame has been nfliltiply exposed; 

more, than one of the three views is missing 

there are more than 30 tracks, of any sort, crossing the 
line separating regions R and S. 
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A Check was kept on the number of bad frames. 

Two scanners were employed, one with the grid on view 

TOP l,with access to viow.EXIT 3 to resolve difficult events, 

the other with view BOTTOM Li. A V°  ';wae..aooepted. if it pointed 

to within 2 cm of the interaction, or decay vertex, 

2.4.1 Topology of Event 

The topology of an event is described by a three digit 

number, e.g. 201 0  14.11, etc. The first digit gives the number 
of charged prongs leaving the primary vertex. The second 

digit gives the number of those charged prongs which are seen 

to decay (excluding i go decays), and the third digit gives 

the number of visible neutral decays associated with the event. 

For a "rare" event, the sum of the last two digits must be at 

least two. 

2.4. 2 The Program CFSCAN 

The program "CPSCA2V' 6  is a book-keeping program written 
at Glasgow University to look after the details of scanning. 
information, comparison of two scans, and to produce a list 

of events to be measured. 

Each scanner has a code name, consisting of a letter 
followed by a digit, and each event recorded on the scan sheót 

was transferred to a punch-card on an IBM card-punch. The 

information on each acan-oapd is exactly that on the scan-sheet. 

If any roll of film has been double-scanned, CPSCAN compares the 

information, accepts what is common to both, and prints out a 
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a list of incongruities, which are then checked by a physicist 

in a third scan. This information from the third scan is 

punched on cards, and CPSCAN uses it to update the scanning 

record, stored on magnetic tape on the Glasgow University 

Computer, an IBM 366/I4. The events found on it single scan 

ai'e automatically accepted for measurement. The film from 

Run 1 and Run 3 whiàh was re-scanned i Edinburgh, was com-

pletely doublO-8oannéd by ecannere and check-scanned by the 

author, but only 2/9 of the 1968 film was doub1escaniied. 

In Table 2.3 is given a liet of the different topologies 
found at the sonning stage in 70 half-rolls of 9000A film. 

2.4,3 CbneIstene7 of Scanning iü Birmingham and Glasgow! 

Edinburgh 

Six rolls of film which had been scanned and measured in 

Birmingjisizn were scanned and measured in Edinburgh, and the 

results compared. 

Birmingham scanned 37 "good" events. 

Edinburgh scanned 39 "good" events, 

of whiCh 34 were oóinmn. Sinai the Glasgow àoanning was 
own to be consistent with Edinburgh soRnning, from a cheek 

on 27 hálfrolle scanned by both, the'áeump ton of con-

sistenoy of , 36anning was assumed to be satiefactory. 

2 5 MOasurement 

The great majority of the rare events were measured in 

Glasgow University on a "National" machine, and later re-

measured on the SMP (Scanning Measuring Platten) machines. 
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TABLE 2.3 

Topology 	 Number Found at 3pnf rig Stage 

201 	 3,106 

202 	 S 	 322 

203 
	

32 

211. 	 58 

212 
	

7 

14.01 	 2,752 

402 
	

2142 

1.03 	 1]. 

14.11 
	

89 

419 
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APproximately 770/0 of all event, sent for measurement sue-

ceedéd in passing the Geometry programme 	at the first 

attempt. All rape evente found on a single scan were accepted 

without question for measurement • On average, less than ten 

candidates. for rare events were presented per half ±o11 of 

750 frames, which means that the time consumed in loading and 

winding the film forms a large traction of the total time 

taken for measurement, unlese they are measured simultafleously 

with the common events. The same is true for ionieation 

consistency checking. 

2.6  The Program "Geometry' 

The principal task of the Geometry program is to cal- 

culate the momentum, 2' at the centre of each track, and an. error 

matrix, 	(dpi dp 	on' this momentum. In addition, the
J), 

program calculates the spatial coordinates of all vertices, 

together with errors, and also works out the topology of the 

event. The not of measured points f or each track is fitted 

to a helix of radius p. Prom thO parameters of the fitted 

helix, the momentum variables of the track used in the 

kinematic fits are calculated.. These variables are all de-

fined at the centre of the track, and are jS, the azimuthal 

angle, tan A, where A is the angle of dip, and , where 

p is the momentum of the track in GV/c. The moment in p 

is given from the radius of the helix by 

= 0 3 Ho x 1O 	GeV/o 

where H is the Z-ooinponent of the magnetic field in kilogauss. 
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The program also calculates the "measurement error", c', for 

each fit where ô is the R.M.S. displacement of the measured 

points about the fitted track (on film), normally -'- lOt. To 

the measurement errors calculated from the helix fit, are 

added the uncertainties in the momentum variables caused by 

multiple Coulomb scattering. This then gives the error on the 

momentum. 

Note that 26  is used as a variable rather than p, as 

this reciprocal is linearly related to the curvature of the 

track which is directly related to the measurements and there-

fore o(1 )2  is expected to be more Gaussian than 

Note also that the helix fits are mass dependent and each track 

may emerge from Geometry with three fits, One to a kaon, one 

to a pion, and one to a proton, each with different variables 

and errors. Those fits are stored in the Helix Fit List (HFL) 

in the record. The use of different values for the particle 

mass affects the results of helix fitting in two ways: 

The momentum and angles differ because of the different 

slowing down corrections - this is significant only for low 

energy tracks. 

The calculated errors differ because the Coulomb errors 

are mass-dependent. 

For very low momentum tracks, four separate fits are carried 

out, using K. no p and e masses. 

2.7 The program uKinema tios fv( 8 ) 

This program takes a given reaction hypothesis and tests 

it against the data presented to it from the "Geometry" program. 
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Some fitting procedure has to be carried out for two reasons: 

firstly due to measurement errors, the kinematioal variables 

will not satisfy energy-momentum conservation at an interaction 

vertex, and one needs to obtain the beat estimate of the "true" 

values of these quantities, which will satisfy the constraints. 

The second reason arises from the lack of knowledge of the 

particle causing the,track. The nature. can sometimes be imme-

diately seen from physical reasons, .suoh.as..ionisation density, 

but only rarely, especially at 10 GeV/c... Therefore it is 

necessary to test a variety of..hypotheses of particular mass 

assignments for one event, and this iè dane. in..the fitting 

program, using a. )2  test' as goodness-of-fit criterion. 

The theory of 	-tes.ting demands variables whose errors are 

normally distributed..,.,. 

From the geowetry record, Kinematics calculates the direc-

tion cosines of a track, 

= 	oos gc COB ? 

= 	sinooaX 

= 

The constraint equations at a vertex then become 

• 1. 

p1 sincos 
1 

Pj sin ? 

=.. 0 ...  or•pt.:.= 	0 
:1 	1, 

= 	0 or ~IIpi ll i 	= 0 

= 	0' or x1pi t.  = 0 

= 	0 
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Upon solution of these equations, the.program also yields a 

new set of errors for the fitted variables which will in 

general be smaller than the measurement errors. 

if crm  is the error on the measured variable, X m t 

then the program will choose as its best estimates, the variables, 

	

X , which satisfy. 	 . 

2 	 Y (X-X) 2  

	

= 	 2 	= minimum 
IOm 

- for a brief justification of this method,.. see. AppendIx 2A. 

2.7.1 Kinematic Fitting 

• If one wishes to test an event against a given reaction 

hypothesis, one must first describe each track, and the par-

ticles at each vertex, as well as the order in which fKinematics" 

must "fit" the event. The data describing this is fed In, on 

punched cards, which give, for each hypothesis 

a) the topology and hypothesis number, 

b.) the number of tracks in the reaction, including the beam 
track, 

c) the number of vertices and the target particles at each 
vertex (0 for a decay5, 

d) one card per track giving (I) starting vertex number 

end.vertex number 

electric charge 
code number (e.g. 5 for proton, 

6 for 	etc.), 

e) the total number of fits, and the order in which they should 
be attempted. 

(The interaction vertex is normally given vertex number 1.) 

In choosing a fitting äequenoe, the general philosophy is 

to first perform the fits which have the best chance of having 



2.16 

the highest number of constraints - usually this is 3, corres-

ponding to fitting a neutral decay to a vertex, where the momentum 

of the V - zero is unknown. This is known as a "30-f it". 

If one attempts a fit to a hypothetical charged decay at 

a vertex, usually this will be a iC-fIt, if the length of the 

decaying track is adequate to allow an estimate of its momentum 

or. a 00-fit, if it is straight. 

00-fit is not a fit at ali t  simply a oalciulation, and 

there can be no estimate of whether It is a good or a bad "fit` 

since it is not possible to calculate a 'X 2-vaiue. Sometimes 

a 00-fit at a charged decay vertex gives two physical solutions, 

both of, which must be tried. Events giving rise to 00-fits 

(at' the primary vertex) are not acceptable. 

Hypotheses involving an unseen neutral from the production 

vertex, and a charged decay vertex with no associated V-zero, 

are likely to give rise to CC-interaction fits. in Edinburgh, 

it was decided to fit only the 211-type topology in such cases, 

and not the Zll-type, due partly to the very large number of 

such hypotheses which it would be necessary to construct and 

run, and also to the fact that such events would be fairly Un-

reliable, due to the small number of constraints involved. 

In Birmingham, it was decided to test such hypotheses, 

and in this way., fits were obtained to reactions such as 

KP 	> + KK°R 	(°) 
"P% 

0'1~e7c 

which were not attempted in Edinburgh. 
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2.8 	ioice of Hypotheses. 

There is a very large number of possible final states of 

the reaction 

K+p 	anything, at a 	momentum of 10 GeV/c, 

corresponding to a C.M.S. energy of 4.46 GeV'. 	The different 

possibilities were computed by the program "HYPOTH" 	which 

is told the C.M.S. energy, the initial state and which laws are 

to be conserved. From this list were selected the "rare" 

reactions which could give rise to at least two visible decays, 

and from this subset were chosen those reactions which it was 

thought possible to fit in Kinematics, having regard to the 

points mentioned in the previous section. 

In this way, 362 hypotheses were chosen, with a maximum of 

four charged prongs and a description of each for Kinematics 

gave rise to •-- 5400 cards. The hypotheses  were divided into 

four groups to avoid "overflows" in Kinematics, with each group 

containing approximately 10 202 type, 20 402 type, and 60 other 

hypotheses involving at least one charged decay. 

In addition, a separate deck was made up of 26 212 type 

hypotheses and 25 141 type hypotheses, involving the decay of 

or 	particles and an unseen neutral from 

the interaction vertex. These were run later but produced no 

fits. 

The hypotheses numbers were agreed with Birmingham Univer-

sity and a list is given in Appendix 2B, along with the number of 

fits obtained in each laboratory. 

As a summary of hypotheses tried in both laboratories, 

are listed below the numbers of each topology tried. 
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,Topology 	 imber, .tried in 	 Number tried in 
Edinburgh 
	

Birmingham 

202 

203 

211 

'212 

1402' 

411 

39 39 

8 30 

46 	 ' 46 

50 88 

77 

66 150" 

2.9 Kinematics 0utut 

Each Geometry tape submitted to 'Kinematics' results in 

the production of four Kinematics output tapes and four sets 

of print out - because there are four separate Kinematics 

decks of bypothéses. Each fit must be checked for consistency 

of ionisation density and for chi-squared.probability. Any fit 

which involves, either a .produotion.fit probability of < 10/0 

or an overall. fit probability of < lOb is rejected. Birming-
ham used the same criteria. This "bubble-density" checking is a 

very slow procesé. .with rare events because of fi1m-wining and 

loading time. An event which is obscured may require more than 

one view to verify the fit. Where an event had more than one 

• fit, no account was taken of the relative probabilities in 

deciding acceptable fits. 	. 	 . 

After the. fits are verified,, they are written on to a 

:DST. '': (Data Summary Tape) u8ing the Rutherford Laboratory 

Program, "Judge" (io)• For this purpose, a'. "choiceoard" is 

puhohed out for each fIt to tell Judge Which fits to take,. and 
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which to ignore, on the Kinematics 0/P tape. Obviously, this 

results in four separate. DST's 	where the.eanie.event.may, occur 

on more than one tape. If the DST-'-s. are joined simply end-to-

end, this creates difficulties in weighting events and calculating 

cross-sections, since it is necessary to know about the amb.guities 

when weighting an event and for this it is necessary for the fits 

to be written up in strict numerical order. Therefore the author 
1. 

wrote a program, DSTMRG, which writes the combined D.8.T* in 

numerical order of frame number. This means also that a D.S.T. 

produced by a remeasure may be combined with the original D.8.1:o 

at a later date. The events are now ready for analysis. 

In the ailaly8isÔf the Run 1 arid Run 3 film, every event 

was re-examined after measurement and, where po8'sble, given a 

chance 'of two re-measures if it failed to produce a fit. 

in'the Runs Ls. and 5 film, the events were re-measured if 

they failed Geometry band later, every event was remeasured. 

The care' which needs tobe taken when analysing  rare events 

was amply demonstrated' when one 111 type event which had failed 

to produce a fit, even though it looked a certain candidate 

for 	or ...fl (since the 11°  was almost certainly associated 

with the decay vertex), failed to produce a fit after careful 

measurement on the Vanguard -Machine in Edinburgh. Although the 

V0  gave a good fit to 	 Fat  , and the decay gave a 
good fit to 

-+ 	To + 

the interaotion fit failed. The most puzzling part was that for 

the lowest mass combination for a 411 of"thia type, i.e. - 

• Kp - 	 ( °) 	-. - 
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the mass of the unseen neutral. was calculated at only 900 

MoV/e2 ! ie. there was not enough energy to form a
- 	_A~ 

The mystery was solved when the event was being remeasured 

as the measurer noticed a very slight kink on one of the prongs 

leaving the interaction. The event was measured again, as a 

421 and as expected gave a fit to 

+ 	 ++- Kp—> 	J JLL 

L= + 
which is, of course, a lower mass oombination, fiowever, this 

event had been scanned twice and measured twice before the 

+ - decay was noticed. Since this event increased the number 

of j's found in Edinburgh by nearly 100/O, this demonstrates 

one difference between working with common events and rare events. 

2.10 	The Lifetime of Observed States. 

One may estimate the mean lifetime of states by making a 

logarithmic plot of observed lifetimes in bins of suitable 

size, and fitting a straight line to the data. fiowever, 

putting data into bins results in a loss of information, viz. 

the position of each event in the bin. The 'Maximum Likelihood 

Method!,, which uses each individual event, should give a better 

result. 

• The Likelihood funotion,cZ , which is a function of one 

parameter, i' , the mean lifetime, is the product of the proba-

bilities of each event having that particular value of lifetime, 

assuming  that the event came from a parent distribution 
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oharaoteriaed,by the value 	. One then adjusts 	to 

maximise this probability. 

the Likelihood function is, 

where trn 	and tm.Ln  are the upper and lower observable times 

for that event, due to the finite size of chamber and minimum 

visible track length (taken as 0.3 cm.). The above function, 

may be maximised by Newton's Method, and this was. the 

method adopted by the author. 

2.10.1 Lifetime of the K meson 

a logarithmic plot of the lifetime of 1075  K°  meaons 

observed in rare reactions in this experiment is shown in 

Fig. .2. 6 . 	, Where it .iaclOar that there is a loss of events 

with very short lifetime C < 0.1 xlO'°S),, due to the small 

distance travelled in the chamber by such particles. 

A least-squares-fit was made to the points shown for 

t > 0.1 x 10S, to 

tn Y .  = 

(without weighting the, points). 

The beat value for a is 

a = -11.232 ± 0.05) 

which corresponds to a mean lifetime of 

= 	(0.811 ± 0.03) x10 108. 

Using the Maximum Likelihood Method gives 

(0.890 ± 0.024) x 10_10s 
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This latter value may be compared with the latest value, from 

the 1973  Particle Data Tables of 

= 	(0.882 ± 6.008) x 101°S. 

The Likelihood function' is slightly asymmetric, which means 

that the error should also be asymmetric, more po8itive than 

negative. The method employed to find the error assumes that 

the function is approximately asymptotically normal and this is 

true, for large numbers of events. 

2.10.2 Lifetime of the 

A logarithmic plot of the lifetime of 336 A° hyperons 

is shown in Fig. 2.7 	, where there is a clear loss of 

events for t < 0.4 x 10S. 

The least-square fitted gradient of these points (again 

with no weighting) corresponds to a lifetime of 

0.32) x 16 10S. 

The Maximum Likelihood lifetime is 

(2.55 ± 0.15) x 10 10 . 

This may be compared with the 1973 accepted value of 

1= (2.521 ± 0.021) x io10s. 

2 • 10 • 3 Lifetime of the E -Hyperón 

The lifetimes of 21$ II-hyperons observed in this 

experiment are shown plotted in Fig. 2.8. 

The Maximum Likelihood lifetime for these states is 

î= 	 _]. 
10•773 ± 0053) :O 
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compared with the April].973 value of 

"I= 	(0.800 t 0.006) x 10S. 

Thus all tlu'ee lifetimes investigated are totally 

consistent with the accepted valuee of April 1973. 
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THE CALCULATION OF THE CROSS SECTIONS 

3.1 Cross-Section 

By observing a sufficiently large number of occurrences of 

a given reaction, one can also measure the probability that it 

should occur. 

Let the target contain No  protons capable of participating 

in the reaction under study, and let there be observed, per 

second, n events of a predetermined kind. The number of 

particles in the beam is specified by the flux, 	, i.eo 

by the number of particles per second which cross unit area, 

normal to the beam direction. Then the probability per unit 

time of observing one event of a given kind, when there is one 

proton in the target, is 

P 
n = No  

This probability is itself proportional to 	, and a parameter 

independent of the beam intensity is defined by the ratio 

= 

The parameter, a has the dimensions of an area, and is 

called a cross-section. The unit of measurement is the 

barn (10211  cm2 ), with its sub units, mullibarn (nib) and micro-

barn (pb). 

If the target contains NH  protons per unit volume, and 

the length of beam track = L. then 

N 	= 	L0Nff 

is the number of times the reaction should occur. 
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The length of beam track may be calculated in several 

ways. 

(i) By selecting a random sample, say 100/08  of the film, 

and counting the number of good beam tracks crossing the 

chamber every 50 frames. Froni this, one can eètimate the 

total number of tracks. 

Knowing the mean lifetime of the K meson, and the 

fraction of its decays which go via 

K 
+ 	++- 

i.e. by 'Tau' decay, one can count thó number of identified 

(i.e. scanned and measured) eventa on a given sample of film, 

correct this number for acnning and processing losses, and 

use this to find the total number. 

By scanning and measuring (on the table) the number of 

delta rays, as explained in 'Section 2.2. 

All methods demand that a check be kept on the number of 

"bad" frames, i.e. those not scanned.. 

Using the results of all three methods, the physicists 

at Glasgow University estimated a beam-track length of 

188 ± 25 km on 29 half rolls, from a total number of 187 

half rolls, for a fiducial length of 96 cm. 

This corresponds to a miorobarn equivalent of 

= 	(0.22 0.03) tLb per event 

i.e. one seen Ovent correspondS to a cross-section ofpb. 
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3.2 Consistency of .Miorobarn Equivalent for Birminbn and 

Edinburgh Samples 

The scanners •  at Glasgow University, were askód to accept 

rare events over the whole of the scanning region, i.e. - 37.5 

cmto+97.5om = 135cm. - 

However, if one examines the X'000rdixAtes of - fitted 

events in Fig. 3.1 , there is-a clear fall-oft at - 1-  + 60 cm. 

near thoOnd of the fi4ucial lOngth defined as acceptable for 

Common events. It is therefore necessary to impose a out off 

at this point for the rpose' of: Oross-seàtion calculation, 

and the 11rax'es 0  fiducial length then becomes 97.5 Om, whiOh 

implies a microbárn equivalent of 

= 	(0.216 0.03) &b per event. 

Exniining Fig. 3. 2 , a plot of the X-000rdinates of fitted 

events on the Birmingham'sampleof film, one sees that the 

distribution is relatively flat from X = 37.5 cm to 

X = +100 cm. Using this fiducial length of 137.5 cm, the 

Birmingham aazáple záicrobarn equivalent is estimated as 

= (0.110 	0.01) ib per event. 

A check was made on the consistency of these two estimates 

by comparing the number of fits to the reaction, 

K+P:— tPK° 

where the K°  is seen to decay, giving a 14C interaction fit, 

relatively free of ambiguities. 

Using the above numbers, together with scinnizg efficiencies, 

the estimated ratio of fits in Birmingham to those in Glasgow 

is 1.56 ± 0.250 
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The actual ratio = 5;09  
323 

= 1.575, which is in very good 

agreement. 

The estimates of mioróbarn equivalent were thus assumed 

to be satisfactory.. 

3.3 Correction FactorS 

The, number of reactions which actually take place has to. ,  

be estimated from the number of events observed, by applying 

suitable correction factors.. Losses occur in acanning, 

processing, neutral,, decays etc. These losses and their cor-

reotionwil]. now be considered, 

3.3.1 Scanninx fieiency 

The efficiency calculations are based on the assumption 

that all eventa of a given topology are equally likely to be' 

sOen by eithez' scan, and that the chance of missing an' event 

is purely random, i... iñdependOnt of its psition'in the 

chamber. 

Thus., 

if scan 1 finds Ni  events, 

and if 	scan 2 rinds 112  events, 

of which both scans find N' events, 

then the efficiency of scan 1 	= B , say,  1 112 

andthé efficiency of so8n2 = E2  , say 
= 

N1  
Nil 

so that the true number or events = 	N = 	11T 	say. 

(N 	. ' 	+ N.) (N ' .11) : .. 1 i.e. 	Nm 	= 2  where N,' 	= 	N, 	N 
'N . . . ' 



3.5 

N'N' 
= N1 ' +N2 ' +N+..1 2 

N 

N 
and the overall :sonnning efficiexc. :. E 

Where. N 	N1' +N2 ' +N. 

It is shown in Appendix 3A that the likely error on a 

single scan efficien'cy, E l  

is AE:l 

and that the likely error on the overall offioiency is 

3.3.1.1 -Edinburgh 8ample Scanning Efficiencies 

Oñly2/9'of the Ediuburgi film sample was double scanned. 

Results 

Topology 	 Estimated Scan Effioiency($qIe) 

202 (203) 760/0 1/o 

402 (403) 69
0
/0 ± 60/0 

211 (212) 690/0 ± 90/ 

411 .(412) 62.50/0  + 90/0  

3.3.1.2 Birmingham Samle 3canning Efficiencies 

The Birmingham sample waa.00mpletely double scanned and 

the effioienoiea estimated as follows. 
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Topology 	 Efficiency 

202 (203) 	 96.30/0 ± 30/0 

402 (103) 	 95.90/0 ± 30/ 

211 (212) 	 95.80/0 ± 30/0  

411 (1412) 	 96. 0/o ± 30/0  

3.3.2 Processing Efficiency for the Edinburgh Sample 

The Runs 4 and 5 film must be treated separately, .sinoe 
they have different 'Geometry' constants and were measured in 

separate batches. The first meaaure was followed by a re-

measure of those events which had either failed or had been 

badly measured. A complete second measure of the rare events 

was carried out at a later stage. 

T results of the processing, according to topology, 

are given in Table 3.1. 

In the Run 14 film, 726 events were sent for measure, 

and in the Run 5 film, 1190 events were sent for measure. 

3.3.2.1 Calculation for the Run 4 film 

LiSt a be the efficiency for converting a scanned event 

into a successful Geometry record. 

Let K be the kinematic efficiency for fitting a Geometry 

record to the correct reaction. 

Then in the complete re-measure, if N is the true number 

of fittable events, from Table 3.1 one has, 

79 	= 	NGK 



mrT' 

Number of fitted events on the DST alter the different 

measures. 

a) Run L film 

Topolog 202/3 211/2 Total 

1st measure 30 10 17 5 62 

Rerneasure 8 3 6 1 18 

2nd measure 14-0 14 19 6 79 

Common 23 9 13 14-  49 

Total 55 18 29 8 110 

b) 	Run 5 film 

Topo1og 202/3- 211/2 402 Total 

1st measure 43 17 26 9 95 

Remeasure 21 10 11 7 149 

2nd measure 38 16 32 8 94 

Common 25 10 18 7 60 

Total 77 33 51 17 178 
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But of the 80 events fitted in the first measure and re-

measure, 49 were common to the second mea8ux'e, 

i.e. 	149 	= 	80 G K. 

These two equations are sufficient to calculate N, 

viz. 

N 	= 	129 7 using 	 ji-EY 

where C = number of common.eventa 

B = overall efficiency = 0.85. 

2.3.2.2 Calculation for the Run 5 fi]ii 

A similar calculation to the previous one ,].eada. to the 

estimated true number of fittab3.e events, in the. Run 5 film 
as, , 

N 	= 	227±114 	., 

• 3.2.2.3 Results for procesSing Etficiónoy 

Thus the estimated total number of events in Runs 14 and 

5 film is 

NT = 	356±16 

The measures just considered yielded a total of 288 events. 

A further 11 events were added later, having been re-measured 

on the Edinburgh mea8uring machine, Vanguard, giving a total 

of 299 out of an estimated 356 ± 16, which represents a total 

processing efficiency of 
+ 

	

B .........81i.°/o 	- 50/  

The Birmingham sample processing efficiency was estimated as 
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830/0 ± 40/0 . 

3.3.2.4 Consistency of Processing in Edinbux'gla and 

BirminØiam Laboratories 

Six rolls of film which had been scanned and measured in 

Birmingham University, were scanned and measured in Edinburgh 

and the results compared. The sc'nning was very similar, and 

the same fits were obtained to the 'measured events in both 

casea, suggesting that the processing was similar iñ both 

laboratories,. 

3.3.3 Lifetime Losses 

In Fig. 3. 3 	is shown the theoretical spectrum of 

monochromatic j'\ hyperone produced at a point in the 

chamber, after a time, t.' Those.,:' j\O 	which decay. in a 

time t < t1, will be missed in the aenning, as they will 

not travel far enough in the e1iafrber to make them recog-

nisable as V0 's on the table. Those f ° ' a which decay 
in a time t > t will be lost because they will.decay 

near the edge of, or outside the chamber. 

If the, mean lifetime = 	, then from the graph it is 

clear that the fraction of 	0 Is seen 

 
21  = e 	- e 	= K, say. 

Therefore to each seen decay, one should attach a weight, 1 

where t1  = time taken by the J\0  to travel a minimum 

visible distance, XX, and t2  is the time taken by the 

to travel to one of the boundaries of the chamber. 



FIG3.3 

ff 

•1:2.  

lime 
Theoretical decay curve. 



TABLE 3.2 

Effect of minimum cut-off length, XX, on weighted number 

of events. The second column gives the number of events where 

the decay length >.XX. 

xx 
	

NC> XI 
	

WoightOd Number 

0.0 

0.1 

0.2 

0.3 

0.14 
0.5 
0.6 

9.7 
o.8 - 

0.9 
1.0 

1.5 
5.0 

10.0 

958 

9147 
9140 

930 

.911 7 
837. 
869 
8148 

831 
802 

785 

677 
283 

99 

998 

1021 

10145. 
10614 

1060 

1070 
107 6  
1087 

1076 
1087 

1076  
1060 

12146 
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This also means that all events containing a decay length 

XX, must be rejected for purposes of cross-section cal-

culation. Since the rare events contain at least two visible 

decays, each event is assigned at least two lifetime weights 

and the weighted numbers are therefore average values. The 

effect of choosing different minimum out-off di8tanàes is 

shown in Table 3.2 where it maybe seen thatbitween £= 0.5 cm 

and t= 5.0 cm, the weighted number of events varies by less 

than 1050/0. To avoid làsiná too many eventà, and thus de-

creasing - thC ávailàbló ètatia tics, the cut-off. valuó. XX, was 

set at 0.3 cm, giving an average weight of "-' 11 0/0. 

The author wrote his own program to perform these calou-

lations Einoe the atandard program did not operate correctly 

on some rare events. The lifetimeweight was in:ittøn.into 

word 9 on the DSP. 

3.3.4 Losses due to small-angle charged decays 

The 	hyperon has two main modes of decay, 

+ 	 0 
iIT 	>pit 

___ + 
+ - 0.70

/o 
(2) 48.Y/0  

Since the speedof the prOton in the C.M.S. of the deoaying 

is low, the direction of the emitted proton in the 

lab, will not ditfer much from that of the ., ', giving rise 

to small dóoay angles, and a consequent lose at eveüts. 
Fig. 3.1. shows the,.prójOcted deCay angles, '0, from 

deCay (1) 'abovi,'where it may be seen that the majority of 

ivents lie in -20° 	pS ' 200 0 



-10.00 	0.0 	 10.00 30.00 
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20r 	 11 
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S!CMR DECRY RNGLE 

Projected decay angles for the decay, 	 ± 
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The projected decay, angle is defined aá 

- AD 

where J6P azimuthal angle of the decaying sigma hyperon, 

and 	16D =  azimuthal angle ot the :deoay produCt. 

If this angle, $<•o°, : then thédeay:is otthéform 

and if this angle, $ > 0, the decay is of the form 

Pig. 3.5 shows the projected decay angles for decay (2), 

as well as those for the decay, 

) 	nt 	. 	 (3) 

It is seen that the angles are in general much large 
-+ 	

r,, stretch- 

ingoutto - 750
. 

The losses which occur can be appreoiated by an examina-

tion of the momentum spectrum of the parent E -hyperons in 
decays (.1) and (2), shown in Piga..3,6 	and 3.7 	res-- 

peotively. Not only are there almost twice as many detected 

decays of type (2) but the momentum spectrum for the px'otonic 

decay mode ceases at a sigma momentum of 3.7GeV/c, whereas 

the other extends past 5 GeV/c. 
Although one does not, know the expected number of projected. 

decay angles in the range _40 	40 , it is clear from. 
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Figs. 3. j 	and 3.. 5' ' that both 'pion.ic and protonic decay 

modes suffer from losses in' this region, and theèe'áre obviously 

more important for the latter modes, for reasons given above. 

(One' other high energy experiment 	performed at 6 '0eV/c 

incident momentum, also 'found tht'this effect beóarneimportant 

at an angle of approximately I ° .) 

To exAmine this further, random 2I -pion 'and' 	-proton 

decays at sigma momentum in 'the range, 0 -4 5 0eV/c in 
100 11eV/0 intervals, were generated, and the projected deóay 

angle for each was calculated. 'These were plotted as per-

centage of decays with 101 < 40 S versus momentum of the 

sigma, separatelyifor pionic and protonio decay modes. 'Thó 

result is shown in Pig. 3.8 

It is clear from this figure that for a sigma momentum 

>3.11 GeV/o, no protonia decay can' have a projected angle, 

> 40 .' The pOroent'ag, of' dó'Cay angles <'li. °  for the pionio 
decay mode can be represented from Fig. 3 .'8' , approximately 

as 

y = '7P+9 

where P = . sigma momentum, i.e • at ]. 1GeV/e" 	-momentum, 

the percentage, is 160/0.. 	
0 

For the 	-proton decays, the percentage is (to 301°) 

y= 1i.oJ + 	3/2 

If the number of events were large, one Could remove from 

the sample, all events having a projected angle < 40  say, 
and correct the remainder using the equations above. i.e. the 

weighting factor for E -pion events would be 



00) 

0 

IG3.8 

HE 

40 

ZO 

1.0 	2.0 	3,0 	4.0 	"5.0 

cev/C 
Percentage of decays giving a projected angle 	L ° . 

FIG 3.9 

(s = DIP) 

>(PFIRTCLE 

Definition of Camera azimuthal angle 'a'. 
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= 	lOOy. 	 1 - 

(91 - 7P) 	'- 	1 - O.lxP 

(This latter factor was the, one used in the published results.) 

The author removed from the.aámple, all. )Tj-events  with a 

projected, decay ang].e < 40  . , and weighted t1e remaining 

events using the above factors. The results of this procedure 

were poor in that it did not improve the disagreement between 

cross-sections as calculated, from the 2I -proton and 	- 

pion decay modes. It is felt therefore that the best,estimate 

of cross-section for events containing 2I-decays would be 

obtained by considering only the {Ij—pion decay modes, weighted 

as above. 

3.3,5 Losses due to Camera Azimuthal Angle 

In additiOn to losses due to the smallness of the decay 

angle, all decays will sü.ffer a loss when the decay plane is 

very nearly parallel to the camera axis, so that the projected 

angle is small. 

To investigate this loss, it is useful to define the 

"Camera azimuthal angle" a, as shown in Fig. 3. 9 

The beam enters along the X-axis as shown, and the 

chamber set of axes is left-handed, i.e. X A Y = -Z. 

The cameras point along the positive Z-axis. Dip ang1ea,, 

are positive in positivO z-directiona, and the chamber 

azimutha].,,. angle,. $, is anti-clockwise, as seen by the oamerae, 

with the X-axes at $ . 00
. 	 . 	 . 

The oamra azimuthal angle., a, , is anti-clockwise as seen 

0  from positive X, and a =0  in the XY plane. 



Camera aziiutha1 angle for all 	decays. 
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Pig. 3. 10 shówa the' distribution in a for charged 

sigma decays, where there is 'an obvious gap in the distribution 

for 6140  ' a 	1040, corresponding to ieôays in which' the 

decay product rises towards the camera, almost oollinearly' with 

the decaying track. The fact that the gap is'not centred around 

a 90°  may be explained by the fact that a is calculated 

for a camera which has its axis perpendicular to the beam 

plane, whereas camera TOP 1, whose view is uually examined 

first, is about 6 0  off the perpendicular, reducing the camera 

azimuthal angle. 

The loss seems to be smaller for dipping traàks, e.g. 

examining the distribution around i = 2700
, the density' 

of events is similar to other regions of the plot, excluding 

that part just considered. 

Outside the region' ' 64° ''a104°,"'there"are 275 
events in the remaining 320 0 , which 8uggeSts that theró 'has 

been a loss of' approximately 30 events, i.e. about 1091' of 

decays are lost by virtue of their camera azimutha-1 angle.': 

3.3.6 Events lost due to Neutral Decay Nodes. 

The j° hyperon has two main modes of decay, viz. 

-'  
J\ 	,p1t" 	 ' 	,. 6140/o 

J\° .>,n ° 	. 	360  

The K°  mOaonhaa'also two main modes of decay, viz. 

K0 +' 	8.7°/o 

K° 	O O 	 31.30/0 

In addition, any K°  produced, may decay either as K0 , with 
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a lifetime of 0.86 x 10S, or as a Ko , with a lifetime 
x ios, 80 that the KL mode will rarely be observed. 

i.e. it n" A°-decays are seen, the number produced is 
assumed to be = 1. 53n. 

-decaya are seen, the number ot'Ki. Similarly, if "n" K 3   
mesons produced =  0 . 687 = 2.92n. 

When a reaction involves the production of three V0  
particles, there are several probabilities to account for 

materialj8ation of two out of three of the V° 's, e.g. in 
the reaction, 

K+P 	-> 1t +1t+K0K0 A0  
there are 24 different configurations of the thrOe neutral 
particles, including decays which take place Outside the 

chamber, and only 6 of these, will be scanned as rare events, 

giving the three channels 

K+P)- ++KoKo(Ao) 

KP 	> ++KOAQ(KO) 

K+P 	> 

If suitable correction factors are applied to each of these 

channels, this information can be used to arrive at a better 

estimate of the cross-section for the initial reaction. All 
weighting procedures adopted assume that any event will be 

fitted to the highest topology, e.g. that a genuine 212-type 

of event will not be fitted to a 211-type of hypothesis. 

Consider the reaction which is observed as, 



3.15 

Let x be the probability of one K 0  decaying outside the 

chamber,. 

Let x' be the probability of the other K °  4eàaying outside 

the chamber. 

Let y be the probability of the j\ deóaying outside the 

chamber. 

Then in a sample of N reactions with the same configuration, 

the fraction one might expeCt to see (ignoring aoanning and 

processing losses) L8 

t 
	

x 	2 x:x (i-x)x 
	x 

(i) 	 (ii) 

27 
	 x)(2+x') 

where (i) represents the fraction of seen A°-hyperons 
(ii) represens the fraction of seen K° mesona 

(iii), represents the unseen K°  meson. 

Then i/f represents the Weight attached to such an event. 
Similar factors were calculated for the other reactions observed 

and pjaced in word (9)  on the DSP record. 

If the hypothesis does not involve ánunóeen V °, the 

weights are straightforward, e.g. for the hypothesis, 

K+P > K+t+KO p0 

the weight for the unseens is 2 x 1.11.6 x 1.53. 

Hypotheses involving a K°  !° pair. pose special problems, 

and the K°°  system Will noi be discussed. 
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3.3.7 The K°  !° System 

There are two neutral K-mesons, the K0  with strangeness 
S = +1, and the K0  with strangenss = "1. Both particles 

may d•cay via the weak interaction to itt, and since their 

decay products are indistinguishable, the states iK 0> 
  and 

are coupled through the weak interaction. This means that 

the above states which are eigenetates of strangeness, are not 

appropriate for a study of K°-decay, in which strangeness is 

notconservod. - - 

However, in general, weak interactions do exhibit CP 

invariance and it would be more appropriate to choose •igen-

states of CP to represent K°-decay. Since the operators CP 
and S do not commute, the CP eigeuststea will be ambiguous 

with respect to strangeness. They are defined by, 

= 1K10> 

	

CP 1K2> 	= 

where 

	

K1> 	= .L (JK°> + 1K0>) 

	

I K2> 	= 	. k (IK°> - I!0 
/ 

Although the it°  and K° cannot be distinguished by their 

decay products, the K1°  and K2°  can, since final pion states 

can have different CP values, via. 

> 27E CP = +1 high Qvalue 

K20 	> 3t CP = -1 low Q-'value. 

Thus the 	O 
with a high Q-value should have a much shorter 

lifetime than the K20, and in fact the mean lifetimes are 
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found to be; 

= 	0.862 x iobos 

= 	5.172 x 

For this reason, the c0'- is generally kiiow "as' the 

(short)'and the 92 	as the K(l'oñg').'' 

(It'wa laer àli'own that the ' 	may ?in fact decay to 

two pioñs,' with a br'anchiñg ratiá -.--" 10 3 0  whiäh represents 
a sinaflC? violation effect.-)- 	-- 

For strOng interaotionè, in which 'K°  or K°  are'pro-
duced, one may consider such states to be a niixturo of th.e 

states Kj 	and K  

If one 'has' two particles K°  and 'K°  in spaoO 8tatGs 

A and B reapectively, wthanguIar momentum, t, one may 

write, instead • of g0  
0-0 	0-0 

(KA KB + KB KA)/2 	'f or even £ values, 

(KA° ° - K ç)/2 	for odd £ values. 

i.e. for even £ values, using CP eigenstates, 

K° ° = - 	+ 	L' '( Bx 

i 
 (

o + BK0 ) -. 1(Ago AKo\I S 	L 	.,S 

= 	(AKo  Bko-  

i.ee 	both"short" or both "lông" 

For odd £ values, one' finds 
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K0 0 	 * (Ao Bo - AK0  BK0 ) 
i .e. one " short" and one "long". 

This means that if both K°  and K0  are seen, i.e • "short", 

they must have been produced in a state of even angular 

momentum. However, if either x°  or K° is missing, it is 

not possible to say anything about the angular momentum states. 

For the K°K°  system, the CP elgenstate representation 

is more straightforward. The system must be aymmetric under 

interchange of particles, i.e. one can represent. K°K°  as 

KA°  KB° = (AKO + AK
0 ) ( BKO 4  BK0)/2 

AK° Bo 	AKO BK0 	BK0  AKO AK0  BK0  

	

+ ____ 	S 	 I, 

	

:2 	 2 	 2. 	2 

That is, 1,14  of all K°K°  pairs produced, will decay by the 

K K mode. 

3.3.8 Estimate of Loss due to Non-contrained Ptoduction Fits 

It a reaotion takes place in which an unseen neutral is 

produced at the interaction vertez, and one of the outgoing 

charged tracks interacts in a short distance, so that its 

momentum is unmeasurable, then there will be four unknowns 

at the primary vertex, i.e. a zeroconstraint fit, which is 

not acceptable. 

To estimate the losses involved, a count was made of the 
+ 	+ 

numbers of it, K, P involved in the different topologies, 

together with their average momenta. The minimum measurable 

sagitta was taken as 1 mm, and the lengths required to give a 

sagitta of 1 mm were calculated for the various momenta. 



3 • 19 

Using this informatione together with the total cross-sections, 

estimates were made of the likely number of interactions which 

would take place. The losses were estimated to be as follows 

(approximately) 

Topology 

202 

211 

402 

ll 

Loss 
o + 1/o-1 0  /o 
o + 0 

3 10 - 1 /0.  

8°/o ± 20/o 
+ 

7 o 
	0 
/0 - 3 /0 

3.3.9 Correction for loss of events in Kinematic Pitt 

A outoff value of 1 0/° was imposed on the 

probability f or the Kinematic fit. Figure 3.11 shows the 

distribution of '% 2-probability, in bins of 	for 12 

fits (representing 321 actual, events). There is a small 

"bulge" near the low probability end of the distribution but 

otherwise it is acceptably flat. 

Fig. 3.12 shows the distribution of probabilities in 
0 	 0 	 '0 	' 1 /0 bins from 0/to 10 /0, and it appears that were it 

not for the 10/0  out, the expected content of the first bin 

would be '- 1, fits, representing a loss of approximately' 

10 events, or 30/0  of the total number of events. 

3.1; Combination of Cross-sections from the Two Samples 

The problem arose, of combining the cross-sections cal-

culatéd from the two batches of film, i . 0 • the Edinburgh and 

Birmingham samples. A prágram called "F!' was written by the 
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author to calculate a weighted mean, together with its 

associated error. This method assumes that the two estimates 

are consistent, i.e. that the difference between them is not 

Bignificant. "FT" also calculates a chi-aquared value based 

on' the two estimates, the average value of which should be 

= 1.0. In fact the average value of the X values based 

on 140 calculations = 0.9949 which is encouraging as an 

indication of realistic errors. 

If f or any calculated value, y 2 > 1.0, the' error on 

the weighted mean was increased by T_X 	, following the 
method adopted by the Particle Data Group (2),  The diatri - 

	

bution of the 	values is shown in Fig., 3.13 together 

with the theoretical distribution, normalised to Io events. 

The agreement is good. 

The X test does not reveal whether the cross-sections 

calculated from one sample, are consistently higher, or lower 

than those calculated from the sample. For this reason, "PT" 

also calculates a normalised stretch function for each reaction, 

where the stretch, S. is defined, for the Bir4am sample as 

== 33  
J(d 

2 
_ d 2) 

where o- 	= 	weighted mean value of cross-section. 

	

OB= 	orossaectión calculated from Birmingham sample 

o 	= 	error on weighted mean. 

	

= 	error on Birmingham sample cross-section. 

	

PE = 	Edinburgh stretch function. 

Such a function, S. is expected to be normally distributed 

about 0.0, with standard deviation 1.0 and the distribution of 
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Of S is shown in Fig. 3.14. There is an excess of,  16 

events on the positive Xaxis, mepning 'that,overall,the 

cross-secti9ns calculated for the .Birmingiam sample are 

smaller than those calculated from the Edinburg2i sample. 

However, bearing in mind the ambiguities present, the agree-

ment between the samples is very encouraging. All calculated 

cross-sections together with their errors are listed in 

Appendix 3B. 

3. 	Combination of Cr088-sections of Mutually Ambiguous 

Reactions 

Many ambiguous interpretations of an event arose from 

K - it ambiguities, e.g. 27 events were ambiguous between 

+ __ +++-oo 0 KP- 	KititltKA(it) 
_
K  

+ 	
it 	

o 0 

Auc°) and 	KP 	> ititit 

Similarly, 32 events were ambiguous between, 

KP 

and 	KP 	' 

In calculating the cross-sections for reactions such as the 

above, the method used was to allow a weight of O. per event, 

to each reaction, although no attempt was made to estimate 

the likely error arising from this method. 

In the case of triple ambiguities, the weight was 0.33, 

e.g. 10 events gave equally acceptable fits to all of 
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KP 	iK° jO (ri) 

KP 	)- ++KOKO( A° 
+ ___ ++oO 0 KP 	tKK( L ) 

It was later decided that it would be better to sum the 

cross-sections for ambiguous reactions, if possible, since this 

would give a more truthful picture than any arbitrary weighting 

method. Since the Birmingham data had a different zniorobarn 

equivalent, and different correction factors, this also 

necessitated treating the two samples separately. 

Obtaining this information on cross-ambiguities from 

lOO fits on a DST is a complicated process, and a special 

program called "JINGS" was written by the author to list each 

reaction with its number of unique titB (which includes 

track-swaps) followed by an ambiguity matrix. A sample output 

is as follows: 

"Hypothesis 202093 

Number of unique fits = 11 

Number of competing 	= 2 hypotheses 

Ambiguity array 	 202203 	202103 

3 	202203 

0 	0 	202103" 

This indicates that for hypothesis number 202093, viz. 

K P 	itP K°° (K° ) 

there are 11 tnique fits. 

There are 5 single ambiguities with hypothesis number 20203, viz. 
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KP 	> 

and 3 double ambiguities with .202203 and 202103 where the 

latter. represents., 

K+P 	•' >KitKK(n) 

This is more clearly expressed as a Venn diagram, as shown in 

Fig. 3.lS. 

Sometimes as many as ten or more different reactions were 

involved in collecting all the information on ambiguities for 

a single channel, although only two or three of them, formed 

the dominant ambiguity, e.g.' for the hypothesis, 

K+P 	> 

there were 9 other hypotheses at some time ambiguous with 

this one, but 8 of these 9 had no more than two ambiguous 

fits, and the ninth had 19 ambiguities, this being 

K ___ +++-o P 	it it 'it It K J\?(K°). 	There were 28 unique fits 

to the original hypothesis. 

Fig. 3.16 shows the ambiguities found in the Birmingham 

202-type hypotheses. The K°K°  or KOKO  events, and the 

events form two diàtnot sets, and there seems no simple 

way of treating several hypotheses together, to calculate a 

oombinOd cross-section. 

Fig. 3.17 shows the equivalent sets f or the Edinburgh 

sample. These ambiguities are simpler, probably because there 

are fewer events. 

Fig • 3.18 illustrates' the ambiguities encountered in 

dealing with seen I° decays, for 202-type hypotheses, and 

Fig. 3.19 is the equivalent diagram for the 402type hypotheses. 
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In general, the 402-type hypotheses are more contaminated 

by ambiguities than are the 202-types. Only the dominant 

channels are shown in Fig. 3.20. 

Finally, Fig. 3.21 shows the ambiguities found in the 211 

and 411 type of hypothe see. 

The general impression gained from these diagrams is one 

of entanglement, really not surprising with six and seven body 

final states at high energy. The combination of different 

channels is difficult and probably not instructive, and one 

cannot separate final states containing K°K°  or K°°  with 

any confidence. Combined cross-section estimates were thus 

not attempted. 

3.6 The .A°/E°  Ambiguities 

There were many ambiguities between the hypotheses 

+ 	++o 
KP—KnKA 	 (1) 

+  
and KP-+K+ii+Ko 0  Z 	 (2) 

and between the hypotheses, 

+ 	+++-o 0 KP—Kit,titKA 	 (3) 

and K+P __ KK°° 	(ii-) 

e.g. there were 10 unique fits to reaction (1), 9 unique fits 

to reaction (2) and 27 fits were ambiguities between (1) and 

(2). The E ° decays electromagnetically, 

- 

in a time so short that its decay vertex is, for measurement 

purposes, at the same position as the production vertex. The 

gamma from the decay is usually not seen, so that three constraints 
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are lost. 

In the'C.M.S. of the L , the decay should be isotropic, 

so that if one plots the distribution in oos 0
*  where 8 * 

is the angle between the ganma in the C.M.S. of the E O, 

and the direotiàn of the "° in the laboratory, the distri-

bution should be flat. 	 •' 	
' 

If events which were examples of genuine A° production 

were fitted to ,10 production, one wouldexpect the cos.0* 

distribution to be peaked backwards, since' the E ° is more 

massive than the A°. '' ' ' 

Let F and B respectively represent the numbers of 

events' in thO forward and backward hemispheres in the E ° 

C .M .3. Then one may define the asnmetry by a number, k, 

where 	
k 	. 	F 

B + F 

80 that k represents the fraction of ambiguous events which 

are genuine A° events. 

Let 
	

B + F = N, 

then k = i-4J ' => k 

which gives the likely error in k. 

Approximately, 	LP = NP(l - P) 

where P = probability of the event lying in the forward 

direction, - 

i.e 	 k 	 /&B 

then 	
k = B-F ± FNB+F  

.iç  
Fig. 3.22 shows the 008 0 	distribution for events ambiguous 

between hypotheses (1) and (2) above. Then F = 5, B = 22, 
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N=27 

i.e. 	k 	0.63 ± 0.11, which implies that of the 

27 ambiguous events, the number of genuine A° events 

= 17±3. 	 S  

For thesix-bodyfiñal states, which arO ambiguous be' 

tween hypotheses (3) and (4) above, the cos 0 d.istribution 

is shown in Fig. 3.23. Then B = 5, F = 8, 

and 	k = - 0.23 ± 0.20, 

which is consistent with uniformity. 

The results above were used to apportion the ambiguous 

events and calculate the resulting cross-sections listed in 

Appendix 3B. 

3.7 Error on Cross-section due to Random Fluctuation 

For a large number, N. of events, the statistical fluc-

tuation is taken to be 	IN , according to Poisson statistics. 

However, f or small N, this is no longer true and a proper 

calculation of the likely error in N shows that f or N ' 5, 
the error is asymmetric, and for N = 1 the uncertainty in the 

positive direction is twice as ].arge as that in the negative 

direction, e.g. only one example of the reaction 

> 	PA°(it°) 

was observed and its cross-section was estimated as, 

0 	= 	0.5 :Lb . 

The Likelihood function for N (observed) is shown in 

Fig. 3.214. 9  for different values ot N. It is clear from this 

figure that as N increases the asymmetry becomes less, very 
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rapidly, and for n = 5, the asymmetry is 150/o. The 

derivation of the Likelihood function employed is given in 

Appendix 3C. 

3.8 Reliability of Single Constraint Interaction Fits 

In most' oases, the hypothesis fitted includes an unseen 

neutral.from the interaction vertex, i.e. a one constraint' fit. 

+ 	 ++ J\ 00 0 e.g. 	K P , 	> 	, 	K (K 

It seems likely that in some oases, the Kinematics program will 

be unable to distinguish between the above case and 

+ 	 ++0000 
KP 	- 	AK (Kt) 

because of the small mass of the 1E 0 

As a check, events which gave unique 1C fis to the 202 

hypothe 818, 

K+P 	'- 	K+lt+K0 A .0 (1Lo) 

were tried out on the 201 hypothesis, 

KP 	- 	KtA°(K°). 

Seven'good 201 type fits were obtained to the original 22 unique 

202 type fits. 

It was also noticed that good 203-type events which gave 

fits to hypotheses involving an unseen no t  often gave fits to 

202-type hypotheses involving only one unseen particle. 

These facts throw doubt on the reliability of 1C fits at 

this energy. 
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CHAPTER IV 

RESONANCE PRODUCTION IN RARE FINAL STATES 

4.1 Introduction 

For this study, the data obtained from the Run 4 and 

Run S film was combined with that from the Run 1 and Run 3 

film, which had been analysed separately in Edinburgh by the 

author. This latter batch of film consisted of 62 halt rolls 

of film sent to Edinburgh from Oxford University Physics 

Department in 1970. Before looking at final state distri-

butions, a brief description of the analysis of this film 

will be given. 

4.2 The Oxford Film 

It was intended that the analysis of this film should 

not only produce more rare events, but also serve as a fair 

operational test of the recently commissioned "Vanguard" 

measuring machine, set up in Edinburgh, together with the 

associated computer software. The mccb.ine had previously been 

tested on a small number of events on the  Run  4 film, and per-

formed satisfactorily, as described elsewhere. 

4.2.1 Measuring and Data Processing 

The Vanguard measuring machine was linked to a PDP8 

Computer in the Physics Department, which performed on-line 

2  checking for the measurer, using a program WEED, which 
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also wrote the measuring data on to magnetic tape. 

This data was then interpreted by a program called 

which rearranged the data into a form suitable 

for presentation to the 'Geometry' program at Glasgow Univer-

sity. 

Due to the incompatibility of the PDP8 Computer tape, 

Edinburgh Regional Computing Centre (E.RIC.C.) tape, and the 

Glasgow University Computer tape, hold-ups were frequent, and 

the fastest possible time for analysis of an event was about 

three days, allowing for transit time between the computers. 

Difficulties were also experienced with hardware errors from 

the eleotronios panel attached to the Vanguard machine, and 

a great deal of computing was necessary to rectify the faulty 

data, before it was passed to the lGeometryt program. A small 

change was later made to "WEED" which overcame the problem. 

11.2.2 Scanning Efficiency 

All the film was double-scanned in Edinburgh, and check-

scanned by the author. The efficiencies were calculated as 

in Chapter III, and gave the following results: 

Topology 

202 (203) 

211 (212) 

14.02 (403) 

411 (1112) 

Efficiency 
o + 0 96 /0 

1. 3 /0 

o + 0 
93 /0 - 6 /0 

960/o ± 40/ 
980/0  ±20/0 



1.2.3 Ppoäessing Effioienày 

As far as possible, every event was given two chances 

for kinematic analysis, if it tailed the. first attempt. 

Let there be a total, N 
TP 

of scanned events, and let 

there be NG events which have a "flaw" causing them to 

fail 'Geometry' repeatedly. Of the (NT NG) events re-

maining, let NK correspond to fittable reactions. Let 

'N' be the measuring efficiency and let 'K' be the 

efficiency for fitting a measured event to the correct 

hypothesis. 

Assume that 14 and K are the same ror all measures 

and all topologies. 

Fig. Llf•l shows the breakdown of events, from scanning 

to fitting. Then on the first measure, and re-measure res-

pectively one has, 

189 = (242 - NG)N 

and 38 	(53 - N)M 

i.e. NG 	5 events, and in fact 5 events repeatedly failed 

Geometry., One therefore considers the number of 'clean' 

events to be 237. 

Then on the first measure, 

14 = 189 = 800/0 = measuring efficiency. 
•237 

Furthermore, on the first measure, from Fig. i..l 

88 	= NKMK 

and on the first kinematic re-measure, 

12 	= NxM(l-K)MK. 
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These equations give K = 830/o = kinematic efficiency, 

and lI
K = 133 events. 

The total number of events fitted after three measures 

119 events, therefore the overall efficiency, B, is 

B 	= 	 = 	89.50/o •. 
133 

To estimate the error involved, a formula similar to that 

used to find the error on a single-scan efficiency, was used 

for each of the three measures. In this way the error was 

estimated as 100/0,  and the final processing efficienoy 

P, taken as 

P 	= 	900/0  ± 100/0 

4.2.4 Chi-squared Probability of Fit. 

The distribution in ohi-squared probability of fitted 

events from the Oxford film sample is shown in Fig. 14.2 0, and 

is considered to be acceptably flat. 

Estimation of Miorobaxn Equivalent 

A beam count was taken every 50 frames, and a check was 

kept on the number of bad frames. In the Run 1 film the number 

of tracks per frame was 16.1 ± 4.8, with 3.5°/o bad film, and 

in the Run 3 film, there were 12.0 - 3.8 tracks per frame, with 

14.5/o bad film. The general film quality was poor. 

Runs 1 and 3 were known to have a fairly high beam con-

tamination, and previous work 14  on this, film, using comparison 

scans with the R.F. separators off and on, indicated that the 
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likely contamination was as follows 

	

Runl 	Run3 

Average number of protoné per 	
051.3 frame 

Average number of muons per 	335 	1.9 frame 

Using these results, the estimated total number of tracks 

on th. Oxford film was 

NT 	= 	(14.36 ± O.14 6 ) x 10 	tracks. 

Figure 14.3 shows the vertex position in the X-direotion of 

118 fitted events on the Oxford film, and the distribution 

is seen to be reasonablyflat over the fiducial length of 

1.35in. The above figures lead to an estimated microbarn 

equivalent f or the Oxford film, of 

(O.314. ±Q.O14. ) p b pepevent.  

4.2.6 Tau-scanning on the Oxford Plim 

As well as scanning for rare events, the Oxford film 

was also scanned for "tau"-decays, 1,9. the decay of a beam 

track into three ohaz'ged prongs, presumed to derive from, 

> 	iti:it 

A total of 206 ?XamPles  were found in the film, but were not. 

measured. Using the aonning efficiency for tau deøaya 

(7.3/0 ± 70/0)9 the estimated true number of tan decays was, 

NT = 296 ± 25 events. 

The tau's were scanned in a restricted fiducial region of 
0.96 m, and usingtlie above number, the estimated total beam 
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track length was 

L - 	(5.98 ± 0.5) x].05m. 

Using the information derived from beam track counts in 

Section 14.2.5, gives an e8timatod beam track length of 

L .. 	(5.88±066) x l,05m , 

in good agreement with that dOrived from tau-decays. 

14.2.7 Cross-Section Calculations 

To compare estimates of oross-soctionoálouláted from 

the Oxford film, and the 1968 tim, two reactions were 

chosen: 

>KP K°  Rd  

- a well constrained but scarce channel. 

b) 	KP 	> Kit A°K° (it ° ) 

a more abundant but lesa well-constrained channel. 

The usual corrections, deecribed in Chapter III, were made 

and the results compared. 

KP - Kp K°  

The orosa-seotion as eetimated from analysis of the 

Oxford film i8 

- 	+. .2 b 
- 	i., - 

compared with 
+ = 	12.9 -2.7 pb 

calculated from analysis of the 1968 film. 	
0 

KP > KtK0  A° ( t° ) 

The cross-section calculated from the Oxford film is 
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a' I 
= 	36.5t11b 

compared with 

a' 	= 	38.6±51Lb 

calculated from the 1968 film. 	 ' 

The agreement in crossseotion.valuea is good, and it 

was found that thó general pattern of ambiguities in the fitted 

hypotheses was very similar to that found for the data from the 

1968 film, implying that the data obtained from the Oxford film 

is compatible with that obtained from the 1968 film. 

4.3 Resonance Production 

It was found that with such complicated final states, the 

large number of combinations to be taken into account in mass 

distribution produces a large, experimental background, which 

makes difficult, with the low statistics available, the 

identification of resonances. Furthermore, most of these 

multi-body final states Can be studied only in one-constraint 

reactions, of which a high proportion of events are ambiguous 

with other one-constraint, or multineutral reactions.. 

4.3 .1 The States KtK°  A% °  and g,tK0  A°K°  

These states were fitted as the hypotheses, 

KP 	KitK°  A?(it ° ). 	 ( 1) 

and 	KP - it it "K°  I\? (K° ) , . 	 (2) 

They are, the most prolific of"the rare final states, and their 
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main ambiguity is with each other. For initial analysis, 

all mutually ambiguous states were a88umed to be genuine 

examples of hypothesis (2). This results in 182 "uniquely" 

assigned states. There was a total of 153  fits to Iiypo-

thesis (1), of which 85 were unique, a total of 97 fits to 

hypothesis (2), of which 147 were unique, and 140 of which 

were ambiguous with hypothesis (1). 

14.3.1.1 	A° Produotion 
A 

The C.L 	
* 	 OS. production angles, cos 0 , of the .i. 

in the above states is shown in  Fig. 14.4 where it is seen 

that, as expected, the distribution is. strongly peaked in the 

backwards direction. Approximately 200/0  of the A°'s are 

produced inthe forwards direction. 

If one. looks for enhancements in the An effective 

mass spectrum, there are two entries per event, giving the 

364 entries shown in Fig. 14.5, where there are no obvious ++ 
enhancements and the distribution resembles phase space. 

If one now assigns all ambiguous states to hypothesis 

(1) instead, this gives the mass spectrum shown in Fig. 14.6, 

which has a general shape bearing a truer resemblance to 

phase space, but with more of a suggestion of a peak centred 

on the bin, 	1360 —v  11400 MeV/e2, i.e. in the 	(1385) 

region. The (1385) is a well established I = 1, 3/2 

resonance whose main ( 900/0) decay mode is An #  and 
which has a width of 34 MeV/o2 . 

It Was  thought that the distributions migit be improved 

by making outs on the missing-mass squared (14MB) of the unseen 

++ See Appendix 14k. 
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neutral from the interaotion and the MMS distributions were 

examined. 

Fig. 4.7 8hOWS the distribution in MMS for the K°  from 

KP 	)- It 1t 
+O  A° (K° ) 

The true value for the N}IS of a K°  is 0.2148 GeY2  and the 

central bin in Fig. 4.7 is 0.22 	0.30 GeV2 . The average 

error, on these values is ' i- -.-  0.06 'GeV2  and it was deoided 

to select only those events where the MMS of the,. K°  lay 

in, 	. 

• 	(0.15 	MMS:0.35) GV2 . 

Similarly,, Fig. 14.8 shows the NMS distribution for the n o  

from, 	 . 
• 	+ 	 ++OAO 0 KP—KK j'.(it). 

The true value for the IIMS of a,'it? is. 00182 GeV2 , and the 

centre of. the distribution, shown has a. broad centre from 

0.0-3,  06014. GeV2 . The average ,errpr on these values is 

"-'0.03 GeV., and it.was.decided.to  aelect only those events 

where the 	S 	. the 
. O 

lay. in,,, 	..., . •,. 	 , • 	 . 

• 	........• (-0.02' 	S 	0.06)Ge 

The effect of applying these cuts to the events shown in 

Fig. 11.6  is shown in Fig. 14.9, where the distribution has 

not been improved and the general shape is worse, due to the 

smaller statistics. 	 , 	 • 

It was felt that little more could be done to make the 

possible presence of a A t resonance more clear, . and simply 

concluded that there is reasonable evidence for scIfla 	(1385) 

production. 	 , 
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14.3.1.2 The Kit Mass Erthmcements 

It is well known that the 3 and  14 body final states from 

KP interactions at various momenta are dominated by production 

of the K*(890) and to a lesser extent, of the KN(11420) 

resonances. 

Again, reactions between hypotheses (].) and (2) were 

initially assigned to hypothesis (2). The effective, mass dis 

tribution of the Kit states in the 182 events is shown in 

Fig. 1.10. There are 3 possible combinations of K and it 

in hypothesis (1) 0  and 4 possible Kit combinations in hypo-

thesis (2). There is a clear enhancement in the mass distri 

bution in the region, 860 --  9140 MeV/02, due to K(890) 

production and a suggestion of an enhancement in the region, 

11420 - 11460 MoVie2, which is presumably due to KN(1420) 

production. 

If all ambiguities are now assigned to hypothesis (1), 

this gives the distribution shown in Fig. 14.11. The two dis-

tributions, 4.10 and 14.11 are strikingly similar and both 

show evidence for K*(890) production as well as possible 

KN(1420) production. 

If one applies the 14143 cuts described in Section 14.3.1.1, 

to the events in Fig. 14.11, this gives the distribution shown 

in Fig. 14.12 where, although the K*(890)  is still clear 

and there is still a slight bump in the K(1420) region, the 

background is large, due to the number of Kit combinations 

to be taken into account. 

It was thought that a Kit resonance might be seen more 

clearly by choosing only those Kit combinations where both 
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K and it travel either backwards or forwards together, in 

the C.M.S. The result of this selection on the events in 

Fig. 4.11)  is shown in Fig. 4.13.  There are still signs of 

the KN(11120)0  and the K*(890)  peak is very sharp. It was 

felt that little more could be done to improve these distri-

butione, given the low statistics and high background. No 

enhancements were found in the effective mass distributions 

of Kitjt states. 

4.3.2 The IN System 

Enhancements in both neutral and charged KK effective.. 

mass spectra have often been observed, and their quantum 

numbers determined, enabling them to be successfully included 

in an SU(3)  framework. 

The enhancements ascribed to neutral singlet resonant 

states include such well established resonances as: 

The 0(1019) meson, 

a member of the vector nonet (J2  = L) of mesons, which also 

includes the K (890) 9  the p and u mesons. The 0(1019) 

may decay to' KK, or to K1°  K20, but not to Klo  Klo  or 

K2°  K20 , because its C-parity is odd, 

The f(1270) meson, 

a member of the tensor nonet ( JP = 2+) of mesons, which also 

includes the A2 (1310), the 11,(1120)  and the f'(lSlL.)  mesons. 

The ±(1270) decays mainly to wit but may also decay to K +  K - 

or to K1 K." or K2 K2", but not to K1 K2', because its C-

parity is even. 
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o) 	The f' (15114.) meson, 

whose only observed decay mode is via K, and which is 

also even under C-parity. 

The best known member of the I = 1 resonances which may 

decay to K is the A2 (1310), whose main decay mode is via. 

pit. The A2 (1310) is also even under C-parity. 

14.3.2.1 Reactions Studied 

The most, convenient KK system to study in the rare 

final states is the K,1 °K1°  system, and to accumulate meaning 

ful statistics, it is necessary to combine several different 

channels. Those selected were as follows: 

KP 	) 	PK'Ko 
	

(1) 	39 fits (all unique) 

KP 	) KpK°°  (it ° ) 
	

(2) 	59 fits (25 unique) 

K+P 	) KtK0° (n) 
	

(3) 	53 fits ( 9 unique) 

+ __ + + 
KP 	>KPitit 

KP 	KPit 

The only reaction of 

identifiable was the 

(Ii.) 	31 fits (19 unique) 

rt x°K°  (it ° ) (15),,;. 48 fits (15 unique) 

the above which was always uniuel' 

first. A photograph of one example of 

the reaction, 

KP 	- KP 
OO 

L ' +IE 7E n  JE 

 

is shown in Plate I. Details of the momenta of the track8 

involved are given in Table 4.1. 

In reaction (3), only the unique fits were accepted, be-

cause of the severity of the ambiguity involved (e.g. see 



TO  
-jo 



'N
 	

" 

U > '1 



0
 

/1
 

K
 

I
bp

 	
0
 	

-
 

G
o

_
 

x
 	

_
 	

_
 



14. .13 

Chapter 3, Fig. 3.16). This leaves 186 examples of K °  K, °  

production to be examined. 

14.3.2.2 The ic.1°i1°  Effeotive Mass Spectrum 

The distribution in effeótive mass of t1e K1 K °  aystem 

in the 186 events is 'shown in Fig. 14.'14. That due to the 

unique events only,' is shown hatched. 

There is a clear peak in the region, 1500 —+ 1540 MeV/02  

more striking in the unique events, and presumably due to 

Id decay modes of the f'(15114) meson. There is also a small 

bump in the region of 1300 MeV/o2, which might be due to 

id decay modes of the t(1270) and/or the ' A2 (1310) mOons. 

Table 14.1 

Momentum of Tracks shown in' Plate, I 

Track 

K (beam) 

From Interaction 

P 

Lower 	
0 

+ 
.1t 

IE 

Upper -K  0 

+ 

It  

Momentum LGeV/c) 

Io.o86 ±03.00 

0.927 ±0009 

0.298 ± 0.008 

0.357 ± 0.005 

0.463 ± 0.606 

0.873 ± 0.007 

7.267 ± 0.090 
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There also appears to be some enhancement in the region 

of 1050 NeV/o2 , perhaps due to the S'(iO00), an S-wave 1K 

interaction often found near the threshold of 11 effective 

mass spectra. Enhanoementsin the Ki°Ki°  effective mass in 

this region have been reported elsewhere, e.g. by Crennell 

eta1. 5 , at a mass of 1068 ± 10MeV/c2 , with a width, 

of 80 15 MeV/o2 , and by Aiitti at a1 6  at a mass of 

1030 ± 10 MeV/02 , with a width, F of 45 	MeV/02. 

The effect is attributed to the I = 0 state, since no 

corresponding effect is found in,1 °iC states. 

4.3.23 The'f'(1514) meson 

- 	The f' (1511.) meson was first seen by Barnes at al. 

in 1965 0  in the reaction, 

A°  1° 10 

The mass was reported as • 1500 MeV/02 , and the width as 

85 MoVie2.  Furthermore, the absence of any 110120  decay 

modes. limited, possible 	values to 0, 2k,'..0 etc. 

Although there has been little doubt about the mass 

value of the t', there has been some uncertainty about its 

width. In 1967, Barnes at al. 8  reported the width as 

87 ± 15. MoVie2, and Ammar at al. 	reported a width of 

only 35 ± 25 MeV/c2 . In 19720 AguilarBenitez at 

reported the width as69 ± 22 MeV/c2 , and Videau at ai.(h1) 

reported the width as 40 ± 10 MoVie2.  The Birmingham-Glasgow 

collaboration also studied the f'(15111),  using mainly KK 

states, and estimated the width as 28 ± 15 14eV/c2 (12), 

Looking at the f'(15114)  enhancement in Fig. 14.111, for 
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the unique events, the width certainly appears to correspond 

with that found by the Collaboration from a stu4y  of the 

K K states. 

14.3.2.11 Production Characteristics of the K10K10  System 

To examine more closely the enhancement in the f' (15114.) 

region, a selection was made on those events where the 

K10K1°  effeetive mas8 lay in the region, 

1460 MoV/e2 
	

14 	1580 M67/e2 . 

* 
The C.M.S. production angle, cos' 0 , distribution for the 

system in the 186 events is shown in Fig. 1.l5,  with 

the f'-selected events shown hatched, but there is no striking 

difference between the two sets of data. This is perhaps not 

surprising, since the six and seven body final states included 

naturally give rise to less peripheral distributions of the 

final state particles. 

	

4.11 	Conclusion 

There is ample evidence for K*(890) production and some 

evidence for KN(1420)  production in the final states, 

+ + 0 AO 0 K it K 

+ + OAO 0 

	

• 	and 	itit 'K'j\ K 

as well as evidence f or a small amOunt of (1385) production. 

• 1n the 'final states Which involve production of a: 

pair, the effective mass spectrum of this system shows enhance-

ments, indicating production of the f' (15111) 'meson, and possible 

production or other meèon. resonances. 
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CHAPTER V 

'ANTiHYPON PRODUCTION' 

51 Introduction 

The anti-hyperons or major interest were the antipartiàles 

of the cascade partiàle,' 	, and of' the omega minus particle, 

n_. 
mass = 1321.29 ± 0.14 MeV/02  

mean lifetime = (1.672 ± 0.032) x 1010 

mass 	= 1672.5 ± 0.5 MeV/02  

mean lifetime 	= 	(1.3 . 	), x 1010  3 (26 óvents seen). 

-± 
The anti-omega,f'1 , had not been detected when the author 

started this work in 1968, and a certain interest lay in detect- 

.C1 
-. 

ing the first occurrence. The 	was in fact first seen in 

December 1970, in a deuterium experiment( 1), and its obser-

vation is described later in this chapter. 

The reaction requiring the least energy to produce the 
+ 

anti-cascade, -1 	in K P interactions is, 

KP 	> 

which requires a C.M.S. energy of 3.375 GeV. 
—+ 

The corresponding reaction for production of the f'L 	is, 

KP 	
fl+pO 

which requires a C .M.S. energy of 3.925 GeV. The total CM. S. 

energy available = 4.46 GeV. 
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5.2 Decay Modes of the Anti-Cascade and Anti-Omega Particles 

5.2.1 The Anti-Cascade Particle 

+ 
The main ("lOO°/o) decay mode of the '-'S 	 is, 

/771 	

-o -+ 
An 	 = 139 P1eV/c 

where Pmax  gives the maximum mczmentum of either particle in 

the 	centre of mass. 

The A° may decay to 	or 	O, and if the 

decay is seen in the chamber, it is often possible to say at 

the scanning stage whether the 17 originated at the 

charged decay vertex, since the antiproton, 	, follows very 

closely the line of flight of the A° , in the same way that 

the 	follows very closely the line of flight of the 2E. 
A good example of this is shown in Plate II, a photograph of 

one example of the reaction, 

KP 	- 	(3) 

L 7ç;+ 

where the anti-proton clearly points directly at the charged 

decay vertex. A summary of the parameters of the tracks in-

volved is given in PablO 5.1. If the charged prong from the 

interaction is assumed to be a proton then the calculated 

value of the missing mass is 1.966 GeV/c2 . 

The lifetime of the 	state shown is 

= (2.16 ± 0.29)-10 xlO 	S. 



- - . 
	Track'NumbOr .  

(Beam) 

I 

(it +) 

( 

(P) 
(+ 
it) 

McmOntum (GeV/o 

10.084 ± 0.100 

3.196 . 0.030 

3.2214. ± 0.43.5 

0.532 ± 0.010 

2.81 

2.435 ± 0.030 

0.377 .± 0.0014; 
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5. 
6 

7 

TABLE 5.1 

Parameters. of Tracks. shown. in. Plate II 

5.3 

:Length I

(cm) 	DiP (dogrees) 

17 - 0.2 

109 0.9' 

15.8 - 3.4 

65 

12.7 - 1.2 

66 -2.2 

55 5.3 

5.2.2 The Anti-OmeRa Particle 

The three decay modes of the .O. 	corresponding to 

known decay modes of the fl are, 

--' 
(i) •fl 	 , 	 = 294 MoV/e 

. 	 Pmax= 290 MoV/e 

' - 	 Ma.x .= 211 NoV/c 

In decay (1) above, the neutral decay of the E, °  means that 

such a decay mode would be difficult to fit kinematically, 

since the position of the neutral decay vertex is unknown. 

(The mean lifetime of the 	° is -- 3 x 10 10  ) 

In decay (ii) above, for an Ti_ produced with a momentum 

3 0eV/c, the maximum decay angle 	60 . For an fl 
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produced with a momentum 	5 GeV/c, the maximum decay angle 
14.0 . 

5.3 Anti-Omega Production 

The cross-8ection for 	production in I'D inter- 	- 

actions at 12 GeV/o was estimated from the observation of 

one event 	as 0.1 jib. If the K+P  cross-section at 

10 GeV/o for fL production is of the same order, then the 

Edinburgh-Birmingham-Oxford film sample, with a combined 

total cross-section of lb events/nb, might be expected to 
-4- 

contain one or two ....CL events. However, there are many 

ways in which such events may be lost, or may fail to be 

unambiguously identifiable.. 

No event was found in this experiment which could be 

uniquely interpreted as involving the production of the fL 

particle. However, two events which were considered to be 

possible candidates for 	production will now be described. 

5.3.1 The First Anti-Omega Candidate 

A photograph of this event is shown in Plate III and 

details of the tracks involved are given in Table 5.2. The 

topology is of the 211-type, and when this event was first 

processed, two kinematic fits giving good ohi-squared proba-

bilities were obtained, viz. 

___ K + P 	- 	 L1tA(A) 	 (1) 

L L- 	- 
K( 
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.5it'A° (A°) 

L L >- 
+ 

I 	I 	fr.4 ' .____I I 	• 

The ealculatOd value for the missing mass of the unseen 

was low, i.e. 

1.061 	0.0143 GeV/02  for fit (1) 

1.030 ± 0.052 GeV/e2  for fit (2) 

The event had failed to fit any other hypothesis tried in the 

kinematics decks, and the 1C fit at the charged decay vertex 

would not fit the decay of L, 	, or 	• The 

fitted momentum of the decaying track was 3.186 - 0.1114 GeV/o, 

corresponding to a bubble density of 1.29 ' 0.02, if the 
- 

track was made by an f)
+ 
 particle. The event was remeasured 

in Glasgow University, by eleven different operators, to test 

if the same hypothesis would fit the üew measurements. In all 

eleven subsequent measurements, very poor fits were obtained 

to hypotheses (1) and (2), and no other fits were obtained. 

(The values given in Table 5.2 are the averages of these 

measurements). At a later stage, the event was measured four 

times in Edinburgh on the 'Vanguard' measuring machine, with 

the same results. 

Closer examination revealed that the original measurement 

had been a poor one, the measurement errors being more than 

double those of subsequent measures. This also gave rise to 

large errors on the momenta of the tracks, and it is reasonable 

to suppose that it was these large errors which gave rise to 

the low values of 	2 obtained for hypotheses (1) and (2) 

on the first measurement. 

5.5 

(2) 
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TABLE 5.2 

Parameters of Tracks shown in Plate III 

Track Number 
	Nomentum (GeV/c) 	Length (cm) 
	

Dip (degrees) 

1 (beam) 
+ 

2 	(it 

3 

14. 

S 

6 (P) 

7 (A° ) 

10.076 ± 0.100 45 0.3 

0.85 ± 0.1 	. 1 1.9 

3.012 ± 0.090 36.8 6.9 

1. ]17 ± 0 .033 24. 1.2 

0.1453 ± 0.009 29 -23.8 

2.727 0.058 39 -10.2 

3.095±0.048 .  13 -12.8 

However, it was also true that if one considered the 

charged decay vertex alone, the only decay sequences which 

could give a fit were, 

p . 	= 211 14eV/c 

+ . 	 FMax = 290 14eV/c 

x 	+0 	
PMax 

= 205 MeV/o 

+ 	 = 236 14eV/c 

The transverse momentum at the decay vertex was 135 ± 3 MeV/c. 

If the decaying track was an CL, its expected 

	

bubble density = 	1.29 ± 0.02 

+ and if it was a K , its expected bubble density 

	

= 	1.03. 
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For the traok leaving the charged decay vertex, if it 

was a• K, its bubble density would be 1.21 ± 0.01 and for 
+ 	+ a iL 	or I.L , 1.01. 

Since the decaying track was - 37 cm long in the chamber, 
and its 4eoay product was -s-' 25 cm long, it seemed that it 

migit be possible to use bubble density eitimation as a means 

of establishing the identity of the tracks involved. 

5.3.2 Bubble Density 

The term 'bubble density' is usually understood to refer to 

the number of bubbles created by a track, per unit length, 

expressed as a ratio.of the number created by a minimum ionising 

track, such as a beam track. In this experiment, a beam track 

created 	15 bubbles/cm. The number of bubbles created per 

unit length depends only on the charge and veloojty, ( = v/c, 

of the particle, and not on its mass. If g = number of 
0. 

bubbles created per unit length, then 

g 
0 	•' 	U 

where n 2.0(2,3) Usually n in taken = 2.0 9  'and since 

for the beam tracks, 3 	1.0, then the relative bubble 

density of a track, 	say, is 	 ' 

= 

where I = v/c for the ionising particle. Thu quantity, 

gR  is the one printed in the Kinematics output, under the 

column headed, 'ION'. If the track has a di 'angle, S s  then 
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the bubble density becomes 

800 

although this assumption may be unreliable for angles of dip 

30
0  

Values of 1 2  at different momenta for the pion, kaon 

and proton, are shown plotted in Fig. 5.1. Normally the lower 

limit for visual estimates of bubble density is taken as 1.50 
+ 

corresponding to a momentum of 200 14eV/c for it , 700 MoVie 
+ 

for K , and 1.3 GeV/c for a proton. 

There are normally gaps between the bubbles, and the• 

number of gaps = number of bubbles. It is expected 

theoretically, and has been verified experimentaiiy 	that 

the distribution of gaps in a track is 'exponential. i.e. it 

x = gap length, from bubble centre to bubble centre, greater 

than àome minimum length, 'a' say, 

and if 	£ = length of track, 

and if 	g0  = mean number of bubbles/unit length, 

then 5  the number of gaps greater than x, 

gx 
n(>x) 	= g0Le 0 

If the gap is measured between the ciroumferenoes of the 

'bubbles' on film then the gap becomes x', where 

x = x' + a0  
and 	a = 'one bubble diameter, 0 	_gx 	ga 
and r(>x) = g0te ° 

• e 0 

= oonstantxe 	. 

Thus, if one uses a travelling microscope to measure the gaps 

on film, and sorts the gaps into bins of length 1 	(i.e. the 
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bin8 are (a, a + £) (a + £, a + 2t 0),.... etc.) one can 

plot log n against gap size, x',. and the gradient of the 

straight line will give a value for g o , By comparing the 

gradient of this line with that of the beam.traoka, a value 

for gR  may be deduced. This was the method used by the 

author to measure gR  for the decaying track. 

5.3.3 Results of Bubble Density Measurements 

The unit chosen for bin size in sorting the gaps was 

25 pm on film C one 'bubble' diameter) and the gaps were 

8orted into bins of size 2— 8 units. A least-squares fit 

was made to each not of points, and the error was taken as 

11JW where N = total number of gaps measured (-- 100 on 

each measure). The decaying track was measured seven times 

by different workers, giving a mean gradient,m 1, of 

= 	0.672 ± 0.075 

The mean value of the gradient for four beam tracks in the 

vicinity of the decaying track was m2  where 

0.636 ± 0.08, 

giving a relative bubble density, g 	 for the decaying 

track of 
= 1.06 ± 0.19 

Obviously, the error is large enough to allow the ioniaation 

to correspond to a K meson or an 	. Fig. 5.2 shows the 

results of a single measurement on the decaying track, together 

with the results of a single measurement on a nearby beam track. 

At a later stage, the tracks were remeasured, using a 

different objective and values of gR  were obtained ranging from 
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1.17 ± 0.21 

to 9R-  1.08 ± 0.16 . 

Since the error on. estimated bubble density was too large 

to allow any distinction between meson and hyperon for the 

decaying traok, and since it was fOund difficult to obtain a 

consistent value fOr 	the bubble density measurements were 

not pursued further. 

5.3.4 Lifetime of the First Antiomega Candidate 

Using the decaying-track length of 36.80 cm, and fitted 

momentum of 3.200 ± 0.075 GeV/o, the Aec7mstime of the state 

was estimated, assuming the particle to be an .0 , as 

= (6.142 ± 0.15) x 1010 

compared with the 	mean lifetime of 

- 	+ 0.14. 	-10 - 1.3 	/ x 	S 

If one assumes that the particle is actually a K+  meson, 

then the'4ctime is 

1'-  = (1.89 ± 0.04) x 10 

compared with the mean lifetime of the K meson of 

= (1.214. x 10 8  

This implies that if the decaying particle is in fact an 

its 	time is unusually long. 
4. 

It is also true that any hypothesis of CL prOduction 

in this event requires that both the J\° from the inter-

action and the A from the decay vertex (or from the 	0 

decay), be unseen, which by itself is not excessively improbable, 

but together with other factors, is evidence against anti-

hyperon production. 
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5.3.5 Conclusions Regarding the First Anti-Omega Candidate 

This event was discarded as a likely óandidate for fl 4  

production for the following reasons: 

(1) .Remeasurement gave high values of 'X. 2 for the 
hypotheses. 

The calculated value of the missing mass of the A° 
from the interaction was very low (mean value from the, eleven 

measurements = 1046 - + 	2 
27 MeV/c ). 

It was not possible to establish the identity of the 

tracks by bubble density measurements. 

From lifetime ooneiderations, the fl interpretation is 

less likely. 

The fi. interpretation requires both A° and 

to be unseen. 

There are other po8sible interpretations of the event, 

allowing multi-neutral production at .the primary vertex. It 

was found impossible to fit any reaotipn to the event, and 

the author considers that the most likely interpretation is 

due to the reaction, 

KP - K K J\° (n x no ) 

LP  
The calculated missing mass for this reaction is 	1.7 GeV/c2 . 

5.3.6 The Second Anti-Omega Candidate 

This event is of the 211-type topology, and a sketch of 

the event is shown in Fig. 5.3. The length and momentum of 

the tracks involved are given in Table 5.3. 



FIG5.3 

Sketch of the tracks of the second anti-omega 

candidate. 
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The decaying track was only .0.98 cm long, so its momentum 

was unknown. The V0  gave a good fit to, 

A° 	> •Pit 

and four fits were obtained at the interaction vertex, viz. 

KP - A°  K (n) 

K+P—' 

•KP 	I\ it 
>7c 	(';E:) 

KP 	A0
?i4it.(A0 ) 

K(A). 

The same results were obtained on rerneasurement. If track 2 

is a proton, its bubble density would be 1.31, at the limit 

f or measurement. 	 . 	 ., 

TABLE 5.3 

Parameters of Tracks shown in Fig. 5.3 

Track Number 
	 Momentum (GeV/o) 
	

Length (cm) 

1 
	

10.076 ± 0.100 
	

9 

2 	 .1.615 ± 0.021 
	

63 

3 
	

0.98 

L. 	 1.272 . 0.018 
	

55 

5 
	

2.090 ± 0.039 
	

51 

6 
	

0.529 ± 0.008 
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The transverse momentum at the charged decay vertex 

is 	160 MoVie. 

Assuming that the decaying particle is a 	, the 

imo 18, 

= 0.075 x 10 0  S 

compared with the E mean lifetime of 

'?- =1.18 x 1010  S 

-+ 
If one assunioa that the decaying particle is an LL 

the;_ckcu1t1me is, 

= 0.17 x 10 	3 

Both of these .ecàtimes are acceptable. 

5.3.7 Conclusions Regarding the Second Anti-Omega Candidate 

As with the previous event, if one interprets this event 

as being due to the production of an rL particle, one has 

to assume that both the A° from the interaction and the 

A, are unseen. 

However, in the absence of other evidence, it is possible 

that this event is an example of the production and decay of 
- 

the £1
+ 
 particle. 

5.3.8 First Observation of the Anti-Omega 

The 	was first observed in December 1970s in a 

KD experiment, by A. Pirotoneet a].. (1),  at the Lawrence 

Radiation Laboratory. 

The reaction was, 
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KD 	) 	A° it it• 

• 	 t • P1t 

•- 	K 

where one A° was unseOn. The attempt to fit the A° to 

the charged decay vertex as 

-- 	IC 
+ 

failed completely, giving an unconstrained mass value for the 

of 	1430.4 ± 2.6 MeV/o2  

fax' removed from its true value of 1321  MOV/c2 . Inter-

preting the decay as 

? 

resulted in a fitted mass value for the decaying particle of 

1673.1 ± 1.0 MeV/o, which is In excellent agreement with the 

known mass of the 	0.5 MelT/c2 ..' The track 

from the decay  had a momentum of 866 8 MelT/c which should 

have a bubble density for a K, of 1.3,  i.e. at the limit of 

identification and being consistent with the observed ionisation. 

The certainty with which this event was.established as 

the decay of an anti-omega particle was due largely to the 

transverse momentum of the decay, viz. 	210 MelT/c, compared 

with the maximum transverse momentum for the decay, 
> J\O 

it+  of 139 NoV/c. The length of the decaying 

track was too short to allow an estimate of momentum by 

meaeurement. 

The cross-section for anti-omega production at this momentum 

was estimated by the authors to be 	0.1 pb. It is interesting 

to note that this result was based on 500,000 pictures in 

which 45 	events were observed, very similar to the combined 
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Edinburgh-Birmingham data. 

5.4 Anti-Cascade Production. 

'The results presented inthe following sections involve 

a total of 34 final states containing an. 	particle from 

the combined Edinburgh-Birmingham data, and part of these 

results has already been publiahed 6 , along With the cross-

sections calculated in Chapter III. Because of the mass and 

strangenes8 of the 	, and the fact that it must be pro- 

duced along with two other baryons, its production cross-

section is low, and the data published from this' experiment 

represent a significant contribution to the world data on 
-1 production characteristics. The total ,, pro-

duction cross-section was estimated as (21 

5.1.1 Lifetime of the.Anti-Cascads3tates 

• Using the method of Maximum Likólihood as 'described in 

Chapter IIIj the mean lifetime of thii'teen 	events found 

in the Edinburgh data was estimated as, 

(1.64 	g:) x ioO 

and when these events were combined with the Birmingham events, 

the lifetime was estimated as 

 S. (.1 ' 0 35 ).'X g 	1010 

The 1973 Partidle Data Tables give the lifetime of the E as 

= (1.672 ± 0.032) x 1010  3 
in good agreement. 

The Likelihood Function, 	, for the Edinburgh 



30 

• 	2c 

(6 

14 

12 

F  I G54, 

H11t 
tuhIIWIUhJ'IIIIIIIIIIIHIIhIIIIIOHMHMIIIIIHffl 

1111111111 
aIHhIllImlluIHHIllftHIQfflIllllHIllllhIIHMftfflff lluIflllIffluI 0  10011111 

MHE 

Sirl,

4IIIHHHUHWHMMIIQIH10II 
llHutH1lHI11 IHHHIIlIIllhtIuIllIHIllM11fl 

Ofl llfflIllllhIIlluIUIllllOIHIllNIUHUflIllI011IHllllIOIIIIOOHfflllfflIllhHHI011ffl 
1111111 

H 
HllIHflIllll10OIUffllllllluIH11IHhIfflI9JIJHhuImffllluI011OhIiOO__ 

IOIIHIIIIIHIHIIIHIIIHOIIIIIHHII 
HIilIOIIH011lIIlIIllllIfflIilhIIIIlIl 
IllllIllllHllIHIHIllHIllHuIHffl

VM1 
1101111 

OI 
IlluhIhdllOOIilHIOl110110hIIlNhllHIllhI 

IIlI110IllIilIH11I11I111il0H10lII0l0lIII0ilffluIllhIilhiiilll!ilhlilulililH0111111HilhI11OI110HIilH10iOIIOhIOOI 

OIilhJllIOIHhlllOIllI111111hIOhIilllHhil 
11011 

Hill Ill 
NIiiiii 

___ 

lillillifi 01001111111 11111 E!ffl11111111b0I010I11Hl11ffl01fflIfflI1111I0HI0u111ffl11il11fflffluE11ffl10uIHi11fflI111ffl 
IuIfluhIHHhIllhIllHllU 
ftHJuIflJUhIIllhIIIlIllftuI1pII1llIHd iluhIuhI 

II1
0HIMPHUHHUNIN 
hIllIIllHIuhIIIHhIllflIHUhIhi!iIIIIIIH 

IIIIIIIINIIIIHIIIIIIIIII III IffuIIUhuIIllUIIlIIIHhIllftftilIhII IIHIllhlfthIIIHllIllhIIllHUfthIIHhIWIliuhIIllIHIHHffl 

IHhIIIIIlIIllIHHIIIuIIftllhIIVillhIllIIIIIflhhlIHhIIIlIIIIIllhlIlIHlIlIMIIilHflhIIIHIllHh!IIIlIHhIIIIIIIlHIHIlffl 
11111111111101 

IIIIIIHIIIIIIHHIIIIIIUI1 
1011 

LII0IIIIIJ1lIIIIIIIII11!WiI111hIUHhI1UhIlI110I11I11h1I1I11hIIII11hlHuhII11I11hl0hI110III1I 
I 

II11IIHIIH0IHIIJ(Jflffl  0111 

u u ill u 
IIlIIIIHHII11I11hIII11hIEEHIH0lHU11hIIlHuIIIlIIII1lIIl1lIlIIl11uhI1I1IIIHIIIIIt1I1IlI111hIIII MUNI 

loolillimullinuip" 
r  'A  

0 Nil U Ill Blinninuilill ~ IN Bill I 
1111111011HUIRMARD omoiiimum In U I 

111111 011111111111 1 9111 1111111111111 1111 111 INNER I I 
llIIHhIIHuhIH1111Ih10HfflUiH 

IlIIIIIlIHII1UIII1ll11hIill 
IIl00lUI0IlUlHlIIlI11I 

II oil 
IIIIIIHIIIIIIIHIHVAIMOI1J1pII1111HIHIII11IIIIIIIIIH11IIIOIIIIIHH11IIIOIHHIHIIIIIIII lII0HlHlHIl110hIil0Ol011hI1111HI110HI11H11I11I0lOH60lHI0110H11H0i JIhI1I11hI11l 

Hill  1111 III0iIHH 

I IH0 iuuimuaumiuUNiUfflIUtIIUIu 00111111H11111i1 IIWIhi 'o•• 
1.2 

 
1.4 	1.6 	1.8 	LO 	2.2 	2.4 

10 
• 	 • • 	 • 	 hme(>< 10 s) 

Likelihood function for the lifetime of the 

anti-cascade events found in the Edinburgi data. 

10- 

1.0 



5.16 

events is shown plotted in Fig. 5.14. The asymmetric nature 

of the uncertainty is clear. 

5.14.2 Centre of Mass. Q,usntities of the Anti-Cascade 

5.4.2.1 Centre of Mass 'Moienum 

In Figs. 5.5, 5.6,  5.7 and 5.8 respectively are shown 

the Peyro\ Plots for the 37 	states on the DSP, in the 

-, 14-  and 5-body final states, and the sum of these. The 
-71 

PeyrotL,,Plot gives the C.M.S-, longitudinal momentum, P 	, 

along the x-axis, and the transverse momentum, P , along the 

y-axis. 

It Is clear from these figures that the ,t, states pro-

duced in the 3-body final states are more sharply peaked forwards 

than are those in the 14- and 5-body final states. 

5.11.2.2 Centre of Maso Production Angle 

Fig. 5.9 shows the distribution in coB &, the C.M.S. 

production angle, for the 	states, ' defined with respect 

to the incident K meson. Naturally, these distributions 

contain much the same information as the Peyron Plots. 

Fig. 5.10 shows the angular correlations between the nucleon 

and hyperon produced in 3 body final states of the type, 

Y, where Y is a A°  or • 	O hyperon. 

The Y-hyperon is olearly peaked backwards in the C.M.S. 

and the proton peaked backwards and forwards. The peaked 

nature of the angular distributions leads one to suppose that 

some sort of peripheral prooes may be active in 3-body 

production, and it was decided to investigate further the 

possible production meàhanisins in these states. 
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5.14.3 Production.Characteristioa of the Anti-Cascade. in 

3-Body Fiüal States 

The simplest 	final states are the 3-body states, 

-4- 

4 PY . 

One useful method of examining the C.M.S. distributions of 

these particles is to use a longitudinal phase space plot 

(LPS plot), first suggested by L. van Hove 	The useful 

ness of LPS plots stems from the well-known empirical fact 

that the transverse momenta of outgoing partiolea are res-

tricted to small values, the average being - 0.3 QOV/o to 

0.4 GeV/c for piona and protons respectively, and are largely 

independent of incident energy. Consequently, when the latter 

is large, the phase space distribution extends mainly in the 

directions corresponding to large longitudinal momenta, and 

many of its characteristic features can be read from analysis 

of its projection on longitudinal phase spaoe. 

5.14.14 	The Hexagonal Plot 

In the case of a 3-body final state, where the C.M.S. 

longitudinal momentum of the final particles is q 3 , q2,  q3 , 

each event is represented by a point, P, in the plane of 

Fig. 5.11, with distances, q,  to the three lines q1  = 0 

(these lines out each other at 600).  This is known as a 

'hexagonal plot'. Events with q positive (negative) are 

plotted on the side of the qi  = 0 lines marked +(). Here, 

is taken positive(negative) for a particle moving in 

the forward(baokward) hemisphere of the C.M.S., the forward 

direction being that of the incident beam particle. 
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If the transverse momentum of all the particles is small, 

one will have a concentration of events near the kinematical 

border of the plot, and if the final state particles are non 

identical, the kinematical boundary intercepts the three axes 

at different points and has an irregular shape. The Hexagonal 

plot f Or. the 13 3body 	PY states from this. experiment is 

shown in Fig. 5.12, where it is seen that the majority of 

events f all into 'that sector where both the proton and the" ,  

are emitted forward in the C.N.S., and the hyperon 

is emitted fast backwards. Since the points are fairly 'near 

the boundary of the plot, and considering that the average 

longitudinal momentum of the proton is higher than that of 

the 	, one could construct a double-peripheral '.'exohange..;' 

diagram to represent such a process, viz. 

+ 
1< 	 F 

+ 

P 	 1 

It is known that at high energies, meson-nucleon col-

lisions take place not as 'head-on' àollisions, but more as 

'glancing' collisions, where par'tiolelike eystems are' imagined 

to be exchanged, which carry the quantum numbers required to 

produce the final statO. Thus, the abOve graph represents a 

reaction in whiOh there 'are two exchanges of particles, from 

the upper to the middle vertex, and from the lower to the 

middle vertex,' e.g. possible exchanges might be 1A  and 

respectively. 
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Since in any sector of the Hexagonal plot, the identity 

of the leading particle is ambiguous, one may create new 

sectors to correspond to the double-peripheral graphs, by 

constructing the lines L 1 , L2  and L3 , respectively, where 

P () = P 	(P), 	P 	(P) 	P (Y), and 

* -+- P ( 	) = P11  (Y) as shown in Pig. 5.13. One may number 

these sectors 1 to 6, starting with sector L1L3  on the 

L.H.S. of the diagram. Thus sector .  1 corresponds to the 

graph just considered, and there are six events in this region. 

Sector 2 corresponds to 

K 4  

P 

•1' 

+ 
with possible Y. and K exchange. There are three events 

in this region. 

Sector 3 corresponds to 

-+ 
I' *1  

-P 

i.e. Possible Y°  and Pomeron exchange. (The Pomeron 

carries the quantum numbers of the vacuum.) There are three 

events in this region which is perhaps surprising since one 

might expect this process to contribute most. 

Sector.L corresponds to 

P 
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-+ 
i.e. 	exchange, which must be rare, due to the mass 

and strangeness of the exchanged particle. There is only one 

event in this region. 

Sector 5 corresponds to 

ID  

This involves the exchange, at the lower vertex, of a di-

baryon state with strangeness, -2. No such state is known 

to exist, nor is predicted theoretically. This sector contains 

no events. 

Sector 6 corresponds to 

+ 
1< 	 P 

ID 	 -+ 

which again involves the exchange of an exotic (i.e. non 

SU(3)) state. Once again, there are no events in this region. 

Thus, the population of the sectors of the.Hexagonal plot, 

as defined above, is in complete accordance with present 

theoretical predictions about the existence or othex-wise of 

particle states. 
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5.4.5 The C.L.A. Parametrisation 

Am:plitudes have been construotéd to represent such pro 

ceases as have just been considered, e.g. in the Chan, 

Loakiewicz and Allison model (C.L.A. 	 The physioi8ts 

at Birmingham University used those amplitudes which describe 

the graphs for sectors 1, 2 and 3 in the Hexagonal plot, to-

gether with events generated by a Monte Carlo program, and 

calculated the effect of these amplitudes on the final state, 

in terms of the angular distribution of the three final state 

particles. Modest success was achieved in the correspondence 

between the experimental distributions and those predicted by 

the C.L.A. 'double Regge model'. Much greater statistics would 

be required before any firm conclusions could be drawn, regard-

jug such , 	production. 

5,14.6 The Triangular tPlot 

Another (related) method of looking at possible production 

• 	mechanisms of 3-body final states is the so-called, 

'triangular t-plot', whose boundary is an equilateral triangle, 

and the perpendiôular distances of a point within this boundary 

to one ofthe aides, represents 't',i.e. minus the four-

mbxnentum transfer squared from the beam particle to each of 

the outgoing part±cles in the final state, and since the sum of 

the momentum transfers is a constant, this gives rise to the 

equilateral boundary. 

It t, represents minus the four-momentum transfer 

squared from the incoming beam particle to the final state 

proton, etc., then the equations of the sides of the triangle 

are, 
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t1ç1) 	= 	0 

= 	0 
K 

tr  iY 	
= 	0 

The relevant quantities for the 3-body 	PY states 

are shown plotted in Fig. 

Phase space within this plot is known to be fairly 

uniforni 9 , and any concentration of events near the edges 

of the plot implies a peripheral process. 

Examination of Fig. 5.11 rvels that the dominant 

process is one in which the smallest momentum transfers 

('1.5 (GeV/c) 2 ) are between 	and P, then between 

and 	('3 (G0V/c) 2 ), and the largest 

2  
(A 	

+
/ 10(GeV/c)) between K 	and Y. 	This may be represented 

by the graph, 

IK +  

i.e. the triangular t'-plot loads to the same general con- - 

clusions as the-Hexagonal plot, regarding possible production 

mechanisms, and servos as a useful guide to the extent of the 

peripheral nature of the reactions. 

5.5 
	

Conclus i_on 

The production mechanism of the three-body 	PY 

final states can be broadly interpreted by means of a double-

Regge model, involving exehangesof knon SU(3) states. The 

Hexagonal plot and the Triangular t -plot were found to he 
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u80ful aids for the simultaneous examination of the C.M.S. 

distributions of the three final state partioles. 

No event was found, whose interpretation oould be 

uniquely assigned to fl production. 
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GENERAL CONCLUSIONS 

The analysis of the rare events from this experiment has 

provided useful information on the part played by resonance 

production In such complicated final states, 'although the 

Kit ambiguities, the small number of constraints, and the 

low statistics makes dötailed investigation difficult. 

• It would be interesting to study more closely the 

KP 	state, although collection of the necessary 

statistics is a daunting task. The data presented in this 

thesis is derived from the analysis of 500,000 pictures and 

to obtain more significant statistics would require huge 

efforts in time and computing. 

Useful and interesting information has also been. 

obtained on the anti-cascade final states, in terms of the 

distribution of 'final stao particles and possible produc-

tion mechanisms. More sophisticated analysis would again 

require far greater quantities of data. 
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APPENDIX 2A 

A Justification of the Use of the ) 2  Methdd of Fitting 

After an event has passed through the kinematical fitting 

program, one has to decide if the tested hypothesis is correct 

or not. All measured variables are forced to fulfil the 

constraint equations and the magnitude of " X 2" is depen-
dent on the difference between fitted and measured values. 

Let there exist a set of variables, 

v = (v1 , v2,.... 1  v1 ) for whioh one has independent estimates, 

m, assumed to belong to normal distributions with variances, 

619 62,9I660 ç2 • Let there also be a set of functions 

(constraints) f(v) = 0, which the variables obey but which 

are not satisfied by the estimates. One hopes to find an 

improved set, m+c, such that f(m+c), = 0, and the most 

probable set. 

The probability of o lying in ci' ci + do is 

P(ci)doi = 
	1 

) 2 

e 	•i 	dc 

and for all independent elements, 

P(o) 	
= 	

P(c) 

i 
oonst. x a 

- which probability one ishes to maximiae, i.e. one should 

minimise 

	

-x'= 	(oi/Gj)2 
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The distribution of - 2 is predictable, it one knows 

how many elements, o and f exist. 

One,oan convert the 	2 value and the number of degrees 

of freedom (number of oonstraintg minus the number of para-

meters) intoaprobability by using thetheoi'etioal X 2  
tribution, which gives the probability that X 2 is grOater• 
than or equal o a given valuó i.e. the éalOulated one. 

A prObability of </ó is doubtful and one 

implies 8. very unlikely intórpretátion of the event "However, 

a singló valuó of x 2 does not t011 too much, unless it 
happens tobe rather large, and the most significant inter-

pretations of X.2. teSting require large numbers  Of eventS. 
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APPENDIX 2B 

This appendix gives a list of the hypotheses tried in the 

two laboratories, Birmingham and Edinburgh, together with the 

hypothesis numbers. The number of fits obtained from the 

Run t and Run 5 film is listed, with the number of unique fits 

in brackets, and there is a separate column for the fits 

obtained from the 'Oxford' Run 1 and Run 3 film, analysed in 

Edinburgh. The, 'FE'  column gives the number of fits obtained 

in the Birmingham Laboratory. 

The 'FE'  column gives the number of fits obtained In the 

Edinburgh Laboratory. 

The 'F0 ' oolumn.gives the number of fits obtained in 

the Edinburgh Laboratory, from the Run 1 and Run 3 only. 

The 'NIIYP' column gives the hypothesis number, and an 

asterisk denotes a hypothesis which was not attempted in the 

Edinburgh Laboratory. Only successful hypotheses are listed. 
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TOPOLOGY 202 

NHYP FB FE F Final State 

093 36(16) 21(9) 8(4) 7TPK ° K °(K) 

103 35(2) 10(5) 7(1) K+JTfK0K0() 

123 21(0) 5(1) 5(j) 77*,oyo(ie) 

133 I8(23) 22(12) 10(2) 7TtlT+A0K0(k0) 

143 25(2) 3(0) L(0) 7T7TkYI -(°(fli 

153 41(9) 10(1) 5(1) 

173 25(4) 14(7) I(1) !' 4 7TK°A °  
183 78(14) 34(22) 20(9) KA(7r 

193 22(22) 7(7) 3(3) !YPKO1? 
203 27(9) 16(8) 9(3) 

213 1(0) 1(0) - KFA°K°(F) 
23L. 1(1) 1(0) 1(1) 
214k 35(12) 10(3) 11(3) 
453 1(1) 1(1) - rrP AoA0(/0) 

463 2(1) - - 1TPA 0 K0(flb) 

473 3(1) 2(1) - 

93 - 1(0) - A0KD(0) 

665 18(12) 7(4) 2(2). I(*K*AoK0(Ko) 

675 7(0) 8(1) S(0) 

685 5(0) 14(0) 3(0) K+<40R0(iV 
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Topol 	 LCL2 .  

Final State NHYP FB FE F 

013 22(10) 15(9) 3(2) 

023 60(14) 18(10) 14(4) 
033 JJi-(1) 9(4) 6(1) 

043 31(12) 11(4) 6(0) 

053 12(0) 6(0) 1(0) 

063 9(2) 6(1) 1(0) 

073 20(10) 8(6) 2(2) 

083 25( 6 ) 14(5) 2(1) 

093 22(6) 7(2) 2(0) 

103 .19(7) 7(1) 4(2) 

113 10(4) 6(4) 1(1) 

123 17(5) 4(0) 3(1) 

133 - 2(0) 1(1) 

144 2(0) 2(2) - 

154 9(2) 2(2) - 

• 195 - - 1(0) 

205 2(1) - - 
245 5) 3(2) 1(1) 

255 2(0) 2(1) - 

265 3(1) 1(0) - 

275 1(1) 5(1) 1(1) 

295 4(o) - 2(0) 

603  

905 - 1(0) - 
966  

Kii7Tii 
J(O/ 0 	. 

Kt lT f n * irko Ao(Tro) 

Ki 1 7rtirK o 2i c  
f/ O/ 0(Ko) 

F J1171 

Kirrrii KK° (n 

P7T'. ,TtK 	°K° 

P7T171 I, K0KD(7r0) 

riir - K fçOO(f 

0 

K+ K+ lT t ir  K° LJ 

IK Ti4i1T Kv0(I7) 

KK 1 iiI< / ° F(n 
PK 0(K0) 

K7r1Tk KOA0(K0) 

[*7+/<oK° (Al  

Kt 	'< I< K° (Z 

KKTUTU K0/(K 0) 

K 1 ? K7r KK(K0) 
Kt K t KT1 k°K° (C) 
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Topology 211 

NHYP FB FE F 	. Final State 

013 5(5) • 2(2) - 	 . 
023 	. 8(8) 2(2) 2(2) 

033 .19(6) 12(7) 5(2) 

0L3 28(11) 20(9) 	. 5(2) 

053 15(4) 8(3) 3(0) rrK(K°) 
063 33(15) 18(6) 6(3) 

072 1(0) - - 
082 3(2) - - ..t,7nb 

092  
4. 

102 2(2) 2(2)  

112 3(2) - 
122 1(0) 2(2) 1(1.) . 

163 - L(0) - ffi< o (z o) 
183 2(0) 1j(0) >rK0 (A0) 
203 1(1) 1(0) - 	 . 2I 	PA° (ço)  
223 - 2(0) . 	- fKA0() 
243 . 	2(0) - - 1K0(2i0) 

253 - 2(0) FK°(Z") 
263 3(1) - 
273 3(0) 5(0) - Z 	FK0(A 
293 1(1) - 
333 1(0) - - . 	. 
1463 - .1(0) - 	. nj 
1473 - 1(0) - 	. 
1482 1(1) - - 
1492 1(1) 1(1) - f p 	:G 

502 1(0) - 	 . - p /(n) 
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Topo1y2 

NHYP FB FE.  F0  Final State 

012 3(1) 1(1) 
- 

022 2(0) - - PAO 
032 - 1(1) -  'pA°(Te) 

062 

074 i(l) - - 

172 3(3) - - _+Ao() 

22t. 1(1) 1(1) 
- FK 0 K 

314  1(1) 2(2) 
- 

324 1(1) 2(2) 
- 

364 - 1(1) - 

585 2(2) - - 

x 613 2(2) -. 
- z;ntKoKo(o) 

x 623 3(3) - - tr+KK0(7r) 

Topology 203 

NHYP F FE F0  Final State 

055 2(1) - 
- 

083 2(2) 2(2) - pK000 

093 1(1) - 2(2) 
- 

-#p/çt KRc(?-o) 
13 - 1(1) - IC1  i-A°7<° R0 

x 15 1(0) - 
- K0K0t 0 (n) 

3 18 1(1) - - 
YtV0K0K('Zb) 

K0KA0(K0 

213 6(3) 2(0) - 71*71*/<OKO 	
O 

223 t(l) 4(2) - iT 1 fKoK0A° 

233 8(8). Lj.(L) - 7T+JTtK0K0AO(71 0) 

x 253 2(2) - 
- 
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Topology 141 

NHYP 

232 
262 
272 

x 299 
x 309 

319 

329 
332 

3€ 339 
x 3149 
3€ 359 
xLjl9 

429 
7. 1469 

5oL 

3€ 735 
714.3 

, 753 
;€ 783 

FB 

1(1) 

3(2) 
1(0) 

2(0) 

9(5) 

19(13) 
1(0) 

9(1) 

L7(15) 
1(1) 
6(2) 

25(7) 
1(1) 

2(0) 

1(l) 

iL (3) 
25(9) 

13(5) 

Final State 

; p71*ir(z0) 

2i P .  KtKtKK0(T0) 

KK1( K0(710) 

Z$K+7rt?T/c 0  

z; KiT t ir K° 

z 
2kç+irt7r K 0(7r) 

k K/?o) 

Ko (K 0) 

FK7i 

S 	 KKK°() 

ZKt7T 1r + K 0 (Tro) 

Z7rtlT?iTt K0() 

FE 
	F 

0 

1(1) 

1(1) 

1(1) 

14(Lf) 
	

2(2) 

13(11) 
	

2(2) 

2(2) 

5(5) 
	

3(3) 

Topology 142 . 

38L - 	- 1(1) 
481 - 	 . 	- 1(1) kTr7rK 0 (K0) 
373 	- - 	1(1) 1(1) .7 1 7r 1 7i< t  K° 
463 - 	1(1) - -t - 	kc° IK °-17 

003 - 	1(1) 
182 - 	1(1) - 

073 - 	1(0) - 
063 - 	1(0) - 
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APPENDIX 3A 

Scanning EfficienQy 

For each event, let p, q, r, a respectively be the pro-

babilities of the event being recognized by neither scanner, 

scanner A, scanner B, or both. 

Then 	p + q ± r + s 	= 1 	 (1) 

Assuming no correlation between the scanning, 

	

• p 	= 	(1 - E1 )(1 - E2 ) 

	

q 	= 	E1(1 - E2 ) 

	

r 	E2(1E1 ) 

a = E 1  E  2 

where E1 , E2  are..the scanning efficiencies 

	

Then pa = qr 	 (2) 

Let there be a sample of N events (N is of course unknown) 

of which a, b, c Ovents are detected by sóanner A, scanner 

B, or both. The probability of this happening, for a particular 

sample is 

	

N! 	 N-a-b-c 	a 	b 	c = 	 xp 	xq xr xs 
atbtcl(N-a-bc) I 

- the powers of p, q, r, a, being the probability of apar-, 

ticular pattern of detection, or non-detection, and the multi-

nomial coefficient being the number of patterns leading to 

the totals a, b, c. 

• The expected value of 'a' is. 

aaPN(a) 
a 	b 	c 

= Nq 	 (after manipulation). 

Similarly, 
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b 	= Nr 

c 	= Ns 

One then obtains the 'most likely' values of the unknowns 

N, E1 , E2  by equating a, b, c to the observed values of 

a, b, co 	From equations (1) and (2) and using the results 

just derived, one obtains 

N 	= 
C 

and E, the overall efficiency, 

- a + b + c 
E 	- 	N 

One now requires the standard errors: 

2 	 —2 	 _2 
C La) 	= 	( a - a) 	= 	a - a 

Now 	a(a 	1) a(a-1)PN(ab,c) 
a b 	c 

= q2  N(N - 1) 	(after manipulation) 

So that, 

= 	q2N(N-1) + qN - (qN) 2  

= 	a(l-q)N . 

Similarly, 

CAb)2 	= 	r(1-r)N 

()2 	
= 	s(1-s)N 
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The off-diagonal terms of the error matrix are given by, e.g. 

(ai)(b) 	= 

and 	ab
= 	a 	b 	

ab PN(a,b,c) 

.N(N-l)qr 

So that 	(a 
- ) 

(b 
- 	 = 	- Nqr 

and similarly f or the other off-diagonal terms. The standard 

error on any function, f, of the observed variables, a, b, c 

is given by 

da
(a)2 ~ (of)2 (b - 	 + (df)2 

(C 

+ 	(b-)(c-) 	+ 2-- 	(c)() 	+ 

i.e.  iLflf q()2 + r()2 + () 2 

(q 
of 

+ r 	+ 
Of 	c)f2 

- 	s 

e.g. for .N 	= a + b + c +  ab 

CLN)2 	= 	l-E 

S 

AN 	- /= CN  

For a single scan efficiency, Ea 

E(l - E) 

N 	 N2 
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/l - E 
i.e. 	 = 	/ 

	

E 	 V c 
a 

For the overall efficiency, E, let N 8  = a + b + c. 

N 	 N 
Then E 	S 	then 	E ± AE = 	+ N 	 N -AN 

N 	 N 

	

- = 	x 	 -. x (1 	= E + E .- 

i.e. 	E = 	EL.N AN or 	 - 	N 
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APPENDIX 3B 

This appendix gives details of cross-sections calculated from 

the Birmingham and Edinburgh samples, using the program 'FT' 

as described in Section 3.4. The cross-sections for events 

containing a 	
+ 

have been calculated from the decay mode, 

+ 
L 	-+ 	fl7t 	, 	only 

crE- cross-section calculated from the Edinburgh Sample 

OrB 	
= 	cross-section calculated from the Birmingham Sample 

= 	combined cross-section. 
C 

Final State 0E(IIb) 

K4F' 1< 0  . 14 ± 	3 11 t  4 13 ± 3 

K 	iK0K(T) 19 - 	6 9 - 2 10 - 

K iT K0A° 18 ± 	6 9 ± 3 10.5±  3 

KiitK°Z° 
+ 	3 
- 	2 

+ 
12 - 3 

+ 
9 - 2 

KrK°K°n) 9 - 
+ 	

3 9 - + 
2 

+ 
9 - 2 

K1irtKot\o(710) 43 ± 10 37 ± 6 39 ± 5 

18 7 24 5 22 ± 

mean of six values 17 ± 3 

25 t 12 26 ± .7 26 ± 6 

1Tf 7i K0K0AD(71°) 10 ± 	8 15 ± 6 13 ± 5 

k+i ir 1irK0 A°  20 ± 	5 12 2 13 ± 3 

K 	Ti 	71 	1<0  A° (710) 26 ± 	7 22 ± 4 23 ± 3 

11 	7rirK 0 Z°  7 ± 	3 3 ± 1.5 3.5 ± 2 

12 5 9 ± 2.5 10 ± 2 

KfPK00(w0) - 14 L 8± 2 9± 2 

5 ± 	2 6 ± 2 6 ± 1.5 

17 ± 	8 7 ± 3 8 ± 3 

K° K 0 () 6 ± 	3 13 ± .9 ± 
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FinaiState 	 o(b) 

7T .t7if1i1T KoKonb 

irii <oco(LO) 

2~ K+1,c°  

KK ° (Tc °) 

K°K °  

2II K4 ir ii 	(.) 

iT1T 	o(Ko). 

Z_K*Ko.it 

Z -  KKt 17r(t') 

__-1- 

Pie. I 

+ 
2 0/ '-i 

°(c')I-li' A  
-I. 

Kt ° (2I°) 

;• 7777r('L0) 

-+ 
r 	F7T#71(A0) 

p7i 1 K(fl) 

-* 

.E 4 (n 

., 	7T(fl) -J 1_ 

- f( + ,- (K) 

mean of four values 

21± 9 16±7 

6ti. 10 1 

314±10 27± 6 

22 7 23± 

141l3 18± 5 
314± 6 

- iL 3 

14 2 3± 1 

- 6± 2 

- 2± 1 

mean of three, values 

mean of five values 

- 	 o • 	07  -'. - 0.3 
mean of three values 

+0.7 
0•5 - 0.3 

1.3 
- 0.6 

- ''+1.2 
0.9--_ 0.6 

+ 1.2 1 
- 0.6 
+7 5_ 3 
+6 

3 
3.5 

+14. 
- 2 

+ 0.14 0.3 	0.2  

'8 ± 2' 

18 	S 
8± 3 

29 ± S 
23± 14. 

21 ± 7 

34 	6 

14 	3 

3 	1 

6±2 

2± 1 

0.7 ± 0.5 

1.8 ± 0.7 
+ 0.7 .) 0. 	- Q , 3 ) 
+0.8 

1.9 
-  1.1 
+ 0.7 0.7 
- 0.3 

1 + 1.3 
- 0.6 

0.9 
+ 0.6 
 0.4 - 

+ 0.3 0.2 
- 0.1 

0. 4 ± 
0.l-i- 

•' - 0.2' 
+ .7 

,- 

 

- 
 

 3 
.'+ 6 
L_ 

3.5 

0 . 3 
 - 0.2 

1.0 ± 0.6 

C' 2' 	0.3 "• -0.1 
+0.1# 

0.3 - 0.2 
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APPENDD: 3C 

Derivation of the Likelihood Function for N(Observed) 

The probability of obtaining 'n' events in a channel 

with a cross-section, o, is Poissonian. 

n -a 
i.e. 	P 	a e  n 	n 

where a is proportional to •, a = Xd say. 

In a large number of trials (e.g. runs),. the mean number, n, 

in that channel, will be 

Co 

= 	rO 	
a. 

So n = ?', i.e. X is the usual fsctor of track length x 

density. 	. 	 . 	. . 

it is required to find the likelihood of a particular 

value of 	, given an observation of 'n' events. The 

likelihood is just P . 
n 

°) 	. P 	= Likelihood, 

then 	£n 	= n £n(X) - X- tn(n!) 	 (1) 

dT (tn) 	- 	= 	A 	= 	0 formax. likelihood 

n i.e. 	 = - 	.- 	usual result. 	. 

__ 	 - -- n 
d d2 	

) 	- 	 . 

£n 	+ (- 	t*+ 

+)2(..A tnC) 	+ .... ( Taylor Expansion) ° 	do 
0 
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where (:r 	maximuiui likelihood value, -v--, and 

	

int 	£fl 	 2 ° 	2o 

i.e.:,LnX goes down by -15 	standard error) 

when 	 2 	o 
0 

i.e. 	= 	(i 
± 	 - 	usual result. 

Jn 

Higher terms in the Taylor series can be ignored when n is 

large. To find how large n must be one takes 

	

(tn) 	= 	--- 

0. 

1d3 	' 	 -fl 
Then 	oi)'(in) 	= 	3  6-3 

	

= + 	 at the standard error limit. 
3/n 

Then choqsing n > 5 gives a correction 	4 . But if 
n = 1 or 2, say, one has to return to equation (1), 

in 	= 	n tn(Xo-) - 	- in(n!) 

	

= n in n 	- n - tn(n!) 

and 	tn(/) = n in () - (?o- - n) 

= - 

 

at the standard error limit. 

Then, tn() - 2 + i 	= 	-n 

Let 	 - n 

then 	in x .- x+1 	= 	- -- at the error limit. 2n 
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If this function )  f(x) = 	
1- is tabulated for n(observed) 

it has the shape shown in Fig. 3.24. 	It may be seen that 

f(x) is very asymmetric for n = 1,2,..., 5, but as n 

increases, the standard error on o becomes very symmetric. 

For n1, 	 = 

For 	n3, 	 =(ig 5 ) 	etc. 

In general, if x, 	 and x 	 are the lower and upper inter- 

cépts, respectively, of f(x) with - - 	, then, 

6 = 	
+ (x2  

- (1 - x1) 
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APPENDIX L 

'Phaseace' 

The two body effective mass spectrurafrorri a finaistate 

containing four or more particles is. expected to be of the 

form, 

0 

e re (\t S 

rr aSS 

where the tangent to the distribution at. the lower mass 

end is at 900  to the x-axis, and at the upper end,at 00 

to the x-axis. The distribution should be smooth without 

any narrow peaks. If, however, a short-lived resonance 

exists in the mass combination, then the distribution will 

show a peak at this mass. 
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MULTIPLE STRANGE - PARTICLE PRODUCTION 
by 10 GeV/c K MESONS in HYDROGEN 
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Abstract: Production cross sections for channels involving 	particles (20.9 ± 6.1 b, 	par- 
ticles (2.3 ± 1.0)Mb, 11 	articles (an upper limit of 	1 ib),and other strange particle 
channels, are given. An 	production mechanism is suggested, in terms of a double-Regge 
exchange model, not involving exotic trajectores. The values of the 	mass

0.35 (1321.6 ± 0.8) MeV/c 2  and lifetime (1.55 ± 0.20 X 10-10  sec are ii good agreement 
with those of the 

1. INTRODUCTION 

We present results of a study of Kp interactions at 10 GeVfc in which more than 
one strange particle in the final state is produced. The data were collected from 
290 000 stereophotographs forming part of a 500 000 pictures exposure of the 
2m HBC to a 10.1 ± 0.1 GeV/cK beam at CERN PS., ref. [1]. The proton contam-
ination of the beam was estimated to be less than 2%. The film was analysed jointly 
by Birmingham and Edinburgh . Glasgow Universities, and the cross sections calcu-
lated using the two independent estimates from the two laboratories. The film was 
scanned for any events which had a neutral-decay pointing either to a production 
vertex or to any charged-pariiële decay vertex. The events recorded were processed 
using the Rutherford Laboratory series of programs. For the Birmingham sample of 
film and the accepted fiducial region, the microbarn-equivalent was(0.l l0±0.0l0)pb/ 
event (before the efficiency corrections); for the Edinburgh-Glasgow sample, it was 
(0.216 ± 0.030)pb/event. 

The selection criteria in kinematic fitting of hypotheses essentially agree with 
those of Scotter et al., ref. [2]. All fitted hypotheses were checked for consistency 
with track ionisation by a physicist. A .  1% cut-off level on the probability for accept-
ing a production vertex fit it was used. Four-constraint fits at production vertices 
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were preferred against one-constraint fits, and the hyperon-decay fits were accepted 
in preference to K-decay fits for decays of fast and short charged particle tracks. 

2. THE CROSS SECTIONS 

Cross sections for reactions shown in tables 1, 2 and 3 were calculated from 
the observed number of events (fits) by applying the following multiplicative (actors: 

Corrections for scanning losses, applied to individual topologies (the average 
value over all topologies was about 1.04); 

Correction factors for the probability cut-off(l.01); 
Corrections for loss of events which repeatedly failed to pass through our pro-

cessing and analysing system (about 1.20); 
Correction factors taking into account the neutral decays of A °  hyperons 

(1.53) and K ° mesons(2.92); 

Table 1 

	

Cross sections for the observed 	final states at 10 GeV/c. 

Reaction 	 No. of fits 	Unique 	o(b) 
events 

+AO 6 2 0.7 ± 0.5 

PY 10 6 1.8 ± 0.7 

+AoO 1 1 0.5 

6 6 1.9 ± 0.8 

2 1 1.7 

+K+Ao(EO) 1 1 05 
+ 	+— 

pir 	IT 	
(o 

) 1 1 
+1.3 

1.0 
— 0.6 

4 3 0.9 

pirK(n) 1 0 0.2 ± g•3 

ppIT(k ° ) 2 2 0.4 

1 1 2.5 

irirn 1 1 1.7 

1 1 2.1 	iii 

multineutral 14 14 5.0 ± 1.6 

total 	 51 	 20.9 

/. 
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Table 2 
Cross sections for the observed 	final states at 10 GeV/c.. 

Reaction 	 No. of fits 	Unique 	a(pb) 
events 

_-,, + + ,,o 
r-. K ir

+ 
 (I',. ) 	 1 	 1 	 0.3g 

multineutral 	5 	 5 	 2.0 ± 0.8 

total 	 6 	 2.3 ± 1.0 

(e)A momentum-dependent correction factor of the form l/(l—op), with 
a 0A, to correct for a loss of small-angle, fast kinks (the average weight for reac-
tions involving a charged hyperon was about 1.40); 

Momentum-dependent correction factors for the neutral hyperon decay es-
cape probabilities (for the given fiducial volume); 

A correction (weighting) factor for events ambiguous between several hypoth-
eses fits, of the form (I/n). No error was allowed for using this method of correction. 

Obviously, the product of these correction factors represents a weight attached 
to each seen event. - 	 - 

The total (overall) Z production cross section, including 14 multi-neutral Z+ 
events which gave only (3c and 4c) kink fits, but not complete production and mul-
tivertex fits, is (20.9 	iib. In total, we measured 47 events each containing an 
Z hyperon, out of whith in 35 events the To  visibly pointed to the charged-particle 
decay vertex. No &+ final states decaying via 

A°K - 

or 

-4 +7ro 

channels have been reliably detected, thus giving the upper limit of cross section of 
about 0.5 iib (depending on the assumed mean weight), and the upper limit of the 
ratio (&lt/Z) exp. 1/47. 

At the same time, altogether 6 cascade 	final states have been seen (one of a 
type ZKKirK° , the rest of a multineutral nature with only kink fits complete), 
giving the overall weighted cross section of(2.3 ± 1.0) jib. Only four ° and one 
events were fitted. The values of the overall cross sections for 	and 	production 
are in reasonable (2.0 standard deviations) agreement with the values quoted (e.g.) 
in ref. [3], viz., 	(10.0 ± 3)pb and o..= (2.5 ± 1)pb; the same can be said 
about our estimated upper limits for E2 production (a 1. 	0.5 jib), see ref. [4]. 

For tables 1, 2and 3 the errors quoted on the cross sections are a combination 
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Table 3 	 * 
Cross sect ions of the other strange-particle final states at 10 GeV/c (for see remarks to table 3) 

Reaction 	 No. of fits 	Unique 	a(ib) 
events 

++ 00 K 	K A 39 11 15.7 ± 2.7 

++ 000 K ii K Air 112 63 38.6± 5.1 

K+Ir+K0 ~ 0 51 9 5.1 ± 2.9 

KpK° K°  29 29 12.9 ± 2.7 

K+pKOK0ITO 43 16 9.9 ± 3.4 

K+Ir+K0K0n 45 8 8.9 ± 1.6 

K1K0 K° (Z° ) 45 14 21.8 ± 4.0 

K+K+AOKO(K0) 24 16 

irpK°K° (K° ) 55 25 
* 

++ 000 IT ii K K A 98 36 16.6 ± 2.4 

++ 0000 irirKKAn 12 12 13.0±4.6 

irpK° K° K°  4 4 
* 

++ 00 	0 ii 	r K K ( 	 ) 26 1 26.0 ± 5.8 
+++- 00 

K IT ir ir 	K A 37 19 13.1 ± 3.1. 

+++-000 
K ir IT iT 	K A ir 78 - 29 22.5± 3.3 

23 6 3.5 ± 1.7 

KpirirK° K°  28 18 9.9 ± 2.1 

+ 	+ 	0-0 0 
K pir ir

-  K K ir 39 12 9.1 ±2.1 
+ + + 	0-  Kiririr-  KK0  n 29 6 5.5±1.3 
- 	 ++ 00 K pir i 	K K 16 7 8.3 ± 3.2 

	

- 	 ++ 000 

	

K 	pirirKKir 21 5 8.8±3.5 

irpiriRK° K° (K9) 26 8 
* 

+++o , 00 
ir
-  K K A 60 16 	- 0 ± 2.0 

iriririrK° K° ( °) 15 3 18.0 ± 5.3 	- 

7 5 2.6 ± 1.1 	- 

10 10 	-: 4.2 ± 1.4 

31 13 8.1 ± 2.6 	' 

48 18 	- 14.4 ± 2.6 

23 6 ., 	 3.9 ± 1.0 

K0KOir+ 51 17 11.4 ± 2.0' 
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Table 3 (continued) 

Reaction 	 No. of fits 	Unique 	a(11b) 

events 

KK0irir 13 11 4.6 ± 1.4 

KK°irt 32 25 10.3 ± 3.5 

K+KO1r+1r_1r0 9 1 2.4 ± 0.9 

47 17 17.1 ± 3.2 

K0K0 ir7r 6 2 1.5 ± 0.6 
p 

K0K07r+7r+1 25 7 6.8 ± 1.6 

_K+K01r+7r+ 19 8 2.8 ± 0.8 

_K+K0ir+7T0 25 10 5.6 ± 1.5 

K°K° iir 13 5 1.9 ± 0.7 

of the standard errors on (a) scanning efficiency, (b) processing efficiency, (c) num-
ber of events observed, V'n,.and the error on the jib-equivalent ( 	12.5%). 

2.1 Remarks on the tables 1, 2, 3 
Events with at least one K ° meson in the final state have been weighted to 

take account of the long-lived mesonK. 
The cross sections quoted for reactionswith a K ° K°  pair in the final state 

(but not those with K ° K° K° ) are only for those reactions where the K ° K° is in a 
state of even angular momentum, since we require both particles to be seen i.e. short-
lived, and this is not possible if the K ° K°  pair is in the state of odd angular momen-
tum, ref. [13]. Where one K °  (or K° ) is seen, and a K °  (or K° ) is unseen, we make 
no attempt to calculate a cross section. 

Where a cross section is quoted for a reaction with an unseen K °  or A° , this 
means that the reaction has not been observedwith the V °  seen. For other reactions, 
all V° 's have been seen in one mode or another, e.g., A0K0KO1T+1r+  may be observed 
with all three V° 's seen, the A ° -unseen, or an K ° -unseen, and these three models 
were actually used to estimate the cross section. 

The 'number of fits' column includes events having multiple ambiguous fits. 
The 14 identified 	multineutral events gave only complete kink fits. The 

same applies to the 5 events identified as 
• (f) The cross sections for reactions invo1vng a 	, are quoted separately for 

- pir°  and 	--nir, due to the large difference in detection efficiency. 

12 Remarks on kinematical ambiguities 
It may be of inerest to summarize some of the kinematical ambiguities we have 

observed, e.g., 
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-1 	 0 	 *1 cos 

Fig. 1. The ro -y angular distribution for 4-body A° / °  ambiguous events (in c.m.s. of 0) 

26 events were ambiguous between K+ir+KoAo  and K+7r+KOO; 

24 events were ambiguous between K+irfKOAO(lro) and 1T+7T+KOA0(K0), 

9 events were ambiguous between K+pKoko(7T0) and  +pKoko(Ko) 

The main ambiguity of KifKo K°  (n) was with ++KoKo (°) and/or 
++KoKo(Ao) 

11 events were ambiguous between K+7T+7T+iT_K0AO and  K+7r + 1r_Ko0 ,  

	

f) 27 events were ambiguous between K 	ifif'K° A°(ir° ) and 
7 + 7 + 7T1 +KoAo(Ko) ,  

32 events were ambiguous between KK°(n° ) and +x+Ko(Ko)  (including 
both E decay modes), 

13 events were ambiguous between E+K+ir+irKo(iro) and KO7r + 11 +11 _(Ko) 

(including bpth 	decay modes). 
Those events ambiguous between A°  and Zo  (A°  seen) were apportioned after a 

study of the Z o  -y  decay angle. Although the statistics are limited, we estimate that 
for the 4-body states, '(96 ± 4)% of the ambiguities are genuine A° -evénts; for the 
6:bo dy  events, (75 ± 25)% of the ambiguities are genuine A ° -events. As an example, 
the Z o  -y angular distribution for the 4-body events is shown in fig. I. 

3. THE ANTICASCADE FINAL STATES" 

	

As seen from table 1, the production of 	occurs in the three, four and five-body 
final states always containing two Other accompanying baryons or hyperons (the 
events involve 5 and more, bodies):The distributions of Z  longitudinal and trans-
verse momenta are shown in fig. 2, with the overall K+p  c.m. angular distributions 
in fig. 3. These distributions are uncorrected for the hyperon decay and escape prob-
abilities. The mean transverse momentum of our 	sample (all channels) is 
0.465 GeV/c. 

20 

N 
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Fig. 2. Peyrou plots for 	produced in various channels (momenta in the overall K+p  c.m.s.). 

N 	3 - 
4 

:ii 

ZLI1III•]bA 

F '  
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2 . 

cos G± cos e± 

Fig. 3. Angular distributions of 	in the overall Kp C.M.S. 

It can clearly be seen that the fraction of+  emitted forward decreases with in-
creasing number of particles in the reaction. The Z+s  in the 3-body channels are 
produced mainly forward. This trend agrees well with that observed by Stone et al., 
ref. [3] at 12.7 GeV/c, while Shen et aL, ref. [4] find an essentially isotropic distri-
bution (at 9 GeV/c K momentum). Generally, the flattening of angular spectra with 
increasing number of particles in final states has been found in other high energy in. 
teractions, see e.g., a systematic analysis of multibody strange particle final states in 
proton.proton collisions at 8 GeV/c, ref. [5]. It has been known for some time [6], 
see also a recent paper [3] that, in heavy hyperon production, the accompanying 
baryons/hyperons show some degree of a forward.backward anisotropy in the over-
all c.m.s. This effect is present also in our data. 

Several production mechanisms may almost certainly be involved; we limit our- 



84 	 M.F. Votruba etal., Multiple strange-particle production 

>- 
CD 

0 
U 

COS O N  

Fig. 4. The hyperon-nucleon angular correlation in 	pY states in the K+p  system. 
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Fig. S. Dalita plot for .z pY final states. 

selves, to a more detailed discussion of the 3-body reactions , Kp.-+ Z pY, for 
which we present the hyperon-nucleon angular correlations in fig. 4, and the Dalitz 
plot in fig. 5. Finally, fig. 6 is the Van Hove plot. Itis only natural with the low sta- 

Both neutral hyperons, A °  and E o , behave very similarly for the present purpose. 
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Fig. 6. Van Hove plot for 1 pY final states. Curve K calculated for P1  0.4 GeV/c. 

tistics involved that we could not have indications for any mass enhancements. The 
calculated phase-space distributions forM 2  (Zp) combinations has a maximum at 
about 8(GeV/c 2 ) - The Van Hove plot, on the other hand, has some quite interest-
ing features. 

As distinct from the results of Shen et aL, ref [ 4] suggesting possible peripheral 
single boson or hyperon exchange graphs, Van Hove plot indicates the possibility of 
(peripheral) double Regge exchange processes [7], viz., that achieved through an in-
coherent sum of the amplitudes corresponding to graphs in fig. 6. These involve only 
exchanges of the K, A° , Z+  and of the pomeron trajectories. Thus no exotic trajec-
tories seem necessary to explain the data viz., the suggested [4] intermediate boson 
states with S = +1 and the baryon states with B = 2 and S = —1. 

The non-resonant model predictions from the C.L.A. parametrization [8] for all 
the 	pY final states have been calculated using the FOWL programme [9]; for our 
case the most relevant angular distributions are given in fig. 7. Although a direct com-
parison with actual data is difficult due their scarcity, it appears possible to say that, 
for the three-body (as well as for the quasi-three-body) reaction, the double Regge 
pole models may naturally represent the basic qualitative features so far seen. Actu-
ally, the forward-backward peaking of the accompanying baiyons/hyperons is quite 
well reproduced (compare fig. 4 and fig. 7); the predicted angular distribution of Z 
appears, however, rather too much peaked towards the extreme forward direction 
(compare fig. 3 and fig. 7). A more direct and sophisticated fitting is not possible 
with the present data. It is clear that the number of contributing amplitudes may 
change, or different (exotic?) amplitudes may also be fOund important (with respect 
to those in fig. 6) when there are substantially more data available. : 
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Fig. 7. Smoothed angular distributions from C.L.A. model for the incoherent sum of three am- 
plitudes represented in fig. 6. The vertical axes in arbitrary units. 

4. THE MASS AND LIFETIME ESTIMATES 	- 

The 	particles studied are almost always produced in reactions which are higjily 

constrained, and often A ° 's are also seen to decay. In our sample of 47 measured 
events we have 35 measured events in which the A °  visibly points to the charged-

particle decay vertex. The Birmingham part of the sample (23 events) was re-mea-
sured ten times to study possible random measurement errors. 

Weighted (by the inverse square of individual errors) values of the relevant quan-, 
tities were used and the fitted mass of!+ from all 35 events 	A ir F was com- 

puted to be (1321.6 ± 0.6) MeV/c2 , where the error is only statistical. Using the max-
imum likelihood technique [10], with a likelihood function 

L(r) = 11 I 	
exp (-t/r) 

, 

[exp (—t°mfr) - exp (_ta?d/)] 

we obtained for the 	 8: lifetime the value r = (1.55 i 	X 10 10  sec; In the alove 

formula, r is the proper lifetime to be obtained, t is the observed proper time, t,m 

N 

N 
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and tm ax  is the minimum .aiid maximum proper time consistent with the conditions 
of observation of the ith particle. A constant cut-off minimum length of track of 
0.3 cm was taken. 

Using the same measurement and computation procedures we obtained for a sam-
ple of 169 well-constrained events containing No  decays (from a part of the same 
film batch) the values for the mass mo = (1115.55 ± 0.34) MeV/c 2 , and for the 

lifetime ro = (2.45 I8:j 	X 10-1 ' sec (errors purely statistical). Both these val- 
ues compare well with the accepted ones [11]. 

We also tried to take into account possible systematic errors involved in the mass 
values; following [12] we roughly estimate, in our case, the quadratically combined 
errors from possible curvature distortions, magnetic field inhomogeneities and a vari-
ation in A°  mass value used in fitting, not to exceed 0.50 MeV/c 2 . Together with 
the statistical error already quoted this leads to the resulting uncertainty in the 
mass of(1321.6 ± 0.8)MeV/c 2 . 
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