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ABSTRACT 

The first measurement of the polarization parameter, 

Po' of the reaction, K p 4 IC°n, is described. Data were 

) taken at an energy of 8 GeV and in the range, 0.0< -t < 2.2 (GeV
2 

c 
A polarized butanol target was used and the reaction was 

identified by demanding a neutral final state and observing 

charged K: decays in a system of optical spark chambers in 

a large magnet. 

The effect of the events occurring on bound (i.e. unpolar-

ized) protons is discussed. The t dependence of the propor-

tion of "bound" events was measured. Good agreement with 

the theory of multiple scattering in nuclei was obtained. 

Po was calculated from the effective target polarization 

and the measured differential cross-section asymmetry when 

the target is polarized vertically up and down. P„. is zero 
2 	 ' GeV 

for -t <0.15 (—) and becomes negative at larger t. The 

results agree well with the predictions of phenomenological 

models which combine Regge Pole exchange with absorptive 

Regge Cuts. 



PREFACE 

The experiment described in this thesis was performed 

by a collaboration of a dozen physicists from C.E.R.N., 

E.T.H. (Zurich), Imperial College and Saclay (Paris). The 

author became a research student at Imperial College in 

October, 1969, and worked with this group at C.E.R.N. from 

April, 1970, until March, 1973. The experiment began in 

June, 1971, and data taking ended at the end of that year. 

In April, 1973, the author became a Research Associate at 

Birmingham University and finished his analysis of the data 

while participating in another experiment at C.E.R.N. 

Chapter 1 contains an introduction to high energy 

scattering. None of it is the author's original work. 

Chapter 2 describes the apparatus which the author helped 

to design, test and run during the experiment. In Chapter 3 

is described the data processing which was performed by 

Dr D.M. Websdale, Dr F.X. Gentit and the author. The author 

was concerned particularly with the pattern recognition and 

geometrical reconstruction programmes. Chapters 4 to 7 

present the analysis of the data. They are the author's 

own work. 

The results have been published before(72,91) 
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CHAPTER 1 

The Purpose of the Experiment and 

Theoretical Background 

1.1 Introduction 

The influence of one body on another can be described 

in terms of the gravitational, weak, electromagnetic and 

strong interactions (in order of increasing strength). All 

massive particles experience the gravitational force and 

all charged particles interact electromagnetically. The 

strong interaction constitutes the force binding protons 

and neutrons together in nuclei. When two strongly inter-

acting particles (hadrons) collide, the gravitational, weak 

and electromagnetic interactions can be neglected except 

at small scattering angles. 

There is no theory of the strong interaction. It is 

assumed to be propagated by a field of virtual particles of 

finite mass, just as virtual photon exchange propagates 

the electromagnetic interaction. Since the strong inter-

action coupling constant exceeds unity (compared to a value 

of 1 for the electromagnetic coupling constant), a pert-

urbation expansion will diverge; so, unlike quantum electro-

dynamics, quantum "hadrodynamics" cannot make predictions 

concerning specific reactions. Nevertheless, the theory 

predicts the invariance properties of the scattering amp-

litude (e.g. invariance to parity (P), charge conjugation 

(C), time reversal (T), CPT and Lorentz transformations). 
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It also constrains the behaviour of the scattering amplitude 

at very high energies (e.g. the Froissart bound(1)). 

Another approach is to construct models for the scat-

tering amplitude which describe the data and also satisfy 

many of the properties, required by field theory. Modelg 

giving predictions inconsistent with experiment must be 

modified or rejected. The feedback between phenomenology 

and experiment in making and testing predictions will pro-

duce a model which describes all the available data. This 

model can be taken as a first approximation to the true 

hadronic scattering amplitude which will eventually be 

derived theoretically. 

One phenomenological model is that of Regge Pole
(2) 

exchange. Duality(3) which relates the scattering amplitude 

at low energies (resonance model) with that at high energies 

(Regge Pole model), reduces the number of free parameters. 

Yet, even so, several models involving Regge Poles can des-

cribe the data from certain reactions apparently equally 

well. Most data consists of differential cross-section 

measurements. To distinguish between the models, data of a 

different kind is required. 

In the present experiment, the polarization parameter, 

Po, in the reaction, K p 4 Kan, was measured for the first-

time. As the polarization indicates the interference bet-

ween the helicity amplitudes, the data provides a more sens-

itive probe of the differences between the models than do 

the differential cross-section measurements (which depend 

on the sum of the moduli squared of the helicity amplitudes). 
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The results of this experiment, by themselves, cannot 

distinguish the best model. But taken together with polar-

ization measurements of other reactions, they can suggest 

which phenomenological models are worth developing further. 

In this chapter, we discuss two body scattering, 

showing the relationship between Po  and the helicity amp-

litudes. In particular, we show how Po  can be measured 

using a polarized proton target. The Regge Pole model and 

Duality are discussed with emphasis on the predictions ob-

tained when the two ideas are combined. Finally, we discuss 

the conclusions which can be drawn about Kp charge exchange 

amplitude even without the polarization data. 

1.2 Mandelstam Variables and Crossing Symmetry 

Consider the collision, 1 + 2 3 4, as illustrated 

inFig.la.LetP.1  andm.represent the four-momentum and 

th mass of the . particle. The reaction can be described in 

terms of the Mandelstam variables, s, t and u, defined by 

s = (p1  + P2)2  = (P3  + P4 )2  

t = (P1 P3)2 = (P2 P4)2 

 

u = (P1  - P4)2  = (p2  - P3)2  
4  Also s+t+u= m2  

i=1 i 

As the transformation from particle to antiparticle is 

equivalent to reversing the sign of the four-momentum 

(P 	-P-)
' 
 the t and u channels can be defined as shown in  

Fig. la. The three kinematical regions, s;›13, t%P0 and 

tiP0 1  are disjoint. 
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However, by Crossing Symmetry, all three channels 

(1 	2 4 3 	4, 1 -I- 3 4 2 + 4, 1 + 4 4 2 + 3) can be des- 

cribed by the same amplitude, A(s,t,u). A(sl tsu) can be 

continued analytically between the separate kinematical 

regions. Therefore, what happens physically in one channel 

influences the behaviour of the amplitude in another channel. 

Crossing Symmetry is a vital ingredient of Regge Pole 

Models and Duality. 

1.3 Meson (spin 0) - Baryon (spin 2) Scattering 

The scattering is described by a matrix, T: 

Tif = u f T ui  

where of  and u. are 4 component 

spinors representing the baryon at 

rest in the initial and final states. 

Neglecting isospin, the most general form for T is:(4) 

T -A-FiBeQ 
2 

where rare the Dirac matrices and 

Q14. = sum of 4-momenta of mesons in 

initial and final states. 

A and B are complex numbers, depending on s and t. They 

contain no kinematical singularities. 

For the case of 2 component spinors, T can be expressed 

as: (5) 

T 	n 

where f and g are the spin flip and 

non-flip amplitudes and a-represents 

the Pauli matrices. 
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We have 

f f1 + f2 cos& 

and g = f2  sin 

where 9 is scattering angle in 
centre of mass system (CMS), 

f1 =E+m.A+B(W - m) 2 W 	4 

and f2 = E m . B (W + m) - A  2 W 	4 

W = total energy, E = total nucleon energy in CMS 

and n is the unit vector normal to the scattering plane 

(i.e. if K.a  and KT  are the momenta of the incident  

and outgoing mesons, 	K. x K a T  
= 114 x ET, ) 

Since spin is defined only in the baryon's rest frame, 

it is convenient to describe the scattering amplitude in 

terms of helicity. The helicity, h, is defined as the 

component of spin along the particle's direction of momentum 

(n) 

h is invariant to Lorentz 

transformations. 

For spin 0 - spin 2  scattering, there are four helicity 

amplitudes: f++, f+-' f-+ and f . (The indices denote 

positive and negative helicity, ±1). 

By parity conservation,(6) 

f = f 

and f = -f +-- 	-+ 

so that the reaction can be described in terms of two amp-

litudes, the helicity flip, 1'4_, and non-flip, f++. 
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These helicity amplitudes are related to the spin 

amplitudes by (5)  

f ++ 	2 
(0) 	(f1 + f2) cos -E2- 

f+- (0) = (f 1  - f 2 ) 	
•sin -12  

where 6)  is the CMS scattering 

angle. 

Then T =  1 	+ cote A + i Q cr. n 
sine 

where 

+ f ++ 	2 (6) ) sin —e + f+-  (e) cos  

and A- = f++ (0) sin 8  - 	(9) cos (2 

In the next section, we relate the differential cross-

section and the polarization to the helicity amplitudes by 

using density matrices. The density matrix formalism is 

described in Appendix 1. 

1.4 Polarization Parameter 

Let II?and /Fm)(m = 1,2) represent the bases of the 

initial and final states. They are related by the interaction 

matrix, T. 

From Appendix 1, the density matrix of the final state, 

ei = ▪ lc> pm4:Fmi 
m=i 
2 T 	pm  ,(Iml Tt  
▪ 1 

= T 	Tt  

where 
ei  is the density matrix of the initial state 

and Tt  denotes the hermitian conjugate matrix to T. 



Also from Appendix I, we can write 

Pi  = 	(I -FE. Pi) 
so that 

tr 	tr (T ei  Tt) 	tr(l i TtT) 

tr (P gs.  

= 
amt 

,Pf = dd-(1 0-. pf)  

(E- represents the Pauli Matrices) 

As the target baryon is at rest, its spin expectation 

value in any direction may be evaluated. 

1Cor)target baryon = tr (6. 	tr 
C
2(1 + Pi. cr.-) dr] 

Pi  

Therefore, 

Pi = pT , the target polarization. 

Similarly, in the non-relativistic case, 

<a--)recoiling baryon = Pf 

However, the relation, <x>= tr (ex), takes no account 

of the fact that at relativistic velocities the spin compon- 

ents perpendicular to the baryon's momentum vanish. 

Consider a reference system (1,2,3) with axis, 3, 

pointing along the particle's direction of motion. Hamilton(7)  

shows 

P f 	E 1 
mc2  

	

P2 	x .65-> E 	(E is the energy and m the mass of the  • 
mc2 	 baryon) 

15 

	

and P3 f 	> 
3 
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Therefore, Pf represents the polarization of the 

recoiling baryon in its own rest frame (not in the stationary 

laboratory frame). 

We now describe Pf  in terms of the helicity amplitudes. 

Since Cf. Tei  T 

do--  (1 + 	P f 	( 	cote.A 	ko-: n)(1 + dr: pT  ) 
d./1_ 	sin 0 

A* 	 * 
( 	LI 	C 0 t 61Z-1 	

A  
_ - I 	 n) 	E(1.1 

sin G 

where the asterisks denote complex 

conjugate quantities and 4 and L\ are 

defined in Chapter 1.3. 

(i) Suppose pT  = 0 

Then 	d6= If++ 
(8)/2 

 + f+,.. (e)J
2 

dh 

and 	Pf do-  = 2 Im f
* f 	n 

aft. 	++ +- — 

with n again the normal to the scattering plane. 

The polarization parameter, Po, is defined by 
2 Im f*+  f +-  P 	+  o  

Po can be measured by re-scattering the recoiling baryons 

on atoms whose analyzing power is known. If Po  is finite, 

the baryon will be scattered preferentially right or left 

in the scattering plane. A measurement of the "left-

right" asymmetry demands a good knowledge of the detect-

ion efficiency of the apparatus. 

4- (ii) Suppose pT  is finite. Let al/ represent the differ- 

ential cross-section in this case. 

If ++I 
	if 12 
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Then from equation, E 1.1, 

I - a: (1  p 	n) 	—er  (1 + PopT cos t? ) 	(E 1.2) dil 	 dA. 

i.e. the differential cross-section exhibits a left-right 

asymmetry related directly to the polarization of the 

recoiling baryon. 

Cos V? is positive if the K: decays in the left hand side 

of the apparatus. We define spin up by: PT = +IPTI and 

spin down by pp  = -Ippi. Then p is defined in accordance 

with the Basel Convention which states: Po  is positive 

if, for target spin up, the incident particle is preferent-

ially scattered to the left, looking along the downstream 

direction of the incident beam. 

Let 1
t 
 and Ii  represent the differential cross-sections diL 

measured when the target is polarized up and down. We 

define a "spin up-spin down" asymmetry, A, for a given 

solid angle, by 

AE _ 1E1 
diL 

I
t 	14  A - 

FlZd'r  It + FUL6r  it - 

(1 + PopT cos fp ) - 	- PopT cos 9  ) 
(1 + PopT cos 9  ) + (1 - PopT  cos? ) 

Popp  cos 	(E 1.3) 

This formula provides the basis for the polarization 

measurement. 

The calculation of Po using this asymmetry method is 

described in Chapter 6. 

We conclude that the use of a polarized target greatly 

facilitates the determination of Po. A single scattering 
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experiment is sufficient and, since a "spin up-spin down" 

asymmetry rather than a "left-right asymmetry" is measured, 

the apparatus need not have a uniform detection efficiency. 

1.5 Resonances and Particle Exchange 

911) At low energies (i.e. beam momenta less than 3 g_
c  

interactions are described in terms of resonances. As 

illustrated in Fig. lb, the incoming (spinless) particles 

form a short lived state of well defined, angular momentum, 

€, which decays to the final state particles with a certain 

probability. The angular distribution of the outgoing part-

icles is expressed by P‘ (cos9) where 0 is the scattering 

angle and Fe the Legendre polynomial of order €. The 

scattering amplitude is given by the summation over all 

possible intermediate resonant states. 

For higher energies, e becomes larger and the angular 
distributions more sharply peaked in the forward direction. 

For beam momenta above 5 
GeV

, a more convenient description 

is that of particle exchange (Fig. lc). 

A significant forward peak exists in the s-channel 

angular distribution only when the quantum numbers of the t 

channel are not exotic. (An exotic state cannot be repres-

ented by a quark-antiquark pair or by a combination of three 

quarks.(8)  The quantum numbers of the quarks are shown in 

Table 1.1.) 

The exchanged particle has the quantum numbers of the 

t channel and its coupling to the upper and lower vertices 

(Fig. lc) is given by the products of SU(3)(9)  isoscalars 
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and isotopic spin factors. The Feynman amplitude for the 

exchange of a particle of mass, m, and spin, J, is given by 

F(s) a sJ 

  

(t - m2) 

so that the total cross-section, 6T  ''sj-1. 

However, the Froissart bound(1) deduced from Field 

Theory, demands 

a-  :5;c(logs)2  

Somehow the exchange of particles with spin exceeding 

unity must be suppressed. This difficulty is circumvented 

by exchanging not particles but Regge Poles. 

1.6 Regge Poles 

In the non-relativistic case of scattering by a potent-

ial, the solution of the SchrOdinger Equation, at large 

distances, r, from the scattering centre is 

 
e 

fu-2 
' " 

-1 12,4(.....0e4.1 B(K2,  e )eikr 	A(0, e) e-ikr 
 

where t and K represent the angular momentum and the 

CMS momentum. 

The partial scattering amplitude, a.(K2) 

outgoing wave amplitude  
incoming wave amplitude 

(-1)-e+1 B(K2, e )  
A(K2  , e ) 

Resonances and bound states are described by poles of 

the scattering amplitude in the complex energy plane. Allow-

ing the angular momentum,), to be complex, the positions of 

the poles are given by 
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A K2, X) = 0 

or 	A .1(E) 	where E = K2 

The pole, ll(E), in the complex A plane is known as a 

Regge Pole. 

When E is negative, 1 is real. 

A Regge trajectoryl oc, is defined by 

o< . Re (7(E)) 

It is assumed to be directly proportional to E. 

For relativistic scattering where there is no equivalent 

of a Schrodinger equation and the interaction cannot be des-

cribed by a potential, Regge Poles are assumed to exist, and 

to have the same properties as for non-relativistic scattering. 

They do not constitute a theory but provide a method of para-

meterizing the data. If the scattering amplitude in the t 

channel is expressed in terms of Regge Poles and continued 

(by Crossing Symmetry) into the s channel(2), then for large 

s and small, negative t, 

f(sit) 	[2 4'(r(t) +.1] Pr(t)  .[1 +T 
2 r sin71-0‘,(t) 

1.4) 

The sum is over all exchanged Regge Poles. fikt) is 

known as the residue function and, likecCr' is real for 

negative t. 17r  is the signature factor - it denotes the 

parity of the Regge Pole exchange. 

At high s, the amplitude can be approximated by the 

exchange of the Regge Pole "with the highest trajectory (i.e. 

largesto<r(t)). 

The Regge trajectories are assumed linear and are 
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parameterized by 

az<
r 

t = (Kr
0  + r t where oer "70 

From equation, E 1.41 and the Optical Theorem, 
oe (0)-1 

the total cross-section, Cr 	S 

In order that the Froissart bound is not violated, 

r 1 

f(s,t) has a pole at alternate integral values ofec(t). 

Thus Regge Poles provide a method of classifying particles 

with the same quantum numbers but different spin. This 

description is complementary to SU(3) which groups together 

particles with the same spin and parity but different hyper-

charge and isotopic spin. 

The Regge trajectory is named after the particle of 

lowest spin through which it passes. 

The basis of the Regge Pole model is that the quantum 

numbers of the t channel govern the high energy s channel 

scattering. The effect of the s channel quantum numbers on 

the scattering is considered in the next section. 

1.7 Duality and Exchange Degeneracy 

Although lep and K-p elastic scattering involve the 

exchange of the same Regge Poles in the t channel, their 

high energy behaviour is different. 

i)-total (el)) is constant with energy while cotal  (K  P)`
decreases. 

ii)(dej 	is structureless for K+p but shows a dip, 
'dt'elastic 

between t = -0.4 and -0.8 GeV 
2' 
 for K p. 
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The s channel quantum numbers of the two reactions are 

different, however: ep is an exotic state while K-p is not. 

Pomeron exchange is the dominant contribution to elastic 

scattering. The Pomeron is defined as having the quantum 

numbers of the vacuum (JPC 	0++  1  13  = B = S = 0). Since it 

contributes to exotic and non-exotic processes (e.g. K p 

elastic scattering), the Pomeron cannot be identified with 

s channel resonances. 

At low energies, the scattering amplitude can be expressed 

in terms of s channel resonances and a non-resonating back-

ground. An analysis of pion-nucleon scattering has shown 

the background term is important only when the t channel can 

have the quantum numbers of the Pomeron. Also in the absence 

of Pomeron exchange, the "Regge Pole" scattering amplitude, 

extrapolated to low energies, approximates the "resonance" 

amplitude.(10) 

These relationships between the s and t channel descript-

ions of scattering are embodied in Two Component Duality.(11,12) 

Formally, if f is the scattering amplitude, 

Im f(resonances) 	= Im f(Regge Poles) ...(E1.5) 

Im f(non resonating background) = Im f(Pomeron) 

Averaging over an energy range1 21E, is implied. With AE 

large (--1 GeV), the relations are known as Global Duality. 

An immediate prediction of Global Duality is Exchange 

Degeneracy. To eliminate the possibility of Pomeron exchange 

consider an inelastic reaction. Suppose the t channel 

quantum numbers allow Regge Pole exchange but the s channel 

is exotic. Then there are no s channel resonances and by 
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equation, E 1.5, 

Im f(Regge Poles) 	= 0 	(E 1.6) 

Since all the exchanged Regge Poles cannot decouple 

from the interaction vertices, E 1.6 can be satisfied only 

if there is a cancellation between the terms of the amplitude 

(equation E 1.4). This implies a degeneracy of the traject-

ories and residues of the exchanged Regge Poles - (i.e. EXD, 

Exchange Degeneracy). Strong Exchange Degeneracy implies 

the Regge trajectories as well as the residue functions are 

equal while Weak Exchange Degeneracy demands only the equality 

of the trajectories. The evidence for EXD in the reactions, 

- K+n Kop and K p K73  n, is discussed in Chapter 1.11. 

Not all reactions can be described in terms of simple 

Regge Pole exchange. For example in the reaction, 7rp -PTf°n, 
only the e  trajectory can be exchanged. Since helicity flip 

and helicity non-flip amplitudes are described by the same 

Regge Pole term, the interference between the helicity 

amplitudes will vanish. Therefore, a zero polarization is 

expected. Experimentally, the polarization is found to be 

finite.(13,14) 

Double or triple t channel exchange(15) have been 

proposed to explain this result. These mechanisms are ex-

pressed mathematically as Regge Cuts. 

1.8 Regge Cuts 

Double Regge Pole exchange is illustrated in Fig. ld. 

Let the single scattering amplitudes (i.e. the exchange of 

Regge Poles Ri  and R2) be T1  and T2. Then the double scatt- 

(16) ering amplitude, T12, is given by: 
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o * 

T12 (s,t) = 1 	dt, dt21: 10(1D T1  (slti) T2  (s1t2) 

(E 1.7) 

where Z = 	-t22  -t2  2tti  2tt2  2t1t2  

The conditionl eM, implies: 

4.4C7i7 	,71E- 2 
The total scattering amplitude, T, is 

T = T1 + T2 ÷ i T12 (E 1.8) 

Term, T12 is known as a Regge Cut. If T1 and T2 rep- 

resent the exchange of Regge Poles i(t) = 	c‹.11.t and 

0c2(t) 	2 fp+ «2 t,T12 can be approximated at large by the 

exchange of a Regge Polel occirt' defined by:
(16) 

I I 
0  

4(
cu

t =
1  +«2

-1  —1 + 	  
+
°2 t 

I ° 2 

= 0( cut+ )  cut-̀  

Le' . 	cut<
o and oco cu  .:K t‹ o 

2  unless o<1 = 1 or 0(2 = 1 

(Pomeron exchange) 

Also 0<eu1 t < 0(11  and cut < vc2/  

At fixed s and small t, the Regge Cut will be less imp-

ortant than the Regge Pole terms (unless the Pomeron is 

exchanged). At larger t, however, the Cut will become 

dominant. 

At very high energies, the s dependence of the cut is 

given by:(16) 

(t) 
T12 	

S  
/v(t) 	

where h is positive and depends on 

the nature of the cut. 

Therefore, for a given t, the importance of Regge 
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Cuts will decrease with increasing energy. 

The most significant Regge Cut is that produced by the 

exchange of both a Regge Pole and the Pomeron (i.e. an ab-

sorbed Regge Pole exchange). We discuss absorption in the 

next section. 

1.9 Absorption 

The reaction is considered purely from the s channel 

point of view. If the interaction occurs at low values of 

impact parameter,b(Fig.le), the incoming meson will tend to 
scatter inelastically before it can interact with the rear 

part of the nucleon. Therefore, part of the nucleon hadronic 

matter is shielded from the full incident beam flux. The 

absorption is stronger the greater the number of possible 

inelastic channels. By conservation of probability, a 

summation over all the inelastic channels is equivalent to 

elastic scattering so that absorption can be represented by 

Pomeron exchange. 

Let T1 and T2 represent the scattering amplitudes for 

simple Regge Pole exchange and Pomeron exchange respectively. 

For an inelastic reaction, T2  will be zero and the total 

amplitude for Regge Pole - Pomeron exchange is given by (E 1.8): 

T = T
1  + i T12 
	

(E 1.9) 

Strong absorption implies the reaction is peripheral 

(i.e. events occurring at small impact parameters are sup-

pressed). For peripheral reactions, the scattering amplitude, f, 

can be described without reference to the t channel quantum 

numbers. If n denotes the s channel helicity flip and R the 
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radius of interaction,(17) 

fn Jn (R4) where Jn is the Bessel Function 

of order, n. 

Many models incorporating Regge Poles, Absorption and 

Regge Cuts have been proposed. Several of those relevant to 

K-p charge exchange are discussed in Chapter 7.4. 	First, 

however, we apply the Regge Pole model and Duality to the 

reactions, K p Kon and K+n K°p. 

1.10 Application of Regge Poles and Duality to K-p K°n 

and en -1. Op 

Since the two reactions are related by s 4.1■ u crossing, 

they are called line reversed. They both proceed via the 

exchange of the rand A2  trajectories (Appendix 2). Omitting 

helicity indices, the amplitudes for e  and A2  exchange can be 

written as: 	- (.71-;ce  oca  

	

== p 	—  e 	) 	(negative signature) e 	e 	Trote 

	

meol. 	0(a  

	

p 	1 + 
Tr

(S) 4 (positive signature) 5. 7TH 
2 

Since en is an exotic state, Duality implies (equation 

E 1.6), 

Im f(en 4 K°p) = 0 
g  

i.e. )9  ( 
°
) e + pa, (-1 oc  

) -1 0 e  
As the relation must hold for all s and t, p11z= p 

ae = 
AL  

i.e. the e  and A2  trajectories are strongly exchange 

degenerate. 

and 
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Then f(en K°p) =  2)9  . (2) 

	

sinTR 	s, 

and f (K-p K°n) =  2 P  . e s 
sp sin-Mc 

Therefore, if the e  and A2  trajectories are strongly 

exchange degenerate, 

(i) f(en K°p) is real while f(K-p -P en) has 
1.7g4 "rotating phase" given by , e-  

(ii) da- (en -,, Op) . 
	( IC-p -P K°n) 

	

dt 
	

dt 
(iii) Po (en K°p) 

	
Po  (Kp K°n) 	0 

For any two line reversed reactions, X and Y, dominated 

by the t channel exchange of two Regge Poles of opposite 

signature, 

(P der) = (- P div) 

	

o 	° dt X 	 dt Y 
Now if the trajectories are weakly exchange degenerate 

	

(i.e. 0(e  = 0( 	only), A2  

der (en .1 K°p) . do-  (K-p 4,  K°n) 

	

dt 
	

dt 

and by the relation above, 

P0  (IC-p 4 en) = - P (en -s Op) 

Thus measurement of differential cross-sections and 

polarizations provides a test of Exchange Degeneracy and so 

of Duality. Until the present experiment, the polarization 

parameter had not been measured for either of these line-

reversed reactions. 

All the evidence for exchange degeneracy was derived 

from cross-section measurements. We discuss this in the next 

section. 



28 

1.11 Evidence for (e, A2) Exchange Degeneracy 

) Comparison of reactions, K-p K°n and K+n Kop 

Measurements of the differential cross-sections 

forKp-,Knare more numerous than for K+n K°p. A 

list is given in Table 1.2. A direct comparison between 

the two sets of data is difficult since for the latter 

reaction a deuterium target is used. The fact that 

events occur on bound and not free neutrons provides a 

systematic uncertainty in the normalization. 

Nevertheless, direct comparisons can be made at 

low energies (32)  and at beam momenta of 5.5(23124)  
0(23,29) GeV  10.0 	' 27)  and 12. 	Let d-  and dr re- 

present the differential cross-sections for K-p -4, 0n 

and en K°p respectively. 

Then, with a beam momentum of less than 5 GeV--- c 

GC V,  above 5 GcV ' 
= e within the errors of nomalization. 

A recent experiment(19) has measured both reactions 

in the same apparatus. The K-  charge exchange reaction 

was measured in both deuterium and hydrogen enabling 

the corrections for the bound neutrons to be made 

experimentally. 

The results showed 

dr4. 
= 1.35 independent of s and t. 

d- 

This is the only direct indication of the 

inequality of the cross-sections above 5.5 GV. 
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Another way of checking  the equality of 6 and a-  

is by using  the Barger-Cline Sum Rule(33,34).  The 

reactionsjrp --,17°n and 7T p -41°n, involve only e  and 

A2  exchange. These exchanges can be related to (C,A2) 

exchanges in K-p and en charge exchange via their 

SU(3) coupling  constants to the upper and lower vertices 

and by t channel isospin Clebsch-Gordon coefficients. 

f(K-p K°n) 	-2c - 2A2  

f(en K°p) 	+2c - 2A2  

fOrp 	_2iy e  

f(Tirp -0,11,°n) = VE A2  (assuming 	is purely 
3 

octet) 

(E 1.10) 

. dr(K-p-en)+ de(en4K°p) dr(Trp-P11%) + 3 deCITp-ren) 
" dt 	dt 	dt 	dt 

- Barger and Cline Sum Rule 

Assuming  the e  and A2  are exchange degenerate, the 

Rule can be modified to 

61 =d-  = 1 ar(Trp-en) + 3 drca-p-fli) 	...(E 1.11) 
ff dt 	dt 

This equation provides a means of testing  exchange 

degeneracy at energies where no en -o K°p data is 

available. It is a less stringent test than the direct 

comparison of cross-sections since the normalization 

errors of three separate experiments are involved. 

The Barger-Cline Sum Rule has been verified at 
eV 6 G --- by Ambats et al(18) and equation, E 1.11, holds 

at 7 and 9.5 Gev(34).  We conclude that the main evid-

ence that cr and o are unequal at high energies comes 
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V 
e ' from the measurement, at 6 Gc 	of both reactions in 

the same apparatus(19). (See Chapter 7.6). 

(ii) Using the Optical Theorem 

Further evidence supporting (e,A2) exchange de- 

generacy can be deduced from the Optical Theorem: 

total 
(K-p)= 4TrIm (f(K-p elastic))t=0 

where K is the CMS momentum. 

Using equation, A 2.1, from Appendix 2, 

Im (f44  (K-p4K°n)t=0)= acrlotal(K n) -45-total(K-P).] 

Therefore, in K-p -* K°n, 

	

[Re f +4 	2 	16IT 1  1 x  2 	 (cill:
)t=0  .  	_ 

	

Im f++ 	
6-

/t.0 	
C.

- 

total(K11)-fotal(K-P4 2 
	1  

Astbury et al(23) found X was small and consistent 

with being zero. 

Similarly for Kn -f Kop, Firestone et al(29) 

showed the imaginary part of the amplitude was negligible. 

Both these measurements support the Duality predic-

tions that 

f(en-,K0p) is real 

and f(K-p-,K°n) = e-i7/4  f(K-1-11-,K°p) where c 	0.5 + t. 

imaginary number at t=0 

(iii)Calculating the Regge Trajectory 

Ambats et al(18) have calculculated the phase diff-

erencel S(01  between f(K-p 4 K°n) and f(en K°p). 
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From the equations, E 1.10, 

- f(en-•K°p) + f(K-p-iplen) 	qn-p-pen) 

so that 

cos IS (t) 
-2 dr(Te-p-,77%)+der(en->K°p)+dcr(K-p-pK°n) 

dt 	dt 	dt  

\ 
• /6r(en-bK°p) de(K-p4K-n) 2- dt 	dt 

From the previous section (1.11(ii)), we see that 

the phase difference is also given by-70((t). 

Using the available data at 6 GeV, Ambats et al 

show S (t) r --Trec(t) where the Regge trajectory passes 

through the e  and A2  masses. Again there appears to be 

no strong violation of (C,A2) exchange degeneracy. 

(iv) Comparison of Other Reactions 

-The reactions, K-n -> K'21-  and K+p 

proceed by e and A2  exchange so that their differential 

cross-sections should also be equal if the trajectories 

are degenerate. 
At 5 GeV(35136) 

d6(Kn-FK°A),..1 der(epiee+) 
dt 	2 dt 

It is difficult to draw a conclusion since the 

energy is still rather low. The two cross-sections may 

converge at higher energy (like K-p K°n and en -, K°p). 

We conclude that, on the basis of cross-section 

measurements, the predictions of Duality are satisfied 

for K-p and en charge exchange. In particular, the 

e and A2  trajectories appear to be degenerate and, to 
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first order, Regge Cuts seem unimportant. Reasons for 

this are discussed in the next section. 

1.12 Effect of Regge Cuts 

2 GeV Both or and d-  have a dip at -t<0.1 — showing the 

helicity flip term, 	dominates the scattering amplitude. 

Since f+- vanishes at small t, the convolution integral, 

used to evaluate the cut (equation E 1.7), will be reduced. 

Therefore, the effect of cuts will be much less in 

K-p K°n and en K°p than in reactions where the helicity 

non-flip amplitude is dominant. 

Even if absorption were appreciable, however, the pre-

dictions of Duality would be unaffected. The amplitude for 

an absorbed Regge Pole exchange is given by equation E 1.9. 

T Tl + i T12 
where T12 is given by E 1.7. 

If the reaction has an exotic s channel, Duality predicts 

Im (Ti  + i T12) = 0 

For complete absorption (diffractive scattering), the 

amplitude, T2, is purely imaginary, so that Im (i T12) is 

determined solely by Im (T1). Therefore, the original 

Duality constraint, Im T1  = 0, holds and the predictions of 

exchange degeneracy remain valid. 

Furthermore, "naive" absorptive cuts cannot produce 

the inequality of cr+ and a at low energy
(37) 

As T1 (K
+n Op) is real and T12 imaginary, the cut 

will give a negative contribution to the total amplitude, T. 

Tl  (K p K°n) has rotating phase. T12  will then have both 
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real and imaginary parts so that its contribution to T will 

not be purely destructive. We expect 

da-(en K°p) 	de(K-p -0 K°n) 
dt 	dt 

In fact, the opposite is observed at low energies. 

Neither can Regge-Regge Cuts explain the inequality of 

e
:I- 

and cr at low energy. Finkelstein(38)  has shown that for 

meson-baryon scattering, Regge-Regge Cuts disappear if either 

the s- or u- channel is exotic. (The rule does not apply to 

absorptive Regge Cuts). 

1.13 Conclusions 

We conclude that the differential cross-section data for 

the Kp and en charge exchange reactions is quite well 

explained by the Regge Pole Model and Duality. However, since 

the polarization depends on the interference terms between 

helicity flip and non-flip amplitudes, it is sensitive to 

small differences between various models. For example, Fig. if 

shows the predictions for Po(K-p K°n) from several models 

using only Regge Poles and no Regge Cuts. Although their 

polarization predictions differ widely, each model gives a 

reasonable fit to the differential cross-section data. 

In the interval between the present experiment being 

proposed and carried out, the polarization in the reaction, 

TT p -s1T°n, was measured(13'14).  These results showed con-

clusively that Regge Cuts were essential to fit the data. 

The measurement of Po(K p K°n) in the present experiment 

had therefore less impact on phenomenology since pure 

Regge Pole models had already been discarded. The results 
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are still useful, however, in trying to select the most 

useful Regge Cut model. 

In the following chapters, we discuss the experiment, 

the method of analyzing the data and of calculating the 

polarization. In Chapter 7, we compare the results with 

various Regge Cutmodels. 
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TABLE 1.1 

Baryon 
Quark Number Charge Hypercharge Isospin Strangeness 

13 

p 
	 +1 	0 

n 	4 
	4 	-4 	0 

4 	-4 	0 	-1 

Antiquark 

F 	-4 	-i 	4 	-4 
	

0 

ii 	-4 	+1 	-4 	+1 	0 

T 	-1 	+1 	4 	0 	+1 

TABLE 1.2 

Beam Momentum 
GeV 
c. 

K-p en 	en 
reference 	reference 

	

4.0 	18,19 
	

19 

	

4.25 	20 

	

4.5 	21 

	

4.6 
	

22 

	

5.0 	18,23 

	

5.5 
	

24 

	

6.0 	18,19,25 
	

19 

	

7.1 	23 

	

7.7 	26 

	

9.5 	23 

	

10.0 
	

27 

	

10.7 	28 

	

12.0 
	

29 

	

12.3 	23 

	

14.3 	30 

	

15.7 	28 

	

24.8 	31 

	

34.6 	31 

	

40.0 	88 
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DOUBLE REGGE—POLE EXCHANGE 

Fig ld 
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CHAPTER 2 

The Experiment 

2.1 Introduction 

Most of the apparatus had been used by the C.E.R.N. -

E.T.H. - Imperial. College collaboration in earlier experi-

ments(43,44,45).  The main piece of equipment remained the 

C.E.R.N. - E.T.H. magnet spark chambers which identified 

the final state particles. The system of optical spark 

chambers, placed inside the magnet in the uniform field 

region, has been described before(46) 

Only those features novel to the present experiment 

will be discussed. They included a modification to the 

magnet to produce a region of high, uniform magnetic field 

for the polarized target and alterations to the spark 

chambers to reduce the number of background tracks seen in 

each event. (An intense incident beam was necessary to 

obtain a large number of events and decrease the statistical 

error on the asymmetry measurement). 

After discussing the changes to the standard apparatus, 

we describe the identification and momentum measurement of 

the incident beam and also the counters used in the event 

trigger. Finally, we describe the data-taking itself. In 

particular, the method of determining the fraction of events 

occurring on free protons is explained. 

2.2 Polarized Target(47) 

Consider a body with unfilled electron (or proton) 
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spin states placed in a magnetic field, B, at temperature, t. 

A polarization, P, can be defined by the asymmetric popul-

ation of the spin states. 

exp(+IN) - exp(#) 

/ AB) exp(444) expt- — kt 

where k = Boltzmann's constant 

and 14 = magnetic moment of electron or 

proton 

An appreciable polarization can be obtained if the 

B i ratio, 	is large. 

e.g. if B = 2.5T and t = 0.5°K, 

P(electrons) = 0.999 

P(protons) 	= 0.002 

The natural proton polarization can be increased by 

applying an oscillating magnetic field perpendicularly to 

the static field, B. The R.F. field induces simultaneous 

electron and proton "spin flip" transitions. After such a 

transition, the electron will immediately return to its 

ground state (spin antiparallel to B), dissipating energy, 

2,pB,to the surrounding molecules. As the proton's spin is 

more weakly coupled to the molecular lattice, it will remain 

longer in its new state. 

If the microwave power is tuned to the frequency, .7);  
14e - of the flip-flip transitions (W - ( 	h 	B or ft'e 	-1-11443)B‘ ), 

a substantial proton polarization can be established. Only 

the free protons are polarized. Those bound in nuclei are 

unaffected. 
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The direction of polarization can be reversed by 

altering the frequency of the microwaves, as shown in Fig. 2a. 

The steady magnetic field, B, need not be changed. 

The target material was butanol doped with 1% porphy-

rexide, whose unpaired electrons act as polarizing centres 

for the free protons of butanol. Small beads of butanol 

were used to ensure thermal equilibrium in the target. With 

the beads lying in liquid alle y  a target temperature of 0.5°K 

was obtained. 

The cryostat(48) was designed and constructed by the 

C.E.R.N. Polarized Target Group. The cryostat was inclined 

to the beam axis to compensate for the bending of the beam 

in the fringing field. Having obtained a suitable target 

material and the necessary low temperatures, the final 

requirement to establish polarization in the target is a 

strong, uniform magnetic field. 

2.3 Magnet Alterations and Field Measurements 

This was obtained by attaching pole-pieces(49) to the 

C.E.R.N. - E.T.H. magnet as shown in Fig. 2b. With maximum 

current, a magnetic field of 2.5T was obtained between the 

poles at the expense of reducing the average field in the 

fiducial volume from 10.4T to 10.0T. Since the microwave 

frequency1.2), to induce polarization is directly proportional 

to the Zeeman splitting of the electron spin states, the 

magnetic field should be uniform in the target. 

Consider the case where transitions X and Y (as in Fig. 2a) 

can occur at points, a and b, in the target. 
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From Fig. 2a, 

hpa  = Ea  = Ba  (2p+ 2 gpiu) 
hpb  = Eb  = Bb  (2p - 2 gp ,i) 

where p = Bohr magneton, 
= nucleon magnetic moment 

and gp  = gyro-magnetic ratio of a proton 

As the applied microwave frequency is constant throughout 

the target, Ea  = Eb  

and so 

Ba  p gpik 
	 - 0.997 Bb  p gpiap  

Thus a field variation of 0.3% is much more than can be 

tolerated. In fact, the field between the poles was shimmed 

uniform to 1mT (or 0.04%). 

Initially, the field between the pole tips varied by 

75mT over a length of 150 mm along the beam axis. Shims of 

soft iron were attached to the pole faces and finer adjust-

ments were made with strips of spring steel. The resulting 

field was left-right but not up-down symmetric (Fig. 2c). 

Fig. 2d shows the field variation in a horizontal plane 

through the target axis. 

The field between the polefaces was measured to be 

2.5335 T by a nuclear magnetic resonance (NMR) probe. 

After the shimming, the magnetic field was measured. 

All three components of field were measured by a set of Hall 

probes. The array was pulled automatically, in steps of 

40 mm, parallel to the magnet axis. The Hall probe voltages 

were recorded on magnetic tape by a Hewlett Packard computer. 
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The probes were calibrated to 1.6T. For higher fields, 

an extrapolation of the low field calibration was used. 

This was compared with the field values obtained from the 

NMR probe. At 1.03T, the Hall probes gave field values 

0.1% higher than those of the NMR while at 2.5T, their 

readings were 0.5% lower. 

Table 2.1 gives details_ about the four parts of the 

magnetic field map. 

The field components inside each box region were deduced 

from the measured values at its boundary surface(50). Field 

measurements inside the boxes were used only to check the 

calculated values. No accuracy is lost doing this. 

As each box contained no magnetic field sources, 

VxB.0 ,v2B V2B V2B =0 
V.B . 0 

Each field component satisfies Laplace's Equation and 

can be expressed as a harmonic function, F, which is com-

pletely defined by its values at the boundary surface. Let 

G be a harmonic function which is fitted to the field measure-

ments at the surface. 

During the fit, the function, D, (Dve F - G), is 

minimized. But since D is harmonic, it has its maximum value 

at the boundary. Hence at each point inside a box, a better 

estimate of a field component can be obtained by interpolating 

G than by using the field measurement at that point. 

The field interpolation was done by H. Wind and 

Miss J. Adams of the C.E.R.N. N.P. Programming Group. 
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2.4 Spark Chambers 

(a) Effect of Increased Clearing Field 

An electric field, E, was applied in alternate directions 

across each successive gap to clear away ionization before 

the next trigger. The memory timel T, of the chambers is 

defined as the time between the passage of the triggering 

particle and the application of the HT pulse when the gaps are 

sparking with 50% efficiency. 

Due to the high beam intensity (.1.8 MHz), a shorter 

chamber memory time was needed. Therefore, the clearing 

field was increased from its normal value of 6.25 KVm 1 to 

12.5 KVm-1. 1; was reduced from 2.3dAs to 1.311s. 

(b) Chamber Desensitization 

With a chamber memory time of 1.3,Rs and a beam intensity 

of 1.8 MHz, each event in general contained several background 

beam tracks. As the extra tracks would confuse the event 

reconstruction programmes, the chamber volume, traversed by 

the beam, was desensitized. 

Pieces of mylar, 201pm thick, were glued to the chamber 

foils. Near the target the mylar measured 28 mm (horizontally) 

by 38 mm (vertically) while in the last module it was 36 x 

77 mm2. The middle two gaps of each chamber were unmodified 

so the effect of the mylar would be seen. The efficiency of 

the mylar in suppressing background tracks is discussed in 

Appendix 3. 

Fig. 2e shows a good event with a masked beam track. 

Not all events were as beautiful as this, however 

(Fig. 2f). 
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2.5 Measurement of Incident Beam 

The experiment was performed in an 8 GeV unseparated 

beam, P7, which was produced at an angle of 50 mrad to 

the slow extracted beam from the C.E.R.N. proton synchrotron 

(P.S.). 

Normal P.S. operating conditions were:- 

Energy 	24 GeV 

Internal beam . 1.8 x 1012 protons 

Spill time 	= 400 ms 

Repetition rate = 1 burst every 2 seconds 

The P7 beam line was 50 m long. Most of its length 

was enclosed with vacuum pipe with mylar windows, 0.18 mm 

thick. Fig. 2g shows the layout of the beamline with the 

positions of the counters and chambers. 

The beam was designed to give good momentum resolution, 

since if the momenta of the incoming and outgoing kaons are 

well enough measured, events occurring on bound protons can 

be distinguished by their Fermi motion in the nuclei. This 

leads to a better determination of the polarization (Appendix 

4). Hodoscope 0, placed after the momentum slits, measured 

Ap, the difference in momentum from the nominal value. 

Installed further downstream, hodoscope H provided a meas-

urement of the beam direction at the slits. The hodoscopes 

are shown schematically in Fig. 2h. Together, they measured 

the beam momentum with a resolution, 4-2  of 0.5%. 
P 

The direction of the beam incident on the target was 

measured by two pairs of Multi -Mire Proportional Chambers 

(MWPC)(51'52). The chambers had 3 mm wire spacing. Each 
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pair measured a horizontal and a vertical coordinate giving 

an angular error of less than 0.8 mrad on the projected beam 

track. 

2.6 Beam Telescope 

A beam particle was defined by a Ti signal. Symbolic- 

ally, 

Tl = S1.S2.Al.A2 

Telescope T2 was much stricter. 

T2 = Tl.A3.S3.S4.S5 

S3 and S4 were placed inside the cryostat several 

centimetres upstream of the butanol target. They defined 

a beam spot less than 20 mm in diameter (Fig. 2i). Their 

good performance was crucial: without S3 and S4, the event 

trigger rate increased by a factor ten due to interactions 

on the cryostat walls. 

Ti,The ratio, 	was monitored during the experiment to T1 

check the operation of S3 and S4 at 0.5°K. During a run of 

a few weeks, the ratio would decrease by about 10%. 

The individual ratios, Tl T1.S3  and  Tl.S4,  behaved simil- T1 

arly. This effect was reproduced in four separate experi-

mental runs. It represented a loss of available beam but 

it had no repercussions on the data. 

2.7 Particle Identification 

Two threshold Cerenkov counters, Cl and C2, disting-

uished incident kaons from pions and antiprotons. 

Cl was 3 m long and filled with ethylene at 3.8 atm. 

abs. to detect pions and kaons. C2 detected pions only. 
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It was 4 m long and its gas was hydrogen at 5 atm. abs. 

Logically, the identification was given by:- 

Tr. T2.C1.C2 

K = T2.C1.C2  

p = T2.C1.C2 

"impossible"l i = T2.C1.C2 

Knowing the P.S. energy and the parameters of the 

beam-line, the beam composition at the target can be calcul-

ated according to a certain model of particle production(53) 

This calculated composition was compared with that measured. 

IT2 

K/T2 

13/T2 

'42 
sum of all 
combinations 

measured 	calculated 

	

94.9 % 	97.6 % 

	

2.09% 	1.75% 

	

0.53% 	0.62% 

10-6 

	

97.5 % 	100.0 % 

The losses occurred in their coincidence where the 

timing was very tight. 

The misidentification of kaons as pions is unimportant 

since it only reduces the effective kaon flux. On the other 

hand, it is essential that pions are not identified as 

kaons. The cross-section for associated production 

(77-p a  K°A°) is a factor three lower than for charge exchange 

at 8 GeV  and the two reactions,Trp K°A°  and K-p 4 IC°n, 

cannot be distinguished kinematically. It is important that 

C2 "sees" all the pions. 

While Cl is known to be very efficient from the neglig- 
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ible "impossible" rate, C2's efficiency cannot be measured 

directly. Indirect checks were made. S2 and the veto 

counters, Al and A2, define the beam envelope to be con-

tained inside C2. When Al and A2 were removed from the 

T2.0 2  beam telescope, the ratio 	did not change showing T2 

there were no "T2" beam particles which passed outside C2. 

C2's discriminator threshold was set to one half the 

minimum pulse height produced by pions in the counter. 

We conclude C2 must be efficient at counting pions. 

The pion contamination by 01'2  decays after C2 is 

negligible. 

2.8 Target Veto Counters 

The R and F counters were placed between the polepieces 

and around the target as shown in Fig. 2j. As there was 

little space between the pole-faces tungsten was used as 

the gamma ray converter in preference to lead. 

R5 was not in the trigger. It measured the probability 

of a slow recoil neutron interacting in the R counters. 

2.9 E Counters 

Two counters were mounted downstream of the last spark 

chamber module, covering the area of the plates. They en-

sured that one of the neutrals, produced in the target, decays 

in the spark chamber volume. 

2.10 Trigger Logic 

The final event trigger, TR, was:- 

4 	2 	2 
TR = T2.C1.C2. Z R. . :2E: F. . '77 E 1=1  1 1=1 1 	i=1 
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Fig. 2k shows how TR was defined by the fast electronic 

logic. The trigger was vetoed if a beam particle had passed 

in the previous 50 ns. Provision had been made to veto 

events if a beam particle arrived in the following 50 ns 

but this was not used. Both these logic deadtimes were 

built into T2. Since the latter protection was omitted 

during running, T2 did not count the effective incident 

beam. Genuine events can be vetoed by a chance signal 

(either beam induced or noise) in the R or F counters. This 

effect was monitored by: 

accidental losses - T2• [CiR +2FF) delayed by 40 ns} 
T2 

This ratio depended greatly on the beam spill. It 

varied between 4% and 30%. Typically, it was about 8%. 

T2 and the accidental losses were scaled to give the 

effective incident beam. 

2.11 Data Acquisition 

After each trigger, an SDS 920 computer recorded the 

target polarization and read the data from the WPC, 

hodoscopes and R5. The hodoscope and R5 information was 

flashed as a bit pattern on the picture of the event. 

The slow logic and deadtime system is shown in Fig. 2e. 
A set of scalers, gated by the overall deadtime, 

recorded the beam information (e.g. Ti, T2,7r, K, ii, acci-

dental losses, number of bursts). At the end of each roll 

of 770 pictures, the scaler contents were punched on paper 

tape. 

The optical and data acquisition system has been 

described before(52). Fig. 2e illustrates the information 
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recorded on film, and Fig. 2m shows the optical stereo 

system. 

2.12 Running with Different Targets 

For most of the data, events on free and bound protons 

could not be distinguished. However, the bound events 

which did not contribute to the asymmetry could be subtracted 

from the total sample. The inclusion of bound events in the 

final sample had the effect of reducing the effective target 

polarization. About one fifth of the data taken was con-

cerned with the determination of this reduction factor. 

Data was taken with the polarized target empty and cold 

but with the liquid 3He removed. A subtraction gave the 

event rate (number of events per unit beam) on butanol alone. 

The next step was to determine the proportion of the 

events occurring on free protons when the butanol target 

was used. This was done in essentially a separate experiment. 

A model of the cryostat and target container was made 

with the same shape of light guides for S3 and S4. The ratio, 

T2' for the dummy cryostat agreed with that obtained with the TI 

production target when warm. The target empty rate was the 

same for each cryostat. 

To simulate butanol (C4  H9 OH), six polythene (chemical 

composition approximately (CH2)n) discs, 20 mm in diameter, 

were distributed evenly along the target container. Events 

occurring solely on bound protons were obtained by replacing 

the polythene with the same number of carbon discs of the 

same diameter. Both sets of discs were covered thinly with 

plastic to prevent water absorption. The composition was 
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determined by chemical analysis. 

The method of using the dummy target data to determine 

the polarization dilution factor is discussed in Chapter 5. 

Also in each run, the spark chambers were triggered 

on incident beam particles: an interaction in the target 

was not demanded. The use of these events is described in 

Chapter 3.5(c). 

The distribution of data between the various targets 

is shown in table 2.2. The data was taken in four PS periods. 

At the end of every film (3 rolls), a test strip was 

taken. The test strips provided a check on the camera's 

performance and also on the efficiency of the event trigger. 

Some complete films were developed, scanned and measured 

while the experiment was in progress to give a better check 

on the apparatus and to gear the chain of analysis computer 

programmes to the new data. 

A description of the reconstruction and identification 

of events from the photographs is given in the next chapter. 
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TABLE 2.1 

Box 
Field 

Components 

Grid 

Size 

(cm x cm x cm) 

Box 

Size 

(cm x cm x cm) 

Box 

Centre 
(cm) 

I 

Bz 

B , B x, By  

4 x 4 'x 

8 x 8 x 

4 

8 

300 x 96 x 64 x = 

y = 

z = 

+70  
0 

-50 

II 
Bz 	

. 

Bx  , By  

1.5 x 1.5 

2 x 3 x 

x 

1 

1 38 x 36 x 30 
x . 

y = 

z = 

-70 

0 

-50 

III 
B 
z 

Bx  , By  

1 x 1.5 x 

2 x 3 x 

1 

1 

36 x 18 x 3 x = 

y = 

z = 

-1010 

0 

-50 

IV 

Bz 

B x  , By  

1 x 1.5 x 

2 x 3 x 

1 

1 

156 x 12 x 6 x = 

y = 

z = 

-160 

0 

-50 

All volumes expressed as x x y x z where 

x, y, z are defined by:- 	z (up) 

magnet axis 

  

magnet centre 
(0, 0, -50) 

  

x 

  



TABLE 2.2 

Distribution of Data through experiment 

Number of Events (pictures) 

Run 1 Run 2 Run 3 Run 4 	Total 

Polarized butanol 46480 61310 76812 113315 298017 

Empty target 1298 1540 1540 1285 5663 

Polarized butanol -no 
3He 2049 2310 1873 6232 

Dummy target 769 1920 766 774 4229 

Dummy + carbon discs 2151 6443 7700 6143 22437 

Dummy + CH2  discs 2310 8317 6930 6159 23716 

Beam tracks 3179 6937 5390 15506 

Total 53108 84758 102995 134939 375800 
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CHAPTER 3 

Event Reconstruction 

3.1 Introduction 

The photographs were scanned and then measured auto-

matically. In this chapter, we follow the raw measurements 

through the chain of analysis programmes until the final 

sample of identified K-  charge exchange events is obtained. 

The flow of data through the chain is shown in Fig. 3a. 

After the events had been reconstructed in space, the 

beam track (MWPC) information was merged with the data. The 

paper tape information concerning the incident beam flux was 

used in the final analysis of the identified events. 

After describing the chain of analysis programmes, we 

discuss the loss of events at each stage. 

3.2 Scanning 

Fifty per cent of the film was scanned for single or 

double V°s decaying after the F counters. (We define a V°  

as a neutral particle which decays into two charged particles). 

163 rolls were scanned before the measuring while 89 were 

scanned afterwards. The first set saved measuring time and 

indicated the efficiency of the pattern recognition programme 

while the second set provided information on scanning losses. 

For each V°  observed, the scanners noted the V°  vertex 

position (i.e. the spark chamber gap number) and the number 

and age of background tracks (e.g. beam tracks or interactions 

68 
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in the anticoincidence counters or chamber foils). Age was 

estimated by the staggering of the sparks(i.e. by their 

displacement in the crossed electric and magnetic fields). 

Only es whose tracks contained at least four sparks 

were accepted. If the vertex position could not be determ-

ined clearly or if the V°  was accompanied by an interaction 

of the same age, the event was classed as doubtful. Table 3.1 

contains a breakdown of the photographs into the various 

scanning categories. The proportion of V°s observed in the 

scanning fell with increasing beam intensity, reflecting the 

corresponding increase in the experimental trigger rate. 

To facilitate the automatic measuring process, the frame 

numbers of all the photographs to be measured were written 

on magnetic tape. The scanning information was not included. 

3.3 H.P.D. 

The H.P.D. is a flying spot measuring device(54). Its 

properties are given in Table 3.2. It was attached on line 

to a CDC 6600 computer and worked under the control of the 

programme, STAGE I(55).  Operator intervention was required 

only if the event number was unreadable, out of sequence or 

if fiducial marks were missing. 

The flying spot traversed each gap three times. Two 

"hits" in a gap denoted a spark. Scratches and dust on the 

film could be eliminated if they extended into the dead 

spaces between the gaps. 

STAGE I output consisted of the event number, hodoscope 
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bit pattern and, for each view, the coordinates of the 

fiducial marks and the transverse coordinates of the sparks 

in each gap. The output tape was used as input for the 

pattern recognition programme. 

3.4 Pattern Recognition 

The pattern recognition was performed using a version 

of the programme, STAGE II(56) modified by J.C. Lasalle 

and G. Misuri of the D.D. Division, C.E.R.N. For each view, 

it associated sparks into tracks. Then it matched tracks 

between the two views and finally searched for V°s formed 

by the matched tracks. 

The track search began at the gap furthest from the 

target and continued in every second (even) gap. This 

enabled the staggering of sparks in the crossed electric 

and magnetic fields to be neglected. Initially, a straight 

line was used to predict the spark position but, after three 

sparks had been found, a parabolic fit to the track was used 

to extrapolate to the next gap. It is a good approximation 

to fitting an ellipse if the track length is less than one 

third the radius of curvature. But being linear in the trans-

verse coordinate, a parabolic fit is faster. 

A track was initialized if at least three sparks were 

found in the first five even gaps (i.e. in nine consecutive 

gaps). The sparks in the odd gaps were found by using the 

average staggering calculated for the previous roll of film. 

In the search, the variation of staggering with the angle of 

inclination of the track was taken into account. 
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Tracks were matched by comparing  their curvatures, 

lengths and missing  sparks in the two views. The final 

requirement was that the points of a matched track, recon-

structed in space, should be in the fiducial volume of the 

chambers. 

All combinations of oppositely charged tracks were used 

to try to form V°s but only those pairs forming  a reasonable 

intersection were accepted as V° candidates. The tracks 

were first projected on to the horizontal (xy) and vertical 

(xz) planes. (x,y,z represents a right handed orthogonal 

system where the z axis points vertically upwards and the x 

axis is orientated along  the beam direction). Straight lines 

were fitted to the tracks in the xz plane and parabolae were 

used in the xy plane. For each value of x, the distances, 

Au  and Az, between the projections in the two planes were 

calculated and the expression 

QNO (wxzaz)2 wxy y)2)1 

evaluated. wxz  and wxy  were weighting  factors proportional 

to the tangents of the angles between the tracks in the two 

projections. 

x was varied to find the minimum value, (QN0)min. 

Before accepting  a pair of tracks as a V° candidate, we 

demanded 

(00 )min 4, 25 mm  

and the intersection point to lie less than 30.0 cm upstream 

of the first chamber gap (i.e. less than 21.5 cm upstream of 

the F counters). 
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If the event contained a V°  or more than two tracks, 

output was written on to magnetic tape. Background tracks 

were omitted if a V°  had been found. The output information 

consisted of, for each view, the x,y coordinates of the 

fiducial marks and the y coordinates of the sparks as well 

as the event number and hodoscope bit pattern. It was read 

by THRESH. 

3.5 Geometrical Reconstruction 

The tracks were reconstructed in space using a version 

of THRESH(57), modified for the magnet spark chamber system. 

Spark positions were corrected for staggering and re-

constructed in space(46,58) . Tracks were fitted to these 

points, taking into account the variable, magnetic field. 

Finally, each pair of oppositely charged tracks was extra-

polated back through the variable field and their point of 

closest approach found by an iterative method(58) 

In this section, we discuss:- 

(a) the method of dealing with ambiguous events (i.e. 

of choosing the best V°  from several candidates) 

(b) the approximations made for the magnetic field 

(c) the use of beam tracks and the MWPC information 

(a) Ambiguous Events 

When the pattern recognition found more than one V°  

candidate, a choice was made in THRESH. The combination of 

tracks satisfying the most of the following tests was 

accepted: 
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(i) The decay vertex extrapolation converged after 

less than ten iterations. 

(ii) Assuming both tracks to be pions, the V°  invariant 

mass was within 50 MeV of the Ks mass. 

(iii) The momentum of the Vo lay between 6 GeV  and 9 GeV  

(iv) After extrapolating the V°  to intersect the plane, 

x = xo(target centre), 

lyi _4. 50 mm 

Izi 	..4„ 50 mm 

(v) The V°  decayed inside the spark chambers' fiducial 

volume defined by 

)37-1 < 25.0 cm 

lz+50.01 4: 25.0 cm (N.B. The magnet 

axis lies in 

plane, z= -50 cm) 

and -90 cm 	x 4 + 80 cm 

Conditions (ii) and (iii) will reject V°s in a biased 

fashion. Events with short tracks will have large errors 

for the V°  invariant mass and V°  momentum and so will tend 

to be rejected. In particular, condition (ii) will tend to 

eliminate lambda decays. 

However, less than 20% of the events contained ambiguous 

V°s. The same cuts were applied to the unambiguous events, with 

only one V°  candidate. 



Test Fraction of unambiguous 

V°  events removed by cuts 
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negligible 

0.8% 

0.1% 

< 2% 

< 2% 

Therefore, the cuts will introduce a negligible bias. 

(b) Magnet Field Approximations 

In the track fitting and extrapolation, only the vertical 

component of magnetic field, Bz was used. This is justified 

in the uniform field region (x > -70.0 cm) since B is small 

everywhere. Also, although component, Bx, increases to 0.2T 

at a distance of 15 cm from the magnet axis, its effect is 

small as it acts on the transverse component of momentum, pyz. 

In the inhomogeneous field region near the polepieces, 

both Bx and B can be large though by symmetry they must be 

zero along the magnet axis. However, only component, Bz, was 

used in the field map. A sensitive way of checking this 

approximation is to compare the V°  invariant mass squared 

distributions for V°s decaying in the inhomogeneous and 

homogeneous field regions. This is discussed in Chapter 4.3. 

(c) Use of Beam Tracks and MWPC Information 

The beam track data showed the corrections, used in 

THRESH to compensate for distortion in the optical system, 

were inadequate. The corrections, which had been determined 
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in a previous experiment
(58) produced a finite curvature 

in straight tracks. Arbitrarily setting the corrections to 

zero removed the spurious curvature. The reason for the 

change is not known but the H.P.D., which measured the 

photographs, had been modified in the time between the 

present and previous experiments. 

No beam track data was taken in run 1. For runs 3 and 

4, beam tracks of positive and negative polarity were used 

to simulate a reversal of the magnetic field. The averaged 

beam track parameters for each run are shown in Table 3.3. 

The differences from run to run are outside the realm 

of statistical fluctuation. Nor can they be explained by 

different running conditions. In particular, the apparent 

change in momentum on reversing the beam polarity amounts 

to 1.2% . Previously
(58)1  when the magnetic field direction, 

instead of the beam polarity, was reversed the measured 

momentum (13 2g) changed by 0.3%. In the analysis of each 

run, the average beam momentum, calculated for that run, was 

used. 

As the beam traversed the target, it bent by 1 mrad cm 1 

in the 2.5T magnetic field. An accurate reconstruction of 

the interaction point in the target was therefore necessary-

to give a good measurement of the scattering angle. Beam 

tracks were used to align the MWPC coordinate system with 

the optical spark chamber system, used in the event recon-

struction. 

For runs 2 and 3, beam tracks were reconstructed in both 

systems and extrapolated to the plane, x = xo(target centre). 
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The MWPC coordinate system was shifted and rotated until 

the beam track parameters, (y1 z1AMmurpc, at the target 

centre agreed within errors with the measurement of the 

track in the optical spark chambers, (ylz'A'/%pt. A rep-

resents the angle of dip relative to the xy plane and t is 

the azimuthal angle in the xy plane. 

Plots of (y,z1AMmurpc  against the corresponding 

quantities, (y1 z, A lf)optjshowed that the errors of the two 

systems were well matched and the measurements positively 

correlated. 

For runs 1 and 4, a different method was employed. 

Using events on polarized butanol, V°s were reconstructed and 

extrapolated to the plane, x = xo(target centre). The average 

values (Y1-il-gli)vo  were compared with the average beam track 

parameters, (3712.137150mwpc, at this plane. Correlations could 

not be examined but, with a large number of events, the 

alignment of the MWPC coordinate system was made quite 

accurate. 

After aligning the two systems, the interaction point 

in the target could be found. This was obtained in the same 

way as the V°  decay vertex was determined from two charged 

tracks(58). If the iteration did not converge, average 

values for the beam track parameters were used. (If the 

MWPCs offered more than one beam track, the one with the 

best intersection with the V°  was chosen). 

If the MWPCs contained no beam track information, the 

interaction point was taken to be the target centre. 
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As output, the coordinates of the decay and interaction 

points and the parameters of all the charged tracks were 

written on magnetic tape. The output tape was read by GRIND(59) 

3.6 Kinematical Fitting 

As the trigger did not determine the final state part-

icles uniquely, GRIND was used to identify the event. The 

programme performed a kinematical fit to the data for each 

decay and interaction hypothesis. 

Letqi  . (i = 3n - 2, 3n - 1, 3n) represent (1.10) 

the nth measurement track (p is the track momentum). 

For each hypothesis, a quantity (x2)1  was calculated 

where 

(E 3.1) 
andGij  is the inverse of the error matrix. 

' 
1 -lb Variables 

P
— A, rare used since they are related approx-

imately linearly to the film measurements. Their error 

distributions are roughly gaussian. 

(?t2)/   was minimized under the constraint that four 
momentum was conserved but the momentum vectors were not 

required to intersect. Suppose the summation in equation; 

E 3.1, is expanded into its individual terms. If each term 

is distributed as a gaussian of mean zero and variance unity, 

(x.2)/ obeys the mathematical %2 distribution which is defined 

completely by the number of degrees of freedom, N1, in the 

fit. 
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Nf = (no. of constraint equations)-(no. of unmeasured variables) 

In the present experiment, three tracks (K,Tri-,7T) were 

measured leaving six unknown quantities: the K°  and recoil 

neutron momenta. Since four-momentum conservation at the 

decay and interaction vertices provides eight equations of 

constraint, 

N = 2 

Instead of performing an overall two constraint (2C) 

fit, a 1C fit was performed at each vertex in turn. For 

each hypothesis, a probability, P(X2), of obtaining a value 

of 	greater than 0(2)/ was calculated. 

The hypotheses tested at the decay vertex were: - 

K° 

A° -0 Or - 

1% -► 13.  7r+ 

e
+
e 

 

The fitted V°  parameters were then used in the inter-

action fit. At the interaction vertex, the hypotheses were:- 

K p en 

K-p 40T°  

K-p -*7C17.°  

The possible Fermi motion of the target proton was 

neglected. The last interaction is physically impossible 

since it conserves neither strangeness nor baryon number. 

Nevertheless, the anti-lambda hypotheses are useful in determ-

ining the extent to which kaons are identified as lambdas and 
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vice-versa. The kwon-lambda contamination is discussed in 

Chapter 5.2. 

Although, for an individual event, one cannot tell 

which is the most likely hypothesis, the distribution of 

P(7G2) values for a hypothesis, enables a statistical sep-

aration to be made. A cut at low PCX2) will eliminate not 

only events of a different type but also a fraction of the 

events which do genuinely satisfy the hypothesis. But if 

the measurement errors are adjusted so that the PCX.2) dis-

tribution is flat, the rejection of the latter does not 

bias the data. 

Let 	and 0-  represent the r.m.s. errors of the y and 

z coordinates of the sparks. Since the r.m.s. spark fluc-

tuation varied with track inclination, values, averaged over 

azimuthal anglel 1P, were used(58) 

cc-  = 0.15 + 2.2472  (mm) 

= 0.6 + 2.2 

Then for a track of length, L and radius of curvature, 

e the external errors were defined by:(59) 

The second term in M' takes into account the error 

produced by the extrapolation over a distance, Lext, between 
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the first spark of the track and the decay vertex. The 

correlation between .(1-* and211 was assumed maximal. 
The above expressions were used to calculate the 

elements of the error matrix. (t2)/ was calculated and 

constants, c and d, were adjusted until flat P(x.2) distrib-

utions were obtained. The final values were:- 

c = 0.65 

d = 0.6 

The corresponding  P(OO2  ) distributions for the hypotheses 

K ° ir and K-p K15  n are shown in Fig. 3b. 

For each event, output consisted of the point and track 

banks copied from THRESH as well as the fitted track parameters 

with their errors for all hypotheses in which P(G2) exceeded 

10-5. The Data Summary Tapes (DSTs) along  with the beam 

scaler information represent the raw data from which the 

polarization parameter is calculated. 

3.7 Event Losses 

At each step of the analysis chain, events were rejected. 

This may introduce biases into the data. But since the main 

function of the experiment is to measure an asymmetry, losses 

are unimportant as long  as they are the same for target spin 

up and down. In this section, we describe the loss of events 

at every stage of the analysis. 

(i) Scanning  

10% of the scanned film was rescanned and the variation 

ofIsc  between scanners noted. 
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(number of Vos observed  
sc number of photographs scanned ) 

For all the rescanned filmI llsc  differed by at most 3% 

for the two scans. To prevent such an inefficiency intro-

ducing a bias, each scanning girl scanned the same amount of 

film with target polarized up and down. 

(ii) Pattern Recognition (PR) 

Since no attempt was made to recover the V°s from 

rejected events, biases introduced by the programme could not 

be eliminated. 

We define an efficiency, film, by 

number of events with a Vo seen in PR and in scanning 
number of events with a Vo seen in scanning 

76R  varied from 0.85 at the highest beam intensities 

to 0.95 during the clean beam conditions of run 4. The 

average value was 0.92. The V°s missed by the programme 

were almost always accompanied by background interactions or 

beam tracks. 

742  gives an overestimate of the PR efficiency since 

the programme did not always find the same V°  as the scanner. 

The differences between the decay vertex position as estim-

ated by the scanner and calculated in the programme are 

histogrammed in fig. 3c. The long tails of the distribution 

show that for some events the wrong V°  is found. Assuming 

that the scanners can estimate the decay point to within 

four gaps (8 cm), we can conclude the PR finds the wrong V°  

in approXimately 10% of the events. This figure applies to 

conditions of high beam intensity when the photographs contain 

71, 
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background tracks. 

Thus for high beam intensity, the PR efficiency was 

approximately 0.77. This value represents a lower limit 

on the efficiency. The average PR efficiency was about 

0.90 and the same value was observed for events occurring 

with the target polarized up or down. 

(iii) Geometrical Reconstruction 

0.15% of the events failed to give an output record. 

The errors responsible were :- 

(a) input record was too long 

(b) more than two decay vertices or seven tracks 

were found 

(c) not enough fiducial marks were observed 

These losses should not bias the data. 

(iv) Kinematical Fitting 

Nine per cent of the events failed to give a decay 

fit with P(42) 	10-5. These events occurred equally on 

target spin up or down. In general, they contained several 

background tracks. 

The x(decay pt.) distribution of these "no fit" events 

decreased sharply from the F counter edge and the x(inter-

action pt.) distribution showed the V°s originated from the 

target region. Their V°  momentum distribution was rather 

flat and showed no "charge-exchange" peak. 

Therefore, these events probably consist of interactions 

in the F counters where the tracks have been wrongly paired 

by THRESH. This effect is independent of the target polariz-

ation. 
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Thus the two major losses of events occur in the Pattern 

Recognition and GRIND. Neither was associated with the 

target polarization. Also, since the same time was spent 

running with target spin up and down for all beam conditions, 

we can assume in general that losses in the analysis chain 

will not contribute to a spin up-spin down asymmetry. 



TABLE 3.1 

Breakdown of Events into Scanning Categories 

Beam flux (MHz) 2.8 1.8 

Fraction of photos containing V°s 0.45 0.70 

Fraction of photos containing a 

doubtful V°  0.09 0.06 

Fraction of photos containing a 

double Vo 0.01 0.017 

Fraction of photos containing a 

Vo and a background interaction 0.60 0.38 

Fraction of photos containing a 

Vo and background beam tracks 0.68 0.46 
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TABLE 3.2 

H.P.D. : Technical Information 

Length of photograph frame 	= 11 cm 

Least count (transverse direction) 	= 1.6/Um 

Least count (longitudinal direction) = 2.54 111m 

Scanning : in 90 jum steps 

5 ms/scan line 

1220 scan lines per frame 

Measuring time = scan time + positioning time 

= 8s 
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TABLE 3.3 

Beam Track Parameters 

Run Field Beam 
Polarity 

No. 
Events I iGeVit  

p 	c A  
(mrad) 

T 
(mrad) 

1 
(cm) 

30 
(cm) 

 A 

Li- -- 1 (b1 
P 	c  

2D,  
(mrad) 

A (i)  
(mrad) 

L. al. 
(cm) 

A(3, 
(cm) 

II + - 1174 -.12497 -2.73 +18.96 -.05 -50.3 .00269 7.22 3.96 0.75 0.25 
0 - 834 -.00132 -2.27 -12.98 -.3 -50.37 .00216 7.22 3.87 0.60 0.25 

+ - 1610 -.12722 -1.52 18.65 -.05 -50.4 .00279 7.67 4.66 0.65 0.25 
III 0 - 1391 +.00008 -.74 -13.87 -.035 -50.4 .00197 7.70 4.65 0.65 0.25 

+ + 901 +.12560 +1.25 -46.46 -.6 -50.45 .00216 8.57 4.90 0.7 0.3 

+ - 601 -.12617 +0.95 +17.95 -0.5 -50.3 .00278 7.28 3.02 0.75 0.3 
IV 0* - 869 +.00001 +2.86 -14.30 -0.3 -50.35 .00203 3.69 1.66 0.7 0.25 

+* + 812 +.12433 +3.03 -47.67 -0.7 -50.45 .00201 6.89 1.83 0.6 0.3 

N.B. (i) Each event survived cuts (a) length 7 m 

(b) residual 4 25JLrn (The residual is the r.m.s. 

displacement of sparks from the fitted track). 

(ii) * Beam tracks were taken with a small counter, placed 2 m behind E counters, 

in trigger. 
co 
rn 
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CHAPTER 4 

Accuracy in Reconstructing Events 

4.1 Introduction 

We have seen in Appendix 4 that the error on the 

polarization parameter is minimal when events occurring on 

bound and free protons can be distinguished kinematically. 

As the kinematical separation depends directly on the 

measurement accuracy, it is worthwhile describing the latter 

in some detail. 

The first three sections deal with the accuracy in 

measuring momentum and in determining the invariant mass 

squared and the decay point of V°s. No change was observed 

from the results of previous experiments, showing the 

approximations made in the event reconstruction concerning 

the magnetic field and distortion corrections are reasonable. 

Due to the large curvature of tracks in the high field 

region between the pole-tips, the accuracy in locating the 

interaction point in the target determines the error on the 

scattering angle and so on t. These effects are discussed 

in the fourth and fifth sections. 

In the last section, we describe the missing mass 

squared resolution. In particular, we discuss two anomalous 

effects: the asymmetry of the missing mass squared distrib-

ution and the t dependence of its width. We suggest the 

events occurring on bound protons cause both anomalies and 

90 
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show that the size of the effects agrees with that expected 

from measured Fermi momentum distributions. 

4.2 Accuracy in Measuring Spark Positions and Track Momenta 

Fig. 4a shows typical distributions of inverse momentum, 

' 
and of the residual, r. 

P 
For positively charged beam, the widths are the same with 

and without the magnetic field (as expected if the energy 

variation along the track is negligible). For tracks 1 m 

long, 

the r.m.s. error,6-(1) = 1.3 x 10-3  (GeV---)-1  

and the mean residual, 17  = 7.5)Um (on film) 

0.18 mm (in space) 

This corresponds to a maximum detectable momentum of 
Ve
1  770 G — without taking the spread in beam momentum into c  

account. For negative polarity tracks which traverse the 

desensitized region of the spark chambers, 6'(p) and 7; are 

20% larger. 

4.3 Accuracy in Measuring the V°  Invariant Mass 

If P1, p1 and P2, p2 represent the four - and three - 

momenta of the prongs of the V°, the V°  invariant mass is 

defined by 

2 
m  (P 

P2)2 p1p2 
 
02 

Vo 1 2 

where e is the V°  opening angle. 
Using THRESH output data and assuming both V°  prongs 

were pions, typical results were:- 
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(m 

V

2

°  ) 

	m  2 = 0.0004 (24)2  
 K°  

(GeV)2  and the r.m.s. error,r(m2 ) 	0.0055 
V°  

to the track lengths. The width of the m 2  distribution was 
V°  

similar to values recorded in previous experiments(46,58) 

As discussed in Chapter 3.5(b), a difference between 

the m 2  distributions for V°s decaying in the homogeneous and 
V°  

inhomogeneous field regions will show that approximating the 

magnetic field by its vertical component is unreasonable. A 

direct comparison is unfair, however, since V°s decaying in 

the inhomogeneous field region have track lengths on average 

10% larger than those of V°s in the uniform field region. 

Gluckstern(60) has shown that, for N measurements of 

equal weight and spacing along a track, the r.m.s. curvature 

error, c, is given by 

(720)2  
=z N valid for N>20 -1-5 

where r = mean residual 
and 8 . length of track, projected to a plane perpen- 

dicular to the magnetic field. 

In our case, the number of sparks, N, is proportional 

to the track length so that 

C oc  I 
elz 

Therefore, the dependence on the track length of the 

errors on momentum and opening angle are given by: 

m 0  denotes the mass of the K. No cuts were applied 
Kg 
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-4- 

_ 3 
and 0-  (0) c.c ec € 

i.e. a 10% decrease in track length will increase the momentum 

and angular errors by 25% and 15% respectively. 

Since 0-(m 2  ) 	pip2e (54131'
) 2 

 +cr(P2'
)  2 

 + 26-(e)  + 	r.. (60))'  
V° 	P1 	P2 	0 	02 

We expect the invariant mass distribution to be about 

20% broader for V°s decaying in the uniform field (i.e. 

70 cm) than for those in the inhomogeneous field region 

(i.e. x< - 70 cm). Experimentally, the widths are the same 

(Fig. 4b). 

So we can conclude that the approximations made in the 

event reconstruction concerning the magnetic field and dis-

tortion corrections are reasonable. 

4.4 Accuracy in Determining the V°  Decay Point 

As only KS decays after the F counters are accepted 

by the trigger, the downstream edge of the F counters provides 

a cut-off in the distribution of the x coordinates of the V°  

decay points (xdecay). The sharpness of the cut-off is a 

measure of the r.m.s. errorls-(x decay)* 

Let N(a) and N1(a) be the observed and true numbers of 

events with xdecay = a. 

Then as the K°s from charge exchange do not have a wide 

momentum spread, 
-a 

NI(a) E7  Noe ° 



N(x) = N 

-a 	-(x-a)  N2 

Lo 	2cr' 
e da 1  

4:42TP 

Noe 
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where a> 0,and a = 0 corresponds to the downstream edge 

of the F counters 
GeVo , 

and Lo  . 0.4 m (for 7.5 	s) 

Ifcr(x decay) is constant with xdecay  and the measurement 

error is gaussian 

(valid for all x) 

Since Lo is large, 
f
To 

can be neglected.a-can be found 

from the xdecay 
distribution. Empirically, we have 

1  
(xdecay) 	2 

 (xdecay (max. height) - xdecay (1 max height)]. 

From Fig. 4c(i), we can see the measured distribution 

agrees fairly well with the calculated N(x) if: 

d(xdecay
) = 1.0 cm 

This agrees well with values from other experiments 

where the tracks were extrapolated over similar distances 

but where the magnetic field was uniform. Again we conclude 

the inhomogeneous magnetic field has not produced a serious 

deterioration in the measurement accuracy of the apparatus. 

4.5 Accuracy in Locating the Interaction Point in the Target 

Letxint represent the x coordinate of the interaction 
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point in the target. Since the K°s produced in the target 

must survive the F counters to trigger the system, the true 

xint distribution, N1, can be represented by 

N1(xint a) = No e 	
Lo 

where b = target length, 

aEt0,13] and a=0 defines the upstream target edge, 

and Lo= 0.4 m as in the previous section. 

If the r.m.s. error, 6-(xint)'  is independent of xint, 

the measured distribution, N, is given by: 

	

b -(b -a) 	-(a-x)2  

N(xint=x). No 	2 	da Lo 	 2a- 1 

0 

= No e 	0 	e 	1 

-(x) 	6-2  
L 	° 

2 ‘rr  itozx 	_ 2 
b- 

dy 

Fig. 4c(ii) shows the shape of N(x) evaluated for L0  

infinite and for various values of6-(xint  ). Also shown is 

the measured distribution which has no sign of an exponential 

shape. A comparison between the calculated N(xint) and the 

measured distribution suggests: 

6- (xint  ) 	5.0 cm 

The accuracy improves as the scattering angle increases 

(Table 4.1). The large errors, even at large t, are due to a 

programming error in THRESH: beam tracks were extrapolated 

from the MWPCs to the target centre using the wrong magnetic 

_ix 6-  I 
6- Lo 
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field. This resulted in a misalignment of the MWPC and 

spark chamber coordinate systems by several mrad in the 

azimuthal angle. The effect on the final result was negligible. 

(N.B. This effect is not the cause of the asymmetric 

missing mass distribution, discussed in Chapter 4.7. The 

asymmetry was the same whether the MWPCs were used to obtain 

the beam track trajectory or whether the standard parameters, 

deduced from beam tracks in the spark chambers, were used). 

As the beam bends by 1 mrad cm 1  in the field between 

the pole-faces, 6-(xint)  is the main contributor to the error 

in scattering angle. 

4.6 Error in Determining t 

Let p1  and p3  be the momenta of the incident K-  beam 

and the outgoing K°s. Let 8 be the scattering angle. 
ad2 Then t =-pi.  p3w for charge exchange at 8 Ge

c
V  

If we disregard correlations, the error in t, at, is 

given by: 

[ Ilt = t2(-14'1) + t-H + 4 p32  [219,6,9 + (A9 ) 
n  2 	

2  Ap 2 	2  j2 
Pi 	P3 	

i 

2 where 	= 5 x 10-3  (from beam hodoscopes) 
pl 

and 	Ap3  = 0.091 GeV  (from Chapter 4.7) 

For events where no MWPC information was available 

(about 50% of the data), 

Ae= 7.5 mrad 
corresponding to an uncertainty in xint  of one half the 
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target length. For events with MWPC informational° was 

deduced directly from the measured4r(x int)' 

Table 4.2 lists At as a function of t for events with 

and without the MWPC information. 

4.7 Missing Mass Resolution 

Let P.1,  1 p.,  1 E.,  i m 	= 1,4) represent the four- and 

three- momenta, energies and masses of the incident K-, 

target proton, forward K: and recoiling nucleon respectively. 

Then the missing mass, m4, is defined by: 

m4
2 = P4

2 	(P1 + P2 - P3)
2 

m1  2+m2  2+m3  2-2E1  E3  +2E2  (E1  -E3  )+2E1  .E3  -2E2  .(E1  -23  ) 

• • . (E 4.1) 

E2  represents the Fermi momentum of the target proton. 

In GRIND, after a K: 	1T+117 fit has been performed 

to the V° decay, m42 is calculated assuming the target proton 

is at rest (i.e. E2  = 0). However, most events consist of 

interactions occurring on bound protons when E2  is finite. In 

this section, we show how the "bound proton" events lead to a 
2 m4 distribution which is asymmetric and whose width is 

dependent on t. 

(a) Asymmetry 

We discuss first the experimental evidence that the effect 

is genuine and is not an experimental bias. The m42 distrib-

ution peaks at the neutron mass, mn2. We define the asymmetry, 

h, by: 
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(no. events with m4
2> mn2) -(noi. events with m4

2< mn
2) 

h - 
total no. of events 

h = 14% for es  decay fits (independent of PGt2) cut) 

The asymmetry was independent of the V°  configuration 

and decay point. It was also the same for all values of t 

and for events reconstructed with and without the MWPC and 

hodoscope beam information. The effect was unlikely to be due 

to an error in the magnetic field map as this would produce 

a marked deterioration or shift in the V°  invariant mass 

distribution. As discussed in Chapter 4.3, no such effect 

was seen. 

The missing mass squared distribution was the same from 

run to run although the beam momentum did change inexplicably. 

However, when the runs were subdivided into sets of several 

rolls of film, corresponding to a few hours' running time, 

the mean value of m4
2 
was constant. We conclude that the 

asymmetry cannot be attributed to a varying beam momentum. 

Another possible explanation is that the target veto 

counters were slightly inefficient at detecting gamma rays. 

The resulting leakage ofirs through the anticoincidence 

system would manifest itself by a surplus of events at 

2 f m4 ) kmn  + m0)
2. This contamination is discussed in Chapter 

5.3 and is shown to be negligible. 

In a later experiment performed in the same beamline with 

essentially the same apparatus, the reaction, K-p K°n, was 

examined using a liquid hydrogen target. The pole pieces 

were removed so that the magnetic field was homogeneous 
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throughout the spark chamber volume. The data was analyzed 

using the same HPD and chain of event reconstruction prog-

rammes. In that experiment, where all the events occur on 

free protons, the m42  distribution was symmetric. 

The only differences between that experiment and the 

present one are the magnetic field and target material. 

Since all the accuracy checks suggest that the magnetic field 

map is reasonable, we conclude the asymmetry in the missing 

mass squared distribution is due to the events occurring on 

bound protons. 

Suppose all the events are K-p K°n and that the 

measurement errors can be neglected. Then, by equation E 4.1, 

m42=mn2=m12+m22+m32-2E1E3+2E2(E1-E3)+221.2.3-2p2.(pl-p3) 

(E 4.2) 

But the value of m4
2 

calculated in GRIND assumes E2 is 

zero. 

i.e. '11142 	+m22  +m32  -2E1E3+2m2(El-E3)+2pi.E3  

	

\ 	
ml
2  

GRIND ' 	=  

and by E 4.2, 

2 
Po 

(m42)GRIND = mn " 	" (El-E3) 	(R1-2.3)  m2  

(E 4.3) 

(since (n --2)  maximum 17-1 0.25 GeV  ) 

The second term on the right hand side will lower the 

mean value of (m4
2)GRIND while the third term will smear out 

the distribution. Both terms can be evaluated using the known 

Fermi momentum distributions of the protons in carbon nuclei. 
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Two factors complicate the calculation. The probability 

of observing a certain final state depends on the relative 

velocity of the particles in the initial state and on the 

cross-section of the reaction. Both quantities depend on 22. 
V For an 8 Ge --- K-, px 0.998, so that the relative velocity 

between the incident K and target proton is almost unity for 

all 22. Therefore, the relative velocity effect can be 

neglected. 

The energy dependence of the cross-section is a more 

important factor and it is this which produces the asymmetric 

(m ) 42 GRIND distribution. 	The Fermi motion of the target 

proton can produce large changes in the centre of mass energy, 

467. 

By definition, 

s = (P1+P2)2  = m12+m22+2E1E2-221.E2  

so that (s)minimum  = m124-11122+2E1(E2-Ip 2iI  maximum)  

and(s)maximum (s)maximum = 	2Imaximum) 

For example,if In I 	0.25 GeV 1-21maximum = 	' 

2  fqY) and 
(s  maximum)  = 12.66 (sminimum) 	 ) 	(g-gl r ( maximum 20.63 

corresponding to the centre of mass energies produced by 

kaons, of momentum 6.1 ag_Kand 10.42 1 incident on free protons. 

As the K-p charge exchange cross-section, 	has 

been parameterized by(61) 

dr 	, -1.43 
CEX 	(plab is incident K momentum) 



we have 
6ZEX(s  minimum)  _ 2.15 
6-cEX maximum} ximumf 

103. 

Events with p2  parallel to pi  will be more numerous 

than those with p2  antiparallel to pi, implying a resultant 

positive contribution from the third term of equation, 

E 4.3. The ( 	distribution will have a surplus of -m42)GRIND  
events with m42 mn

2
. 

We calculate the magnitude of this asymmetry in 

Appendix 5. It is almost directly proportional to the Fermi 

momentum. If the mean Fermi momentum, p21  is 0.16 GeV  (the 

value for bound protons in the I p shell of carbon), the 

expected asymmetry is 

h = h(p2) = 12% in good agreement with the measured value. 

(b) Width of the Missing Mass Distribution 

In the discussion of the asymmetry in the m42  distrib-

ution we have neglected measurement errors. In this section, 

we discuss the width of the distribution. We try to isolate 

the contributions to the width due to the measurement errors 

and to the random Fermi motion of the bound nucleons. We 

neglect the s dependence of the cross-section when calculating 

the effect of the Fermi momentum. 

The variation of the r.m.s. error,d-(m42), with t is shown 

in Table 4.3. 

The asymmetry, h, is affected dramatically by a cut on 

P(X2)CEX' the value of P(X2) for the fit to reaction, 

K-p K°n. 
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P(42)CEX 
	10-5 

	
>10-3 	.1 

h 
	

14 
	8 	1 

The effect of the cut, P(X2)CEX '°'1' on the m42  

distribution is shown in Fig. 4d. The distribution is now 

symmetric and has an r.m.s. width, 

(m42) . 0.17  (Gey)2  

in good agreement with data on liquid hydrogen, taken in a 

later experiment. 

Since the asymmetry, h, has been associated with events 

occurring on bound protons, the P(x
2
)CEX cut can be used to 

eliminate events with large 	We We assume that, for events 

with P(x2)cEx> 0.1, the measurement errors correctly describe 

the interaction: the four-momentum imbalance in the GRIND 

fit caused by the Fermi momentum of the bound protons can be 

neglected. Then the contribution of the Fermi motion to 

the width of the m42  distribution is given by: 

2 	2 
(c(m42,Fermi motion)) 	Or(m4

2
'observed)) - (cr(m429P(X0)cE1-1) 

Results are shown in Table 4.3. 

We now compare these results with values calculated 

from equation, E 4.3, using measured p2  distributions. 
(p72p)(62) and (elei  p)(63)  experiments on 12C nuclei 

have shown that the bound protons lie in two states with 

binding energies of 16.0 MeV and 34.5 MeV. These states 

correspond to the 1pa and lsi  levels in the Shell Model of 
A 

the nucleus. Regarding the bound protons as harmonic oscill-

ators in a potential well, the momentum distributions can be 



2ph) 
1p shell, .D(p) 	e ( - 

P 

	

	
where pb  = 0.075 GeV 

_I E 

_112  )2 

is shell, D(p) -i e 	a/ 	where pa  0.15 GeV 

2 

expressed by:(64) 
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Not all bound protons are equally likely to produce a 

charge-exchange event: events occurring near the nuclear 

centre will be absorbed. As the mean free path of kaons and 

protons in nuclei is of the order of the carbon nuclear radius, 

it is probable that the incoming K or the final state (K°n) 

particles will undergo inelastic collisions. Most reactions occur 

on the nuclear rim where there is least chance of the 

particles rescattering. 

For events with P(C)interaction >0.03, the effective  

number of bound protons in carbon able to participate in I{ 

charge exchange was 2.9 (Chapter 5.5). As the is shell 

contains two protons while the 1p shell contains four, a 

reasonable approximation is to assume only the 1p shell 

protons can participate in the observed K-  charge exchange 

events. 

In Appendix 6, the effect of Fermi motion in broadening 

the (m42) distribution is estimated by using Strnadss(64) 

momentum distribution for 1p shell protons in equation, E 4.3. 

The t dependence is given by: 

0--(m421  1p shell protons) = 0.193,4T 
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A comparison between these calculated values and results 

deduced from the measured distribution is shown in Table 4.3. 

The agreement is quite good. 

We conclude that events off bound protons can explain 

both the asymmetry of the missing mass squared distribution 

and also the t dependence of its width. 



TABLE 4.1 

Variation of 	
xinteraction) with t 

-t range 
(GeV)2 
11 	c 

4-(xinteraction) 

(cm) 

[0.0, 0.1] 8.0 

[0.1, 0.3] 5.0 

[0.3, 0.6] 3.5 

[0.6, 2.2] 3.0 

TABLE 4.2 

Variation of t resolution with t  
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-t 

(GeV)2  
At  (GeV)2 (GeV ]2 

c 	k c 
no MWPC information 	with MWPC information 

0.0 0.0036 0.0036 

0.1 0.038 0.038 

0.2 0.054 0.036 

0.5 0.085 0.040 

0.8 0.108 0.043 

1.2 0.132 0.055 

2.0 0.17 0.072 



TABLE 4.3 

Comparing Observed Effect of Fermi Motion with Calculated Value 

t range 
GeV 2 

e-(mI?, observed) 

V (Ge)2 

c 2 

Observed Effect 

a-(m:i2, Fermi motion) 2 

Calculated 
a-(m42' protons in 1p shell of carbon) 

(GeV )2   
c2 

c 
() 

(GeV )
c2 

(0.0, 	0.1) 

(0.1, 	0.3) 

(0.3, 	0.6) 

(0.6, 	2.2) 

0.17 

0.195 

0.205 

0.23 

0.0 

0.095 

0.115 

0.152 

0.042 

0.087 

0.143 

0.193 
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CHAPTER 5 

Analysis of the Data 

5.1 Introduction 

We describe the calculation of R, the target polariz-

ation dilution factor. Not all events, giving a K-p K°n 

interaction fit in GRIND, are Kp charge exchange. Some 

are A°  decays. Another source of contamination can arise 

from events where the X rays from Tr° decays give no signal 

in the target veto counters. 

We define CEX events by demanding P(7.2), 0.03 both for 

the decay fit, es  4 71+1-, and for the interaction fit, 

Kp 4 K°n. With these cuts both these possible sources of 

background are shown to be negligible. 

Using the CEX events, we define trigger rates, tr (X), 

for each target, X. 

tr(X) - no. of CEX events occurring on target, X  
effective no. of K-  incident on target, X 

From these trigger rates, we calculate, R, theprop-

ortion of events occurring on the free protons of butanol. 

Then the K-p charge exchange cross-section on hydrogen is 

deduced from the CEX data on carbon and compared with cross-

sections measured directly with liquid hydrogen targets. 

This serves as a consistency check on R. 

5.2 A Contamination 
Fig. 5b(i) shows the (missing mass)2  distribution of 

111 
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unambiguous A decay fits (i.e. events which satisfy only 

a A decay fit and no other). The origin of this unsolicited 

sample of As is discussed in Appendix 7. In this section, 

we show these events do not contaminate the CEX data. 

The momentum distributions of V°s which fit the A and 

A decay hypotheses are shown in Fig. 5a. Both show a 
"charge-exchange" peak between 7 GeV  and 8 GeV  The peak 

consists of events which also fit Ko decays (i.e. asymmetric 

K°  decays which can resemble A and A decays). The A 
distribution also shows a peak at 5 GeV  - 	These Vos do not 

give ambiguous K -A decay fits: they are genuine A decays. 

The probability of producing a A in the interaction 

is small since it must be accompanied by two other hyperons. 

We can therefore assume that all the A decay fits are 

asymmetric K: decays where the negatively charged particle 

carries most of the V°  momentum. As the same number of K°  

will decay asymmetrically in the opposite sense, we define: 

contamination _ no. A decay fits - no. A decay fits  A  
total no. of events 

= 0.002 for CEX events 

The distribution of $*, the decay angle of the V°  in 

its rest frame, shows this contamination is negligible. 	9* 

is defined as the angle between Evol  the V°  momentum in the 

laboratory system, and a, the momentum of the positively 
charged particle in the V°  CMS, 

1 
2 2  

i.e. cos 9* = 1 —(ci'L) 
q 

[ where ql  = component of g 

perpendicular to Evo 
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e For a A decayl (q
A
) 2  0.01 /GcV12  

while for a K: decay, (qK)2  = 0.043 (G:V)2 

If a genuine A decay does give a K: decay fit, q1.4:(qA) 

2 

0.875 

A A contamination will produce a sharp peak in the 
cos 0* distribution. As no such enhancement was seen for 

any t interval, we conclude the CEX events contain a neglig-

ible contamination of As. 

5.3 11 °  Contamination 

The R and F counters contain only 2.14 radiation lengths 

of tungsten. Also the open upstream end of the target anti-

coincidence box subtends 1.3% of the total solid angle 

measured from the target centre. Therefore a considerable 

leakage of 6 rays through the system appears possible. In 

this section, we consider the contamination from the reaction, 

K-p K°n Tiro. 
Ambats et al(18) GeV  at 6 -- and Killen et al(28) at 12 GeV 

have measured K-p K°n with target anti-counters which 

comprised only a counter immediately after the target, 

vetoing charged particles. Their distributions of missing 
, mass to the ICS,  m4, show the relative significance of the 

reactions, K-p 4 en -Tr°  and Kp -. K°n. In both experiments, 

m4 showed peaks corresponding to the neutron and Z1(1232) 
. 

[i.e. LI4PdITI 	The Li (1232) signal and the background at 

higher values of m4  was one quarter the height of the neutron 

( 

so that cos 9*> 1 -(d CIA 

clK 
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peak. Thus, the R and F counters need not be very efficient 

to reduce the background from K p 4 7117T°  to negligible 

proportions. 

In the present experiment, the data itself suggest 

the anticoincidence efficiency is rather good. There is no 

sign of a peak corresponding to the N(1470) [i.e. N(1470) YT 

the distribution of missing mass for es  decay fits 

(Fig. 5b(ii)). As the reaction, 	p 4A7r K 	, has a cross- 
GeV (25) 	„o 

section of several micro-barns at 8 -- 	the it peak 

should be comparable to the signal from the reaction, 

K-p 4 Anil'. So we can put a limit of 1% on the extent of 7T 

leakage (Fig. 5b(i)). 

The Tr° leakage may be greater for A(1232) decays. 

The cross-section, is( .pe e)1  increases with energy so 

a significant leakage might be possible for smaller values 
2 of m 2 	Also the m4  distribution (Fig. 5b(ii)) does show 

an asymmetry with a surplus Of events in the region of the 
o 

il(1232). However, the asymmetry cannot be due to H „ 

leakage for three reasons: 

(i)the data of Ambats and Willen give clear evidence of a 
,r0 Q (1232) peak in the n H background while the surplus of 

events in the m4 distribution shows no such structure. 

(ii)a"(' ie+e-) decreases by a factor 3.5 when the 	ray 

energy falls from 1 GeV to 10 MeV. Since the 7T leakage is 

negligible for high energy Xs (e.g. from the reaction K-p 

Mr and from N(1470) decays), it must still be insignif-

icant for 6(1232) decays. 

(iii)as the A(1232) has spin 2, the scattering is suppressed 
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when the initial state has little angular monentum (ie at low t). 

Therefore, the asymmetry should vanish as t decreases. In 

fact, it is independent of t. 
0 

iT We conclude the 11 leakage does not cause the asymmetry 

in the m4
2  distribution. Nor does it introduce a contamination 

into the CEX data. 

5.4 Trigger Rates 

Before calculating the trigger rates, some checks on 

the data were made. For each roll of film, three quantities 

were noted: 

(i) nb' the number of incident K. The value obtained 

from the beam scalers was corrected for accidental losses. 

Losses due to the F counters (Chapter 2.8) were the dominant 

correction. The beam was also corrected for random losses 

of film before the chain of analysis programmes (e.g. film 

was unmeasurable). Accidental event losses in the chain of 

reconstruction programmes were negligible. 

(ii) npR, the number of photographs remaining at the input 

to Pattern Recognition. 

(iii) rim, the number of CEX fits. 

CEXEX n" EX  ratios, RATIO 1= 
n 	

and RATIO 2=
n 	

, were used nb 	nPR 
to monitor the quality of the data. RATIO 1, propotional 

to a cross-section, should be constant for all rolls taken 

with a given target. It is sensitive to errors in the beam 

normalization and to the Pattern Recognition efficiency, 71 PR' 
RATIO 2 checks the quality of the data. It is inversely 
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proportional to the experimental trigger rate. Those rolls 

for which RATIO 1 and RATIO 2 varied by less than two stand-

ard deviation from the mean value, calculated from neigh-

bouring rolls, were used in the determination of trigger 

rates. This cut eliminated 6% of the CEX data. 

Values of RATIO 1, for each target and momentum slit 

setting, are given in Table 5.1. The spread in values is 

more than statistical. The reasons for this are: 

(i) l PR varies inversely with the beam intensity (Chapter 

3.7(ii)). 

(ii) the contents of the scaler, monitoring the level of 

accidental losses due to the F counters, were corrupted by 

pickup. The apparent level of accidental losses increased 

from 8% to 25%. 

To avoid these effects, trigger rates were calculated 

from Runs 3 and 4 when the pickup had been suppressed. Also 

we used those rolls of film which had been taken at lower 

beam intensity (i.e. momentum slit settings of -4 mm and 

±6 mm corresponding to an instantaneous beam intensity of 

-1.3 MHz). With these cuts, 317 rolls of film (about 60% 

of the total) were used to determine the trigger rates. 

Then the trigger rates were constant and were the same for 

butanol polarized up and down. This agrees with the con-

clusion of Appendix 8 that a left-right asymmetry in the 

detection efficiency of the apparatus produces a small 

difference in the measured butanol spin up-spin down trigger 

rates. We can combine the data on butanol spin up and spin 
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down. Final values for the trigger rates are given in 

Table 5.2. 

5.5 Calculation of R 

As discussed in Chapter 2.12, the target polarization 

is reduced by a factor,. R, where 

R - total no. events observed with polarized butanol target  
no. of events occurring on the free protons of butanol 

Let T(X) represent the trigger rate on target material, 

X, alone. T can be expressed in terms of the measured trig-

ger rates, tr (e.g. T(C) = tr(C)-tr(dummy)).41  

Then, with the nomenclature of Table 5.2, 

R - T(butanol)+T(empty)+T(3He) 	T(butanol)  
T(butanol) 	T(free protons) 

T(free protons) represents the trigger rate on the 

free protons of butanol. 

We split R into two components, R1  and R2, where 

T(butanol)  R - 1 T(free protons) 

tr(butanol)-tr(no3IIe)+tr(empty)  and R2  = - 1 = 
1 	tr(no3He)-tr(empty) 

(E 5.1) 

R2 can be determined directly from the trigger rates of 

Table 5.2. 

R2 = 0.23 - 0.05 

The error comes principally from the inaccurate meas-

urement of tr(no3He), the trigger rate with the butanol 

	

-tamet 	-owe 
41,t4.:.,t6,41. 0944, 2. r.z) 
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target but with the liquid 3He removed. 

R1 cannot be determined directly. It can be expressed 

as 

R1 

effective no.of protons (bound or free) in butanol (C4H9OH) 

no. of free protons in butanol 

4f1 + f2 + 10 

10 

where f1 and f2 are the number of bound protons in 

carbon and oxygen, respectively, which can participate in 

the reaction, K-p a en. 

Absorption of the incoming or outgoing particles 

reduces the effective number of protons, Z
elf' 

Only protons, lying on the nuclear rim, contribute to the 

reaction, 

i.e. Zeff..,  nuclear circumference c". (A)4  where A is 

the element's Atomic Weight. 

, 4 A(oxygen)   
f2 	A(carbon) 	

f 
 1 = 1.1f1 

so that R, = 1 + 0.51f1 	(E 5.2) 

f1 can be determined in two ways: 

1) Usifig the carbon target data, the K-  charge exchange 

cross-section, on carbon, d—c, can be found. alt divided by 

d-fp' the charge-exchange cross-section on hydrogen, gives 

f1 directly. However, an accurate beam normalization is 

essential and systematic errors arise in the comparison of 

different experiments. 



Now f = 0-  - T(6 	g T(fp) r(hydroe717 fp 	 AC 

(? c)  CH1.7 
Y = 	= 1.04 

e C 

c 	 f c H1.7 T(C) 	A(carbon) 
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2) As described in Chapter 2.12, polythene discs were used 

to simulate butanol. The effect of the free protons was 

found by using similar discs of carbon and performing a 

subtraction of the polythene and carbon trigger rates. 

Corrections must be made for the fact that the composition 

of the polythene discs was not exactly (CH2)n. Also the 

polythene and carbon discs did not contain equivalent 

masses of carbon. 

We prefer to use method (2) to calculate fl. Knowing 

fl  we then calculate 6-fp  from 476. 	A comparison of 

d-fp with the results from other experiments, which have 

measured the cross-section directly on hydrogen, serves as 

a useful consistency check (Chapter 5.10). 

Chemical analysis showed the polythene discs had 

composition, (CH1.7)n. They contained no oxygen. 

Also, the density of the carbon discslec  = 8.314g cm 2  

and the density of the polythene discs, 
CCH1.7 

= 9.858g cm-2. 

The effective carbon density in polythene, 6pc) 
CH1.7 

= 8.64g cm-2 

and the density of free protons in the polythene, (04, 
‘' 4- Pi
)  
CI11.7 

= 1.22 g cm-2 

We define a correction factor, y, where 
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(efP)CH1.7 _ T Tr) fp) 	12 e y (ec) 

(CD 
= 1.7y 

T 
T(fp) 

tr(C) - tr(dumm) = 1.7y ,r(cHi.7) yT(e)  

1.7yitr(C)-tr(dummy)]  
tr(CH1.7) - y tr(C) + (y-1) tr(dummy)1 .•• (E 5.3) 

Using the trigger rates of Table 5.2, we obtain 

f1 = 2.87 - 0.1 

and R1 = 2.46 - 0.1 

The errors on tr(C), tr(CH1.7) and tr(dummy) contribute 

equally to the error in R1. 

Combining R1  and R2, we obtain 

R= 3.03 ± 0.15 

In the next sections, we describe the dependence of 

R on the P(C2) cuts and on t. Then we discuss how the 

behaviour of R agrees with theoretical predictions. 

5.6 Dependence of Li  on P(C2) cuts 

f1 was always calculated using events which gave good 

Ko decay fits (i.e. P(t2) > 0.03). When cuts were applied 

to POO)int'  obtained in the K-p K°n interaction fits, fi  

varied: 

"t2)int 	>0.001 	>0.03 	>0.1 

f1 	3.14 ± 0.11 	2.87 ± 0.1 	2.72 - 0.08 

The variation of f1 supports the conclusion of Chapter 4.7 

CH1.7 
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that the excess of interaction fits, with P(x2)int < 0.1, 

is due to interactions on bound protuns. 

5.7 t Dependence of R 

The distributions, d  nCEX  , for each target were norm-

alized to the same effective incident beam using the average 

trigger rates of Table 5.2. Equations, E 5.1, E 5.2 and 

E 5.3 were used to calculate f11 R2 and R for various t 

intervals. Results are shown in Table 5.3 and Fig. 5d. 

While both fl  and R2  show sharp dips at t-'0, 1'1  also 
IGV)2  has a significant dip at -t--0.8(F-- . R can be expressed 

(within the errors) by: 

R = 2.08 ± 0.2 for -t 4 0.05 (GeV)2  

= 3.04 2: 0.14 for -t > 0.05 1GecV2 

The reasons for the t dependent structure are discussed 

in the next section. 

5.8 Explanation of t Dependence 

0(GeV)2  a) Dip at 

A single charge-exchange scatter on a bound nucleon 

will leave the nucleus in a final state, orthogonal to its 

initial state. The scattering matrix element between the 

initial and final states will then vanish as q, the momentum 

transferred, tends to zero. The Pauli Exclusion Principle 

will reinforce the orthogonality effect by forbidding the 

charge exchange, proton 4 neutron, unless q is large enough 
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fortheneutronto be lifted to an unfilled nuclear level. 

If R represents the nuclear radius, then these two 

effects are important when qR4 1 (i.e. when the wavelength 

of the recoiling nucleon is of the same order of magnitude 

as the nuclear radius). The target nucleon cannot then be 

regarded as free and the interaction with the nucleus as a 

whole must be considered. 

However, we have not taken absorption (i.e. initial and 

final state interactions) into account. The absorption can 

be expressed as a coherent scattering on the nucleus. 

Enough momentum can be transferred via these coherent 

interactions that the initial and final states in the charge-

exchange scatter are no longer exactly orthogonal. The 

amount of overlap between the wave functions increases with 

the absorption. Therefore, absorption allows the reaction 

to occur at small values of q despite the orthogonality 

effect and the Pauli Exclusion Principle. 

Glauber has calculated fi  for the charge exchange, 
- 0  GeV 

TT 	-, , at 6 --- for 40  Ca 69) f1(Ca) is constant above 

q = 0.13 c and falls to one third of this value at q = 0. 

We can deduce the expected behaviour of fl  for carbon. 

Since R-(A)1, we have, from the coherence condition, 
GeV qR 1, that fl  should be flat for q > 0.195 

i.e. -t > 0.04(GeV)
2 

Also, as the carbon nucleus is smaller than that of 

calcium, the absorption will be less and so the dip in fl  

at small t will be greater. In Fig. 5d, we see the dip 
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observed in f1 at ter0 is shallower and wider than predicted. 

For R2' the t dependence is given mainly by T(
3  He). 

R2 does tend to zero for small t as expected for the smaller 

helium nucleus where the effect of absorption will be less. 

b) Dip at -t-1.0(9--eie)
}2 

 

According to the multiple scattering theory, fl  should 
GeV)2  be constant for -t) 0.056 . But the effect of the 

Fermi motion of bound nucleons in widening the missing mass 

distribution increases with -t (Chapter 4.7). The Fermi 

motion gives rise to higher values of X.2  for the K-p K°n 

interaction fits. At higher -t, the cut on P(0) for CEX 

events rejects an increasing proportion of the events on 

bound nucleons. This effect is observed in f1 (Fig. 5d). 

In the expression for R2, E 5.1, the kinematical 

rejection of "bound" events affects both numerator and 

denominator so that the t dependence will be cancelled. So 

no dip at large -t is seen for R2  (Fig. 5d). 

c) Average Value, fl  

Kabig and Margolis(70) discuss the reaction, 1+N-+2+N1  

where 1 and 2 are incoming and outgoing mesons. N and N1, 

represent the initial and final nuclear states. By summing 

over all possible final states, N1, but forbidding particle 

production at the nucleon vertex, they calculate 

n 0-2) = 
id=-1  
(dt A 

do- 
protons 	for dt free 

nuclei of Atomic Weight A. n depends on cri and di the total 
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cross-sections of particles 1 and 2 in hydrogen. 

We apply their calculations to the reaction, K-12C 
"7 12 	GeV K 	B 	c At 8 - 	1 = d-2  = 23.6 mb =O. 

Interpolating values from the tables of Kolbig and 

Margolis, we have 

n(20Ne, 6- 16-) = 7.5 

Assuming absorption is strong, n "4  (A)1  

so that n(12C, 45-,er) = 6.34 

As only the bound protons can contribute to K charge 

exchange, we deduce f1 = 3.17 (cf f = 2.87 ± 0.1 empirically). 

The difference is due to the fact that some of the states, 

N, considered by Kolbig and Margolis are rejected by our 

experimental trigger (e.g. 	rays emitted from excited nuclei 

and recoiling neutrons can interact in the target veto 

counters). 

We conclude that the theory of multiple scattering 

gives a reasonable description both of the magnitude and 

the t dependence of f1  and R2. 

5.9 Cross-Section on Carbon 

In this section, we calculate the cross-section for K 

charge exchange on carbon. Then combining the result with 

the measured value of f1, we deduce the K charge exchange 

cross-section on hydrogen, cf-(K-p a K°n). Comparing 

or-(I{ 	K°n) with measurements of other experiments provides 

a check on our value of fl. 

First we discuss correction factors which must be 

applied to the data. 
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(i) Interactions of Recoiling Neutrons in Target Veto 

Counters 

The counter R5 measured this effect directly (Chapter 2.8). 

The proportion of CEX events with R5 giving a signal was 

0.023. 

As all the veto counter thresholds were set in the 

same way and R5 subtends a solid angle of 1.7 steradians at 

the target centre, the probability of a neutron interacting 

in the R and F counters = 0.17 ± 0.02. Therefore, the data 

must be multiplied by a correction factor, C1  = 1.2 ± 0.02. 

.(ii) c Ray Production 

A fraction, F, of beam particles, traversing the target, 

will produce 6 rays, which will reach the target anti-

coincidence counters and veto the event. F depends sensit-

ively on Tmin, the minimum kinetic energy of the electrons 

which can reach the anti-counters. An estimation of Tmin  

is difficult due to the large curvature of the electrons in 

the high field between the pole-faces. 

We take Tmin  = 10 MeV. These electrons will have a 

radius of curvature of 1.3 cm and a total range of 6.5 cm. 

Then the 6 rays should just reach the R counters which are 

2.5 cm from the target axis. 

On average, an incident K will traverse half the target 

length (i.e. 4.25 g cm 2  of butanol) before interacting so 

that 
(71) 

F = 0.036 
+0.2 

The corresponding correction, C2  = 1.03_0.1. The 
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errors are obtained by allowing Tmin  to vary by 50%. 

(iii) Detection Efficiency of the Apparatus 

The Monte-Carlo programme SPRUCE(44'45) was used to 

generate K-p charge exchange events uniformly along the 

target and uniformly in t. The K°  were allowed to decay 

as K°  4 1T 7-. The generated events were then subjected 
to the following cuts: 

a) E Counters 
one 

The intersection point (y,z) of -eaeir prong of 

the V°  with the E counter plane (x = +85.0 cm) had to 

satisfy 

-39.0 y +39.0 
(in units of cm) 

-89.0 4 z -4 -11.0 

These cuts lie inside the physical extremities of the 

counters. 

b) Fiducial Volume, A 

The V°  decay point (xa, 	vec' -dee' zdec had to lie  
in the region: 

-70.0 xdec _4 30.0 

-20.04 Vdec 	20.0 	(in units of cm) 

-70.0 

-  
zdec 4. -30.0 

43.2% of the generated events satisfied the cuts, a)  
2 

and b). The acceptance was independent of t for -442.0( 
The measured CEX events were also subjected to cuts, a) 

and b). Results for events on butanol and carbon are shown 

in Table 5.4. We define the detection efficiency correction, 

C3, by 
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(butanol, corrected for acceptance)  C3 	tr(butanol) 

From Tables 5.2 and 5.4, 

C3 = 1.535 ± 0.02 

(iv) Effect of Desensitized Region 

A volume, B, was defined by 

-40.4x 4  30. 

-20.4y 4  °. 

-70.4  Z4-30. 

This volume lies outside the desensitized region. Even 

if a prong from a V°  decaying in volume B does cross the 

desensitized region, there will be enough sparks near the 

decay vertex for the V°  to be recognized and reconstructed. 

The acceptance of the cuts, "E counters" and "volume B" 

as a function of t was again found using SPRUCE generated 

events. The same cuts were applied to the CEX data and the 

subsequent t distribution was corrected for the acceptance. 

This t distribution was compared with that obtained in the 

previous section, i.e. the distribution of CEX events 

satisfying the cuts, "E counters" and "fiducial volume A", 

and corrected for the acceptance of these cuts. Results are 

shown in Table 5.4. 

Since volume A contains the desensitized region, a 

difference between the two t distributions indicates P, the 

proportion of events lost due to the mylar. From Table 5.4, 

P = 0.16 ± 0.1 

and the loss is concentrated at small t. 

(v) Pattern Recognition Efficiency, PR  

As discussed in Chapter 3.7(11), the efficiency is 
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intensity dependent. The average value, 71 pR  = 0.90 ± 0.05. 

(vi) Interactions in the Target and F Counters 

The beam will be absorbed in the target. Also, the 

final state K°  can interact inelastically in the target and 

F counters. Both effects reduce the number of observed 

events. 

Fraction of K°  interacting inelastically in F counters = 

0.04. 

Fraction of beam or K°  absorbed in target = 0.06 ±.002. 

The error is due to the uncertainty in the effective 

density of the butanol beads. Therefore, the combined 

correction, C6  = 1.11 ± 0.002. 

All the correction factors, including the effects of 

the P(x2) cuts used in the definition of CEX events and 

branching ratios, K°  + K°  and K°  + TrIT-, are listed in 

Table 5.5. Combining them all, the total correction, 

= 8.60 - 0.9. Ctot 
The error is due to the uncertainties in the event 

loss in the desensitized region and in the pattern recog-

nition efficiency. 

The K-  charge exchange cross-section on carbon, 

can now be deduced directly. 

A(C) T(C)  
P
C 
 • tot N Avo k 

where A(C) = Atomic weight of carbon = 12 

ec  = density of carbon discs = 8.31 g cm
-2 

NAvo = Avogadro's number = 6.02 x 1023 
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and T(C) = Trigger rate on carbon (Chapter 5.4) . 

(15.0 ± 0.15) x 10-6. 

6 = 3.09 x 10-28 cm2 

= (309 1: 41))Ub 

Then the cross-section 
d- 

a-(K-p -p K n) = fC  
1 

on hydrogen, 

(108 ±15))Ab 

5.10 Comparison with Other Experiments 

In Fig. 5e, we plot values of o-Orp K°n) measured 

in experiments using a hydrogen target. The data of Astbury 

et al(23) provide a comprehensive set of measurements. 

An interpolation of their points gives 

0-(K-p in) =(87 10)/Lb 	at 8 GeV  

The agreement with our result is fair. We conclude 

that the effect of scattering on nuclei has been correctly 

estimated. 
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TABLE 5.1 

Measured Trigger Rates (RATIO 1) 

Let tr (A,B,C,D) represent the trigger rate measured 

from a series of rolls from run A taken with target C 

and momentum slit setting, -1-1) mm. B denotes scanned (s) or 

unscanned (u) film.- Units of measurement are 10-6. 

+1  - denote target spin up and down. 

butanol 	tr (1, s, 10 ) = 20.8 2: 0.6 
(1, s, 7.5) = 22.3 ± 0.5 
(1, s, +, 10 ) = 23.1 ± 0.5 
(1,  s, +, 6 ) = 23.4 ± 0.4 
(2,  s, +, 6 ) = 23.0 ± 0.9 
(2, s, +, 10 ) = 21.5 ± 1.5 
(2, u$  +1  10 ) = 22.1 0.7 
(2, u, 6 ) = 25.7 1-  0.7 
(2, s, -, 6 ) = -27.3 ± 0.6 
(2, s, +, 6 ) = 25.3 ± 0.5 
(2, s, +, 10 ) = 28..9 ± 1.3 
(2, u, +, 10 ) = 27.8 ± 1.5 
(2, u, -, 6 ) = 27.2 2: 1.1 
(2, u, -, 10 ) = 29.6 2: 1.1 
(2, s, -, 10 ) = 28.6 ± 1.3 
(3, u, -, 6 ) = 24.8 2: 0.5 
(3, u, +1  6 ) = 25.4 ± 0.5 
(3, u, -, 6 ) = 24.9 ± 0.5 
(3, u, +, 6 ) = 26.0 ± 0.5 
(3, u, -, 6 ) = 25.0 2: 0.6 
(3, u, +, 6 ) = 25.2 ± 0.4 
(3, u, -, 6 ) = 25.7 ± 0.7 
(3, u, +, 6 ) = 24.1 ± 0.7 
(4, u, -, 6 ) = 28.3 0.6 
(4, u, +, 6 ) = 24.2 ± 0.4 
(4, u, -, 4 ) = 24.7 ± 0.4 

(4, u, +2  4 ) = 24.5 I-  0.4 
(4, ul  -, 4 ) = 23.8 ± 0.3 

/cont'd 



TABLE 5.1 (cont'd) 

butanol 	tr (4, u, +, 4 
(4,s/u,+, 	8 

) 
) 
. 
= 
24.4 ± 0.5 
21.1 2: 0.7 

(4, s, -, 	8 ) = 22.0 ± 0.8 
(4, s, -, 	6 ) = 24.2 ± 0.5 
(4, s, +, 	6 ) = 23.8 1: 0.4 
(4, s, +, 	6 ) = 22.0 ± 0.6 
(4, s, -, 8 ) = 20.2 2: 0.6 
(4, u, -, 	8 ) = 22.2 ± 0.8 

carbon 	tr (1,  s, C, 	6 ) = 18.0 ± 0.8 
(2,  u, C,6/10) = 14.6 ± 0.4 
(3,  u, C, 	6 ) = 16.6 ± 0.4 
(4,  u, C, 6 ) = 16.5 ± 0.5 

polythene tr (1, s, CH1.71  6) = 26.1 ± 1.2 
(2,  u, CH1.71  6) = 24.8 ± 0.55 
(3,  u, CH1.71  6) = 25.1 ± 0.6 
(4,  u, CH1.7, 6) . 27.5 ± 0.6 

no 3He tr (2, 
(3,  
(4,  

s, no 3He, 
u, no 3He, 
u, no 3He, 

10) 
6 ) 
6 ) 

= 
= 
= 

26.2 2: 1.3 
23.4 ± 0.9 
21.0 ± 1.0 

empty tr (1, s, empt, 6) = 1.9 ± 0.2 
(2,  u, empt, 6) = 1.4 ± 0.2 
(3,  u, empt s  6) = 2.5 ± 0.1 
(4,  u, empt, 6) = 2.4 2: 0.1 

dummy tr (1, s, dumm, 6) = 2.0 ± 0.3 
(2,  u, dumm, 6) = 1.8 ± 0.14 
(3,  u, dumm, 6) = 1.6 ± 0.2 
(4,  u, dumm, 4) = 4.0 ± 0.3 

131 
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TABLE 5.2 

Final Values for Mean Trigger Rates 

umber of CEX events occurring on target, X Trigger rate, tr(X)-n effective no. of K-  incident on target, X 

tr (polarized butanol) = tr (butanol) 	= 	(24.6 ± 0.12) x 106  

tr (unpolarized 	3  
butanol i.e. with 	He 
removed) 	= tr (no 3He) 	= 	(22.4 ± 0.07) x 10-6  

tr (empty target) 	= tr (empty) 	= 	(2.45 ± 0.07) x 106  

tr (polythene (CH1.7) 
(26.3± 0.4 ) x10 6  discs) 	= tr (CH/.7) 

tr (carbon discs) 	= tr (C) 	(16.6 ± 0.6 ) x10-6  

tr (dummy target, 
empty) 	= tr (dummy) 	(1.6 	± 0.11) x 146 
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TABLE 5.3 

(-t) range 

tGeV1
/  2 

 
t 	c  

f1  R1  R2 R 

0.0 - 	.05 2.06 - + 	.13 2.05 + - 	.13 + .02 - .08 2.1 ± + 	.2 
.05 - 	.10 2.47 ± 	.15 2.26 ± 	.15 .28 ±- .10 2.9 ± 	.3 
.10 - 	.15 2.83 1. 	.19 2.44 ± 	.19 .19 ± .09 2.9 ± 	.3 
.15 - 	.20 2.83 ± 	.20 2.44 ± 	.20 .35 1-  .11 3.3 --!: 	.4 
.2 - 	.3 3.62 ± 	.25 2.84 2: 	.25 .24 1: .08 3.5 -1: 	.4 
.3 - 	.4 3.37 ± 	.29 2.72 ± 	.29 .21 i: .10 3.3 ± 	.45 
.4 - 	.6 3.52 ±. 	.31 2.79 ± 	.31 .29 ± .11 3.6 2.- 	.5 
.6 - 	.8 2.56 + - 	.31 2.31 + - 	.31 .27 -+ .18 2.9 + - 	.55 
.8 - 1.2 1.81 ± 	.23 1.92 ± 	.23 .32 2: .23 2.5 -2: 	.5 

1.2 - 2.0 4.66 ± 1.41 3.38 ± 1.41 .81 ± .54 6.2 ± 3.0 



TABLE 5.4 

No. events (K p K°n) generated by Spruce = 9996 

Cuts No. Spruce events 
Surviving 

Acceptance 
of Apparatus 

No. CEX events 
-t 4 2.0 

Observed Corrected 

Butanol Carbon Butanol Carbon 

a 

b 

a+b 

9885 

4324 

4323 

.989 

.432 

.432 

(uniform with 
t, for -t<2.0) 

16756 2283 38787 5285 

Effective incident beam 

acceptance corrected trigger rate = 

Butanol 

1026.58 x 

37.78 x 

6 10 

10-6 

Carbon 

216.03 x 

24.24 x 

106 

10-6 

/cont'd 



TABLE 5.4 	(cont'd) 

-t 

(Ge11)2  

No. Spruce evs Acceptance No. Events observed 
(for same incident beam) Corrected No. Events (x10-3) 

Generated in fid 
vol B 

(fid vol B) 

(%) fid vol B fid vol A fid vol B fid vol A 

0.0 - 0.1 1982 84 4.2 - 0.46 692 4453 16.5 	1.8 10.35 

0.1 - 0.2 1964 149 7.6 - 0.62 931 4680 12.3 	1.2 10.9 

0.2 - 0.3 2016 150 7.5 - 0.61 604 3190 8.1 	0.8 7.4 

0.3 - 0.4 1984 182 9.2 - 0.68 392 2106 4.3 	0.4 4.8 

0.4 - 0.5 2050 168 8.2 - 0.63 221 1212 2.7 	0.3 2.9 

0.5 - 2.0 500 40 8.0 - 1.2 412 2144 5.2 	0.8 5.0 

total = 49.1 - 5 41.4 

i.e. fraction of events lost in fid. vol. A = 	(•16 0.1) 



TABLE 5.5 

Cross-section Correction Factors 
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C1  = 1.2 ± 0.02 

C2 = + 	02 1.03 	6  - .01 

C3 = 1.54 ± 0.02 

C4 = 1.19 - 0.1 

C5 = 1.1 ± 0.05 

C6 = 1.11 ± 0.002 

C7 = 1.065 

C8 = 2.0 

C9 = 1.45 

i) Neutron interactions in target 
veto counters, 

ii) ‘ray interactions in target 
veto counters, 

iii) Apparatus acceptance (except 

desensitized region) 

	

) 	Desensitized region, 

v) Pattern recognition efficiency, 

vi) Absorption, 

vii) Effect of P(x2) cuts in 

defining CEX events, 

viii) K°  K°  s' 
+ 

ix) 
 

K°  4 TT IT
- 

9 
total correction, Ctot  = 7117 c.1  = 8.60 ± 0.9 1=1 
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EFFECT OF ACCEPTANCE ON TRIGGER RATE 
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CHAPTER 6 

Calculation of the Spin Up-Spin Down Asymmetry 
and the Polarization Parameter, Po  

6.1 Introduction 

Since a finite asymmetry can be produced by a non-

uniform acceptance of the apparatus or an incorrect beam 

normalization, several methods of calculating the spin up-

spin down asymmetry are discussed. The results are shown to 

be consistent. The asymmetry is unchanged when calculated 

for various subsets of the CEX data. (CEX events are defined 

in Chapter 5.1). Also, we show there is no up-down asymmetry, 

in accordance with parity conservation. 

Finally, we combine the measurements of the spin up-

spin down asymmetry and R. Po  is determined using the meas-

ured t dependence of R and also by assuming R is constant 

except in the first t bin. 

6.2 Formulae for the Asymmetry 

The differential cross-section expected with a polarized 

target is (from Chapter 1.4): 

	

2 	2 d 	d 

	

 
dtd 	

(1 p01'p 
if) 	dtd2 	'11 "s 	) (E 6.1) 

If pT  is the polarization of the free protons, PT  

represents the effective target polarization, PT  = PT. 
R 

The determination of R is discussed in Chapter 5.5. R and so 

PT are t dependent. 

So far we have not taken the detection efficiency (accept- 
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ance), A( y I t), into account. Using E 6.1, the differential 

cross-section measured with a polarized target can be expressed 

by 

d 

OM* 

(+1 -) 

d2cr (1 	P IP) A( ?,t) dtd 

The 

- 	 (E 6.2) dtd? 	°I 	cos 

represent target spin up and down respectively. 

If we integrate E 6.2 over a small enough t range 

(t,t+ At), - PT  and A(t) will be constant and so dt 

df 
ddr 

= 	(1 ± PoIPTI cos? ) At" d 

Let n 	be the numbers of events observed in the range, +I- 
t 6 (t,t+ At) and (p E ( (p , tP + 4 fp ), on target spin up and 

down and normalized to the same incident beam. 
f+ AcP 

Then n+ 4:"‘ li-d6-  (1 ± PoIP 	cos LP ) A(? ) dlp 

and we can define an asymmetry, 
V+A? 

Po  I PT  I 	A( t? ) cos 	(1? 
- n 

ASYM - 	 

A( )d ip 

If A( (p) is uniform, we have 

n+ + n- 	q+A(P 
(E 6.3) 

PoIPT1 = ASYM . 	1 	 (E 6.4)  

cost? 

where cos? = cos? averaged over the range ( te, +A ). 

Otherwise, equation, E 6.3, must be used. This can be 

avoided, however, if the number of events in the t range is 
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large. Then AV can be made sufficiently small that ASYM 

can still be calculated and the varia;;ion in A(92) is neglig-

ible. Then A(') will cancel and equation E 6.4 can be 

employed. 

i.e. [PoIPTI 
	

= ASYM . 
atp 

1 
cos tPt  

Pollyis then the weighted mean of the values [PoIPTI] Ay  
'calculated for each V)  interval. 

i.e. PoIPTI = 

N 
[Po IPTILP  

i=1[61Po IPTU) d(P • (E 6.5) 

  

 

1 

 

 

1 Ea-([Po1PTILM 2  

 

where N = no. of r bins, each of width a)  
and 06-aPOIPTILJ 	

cos 
, 0-(ASYM) 
y 

From Appendix 9, PoiPTIcan be expressed as 

n+ m  + 
*cos 	— 	cos yoi  

	

i=1 	J.' 

	

PoIPTI + 	
- 	 

n 	2 + 	n 	2 in- 
.2. cos r 

0  
. + 2 cos r• 

	

i=1 	j=1 

• (E 6.6) 

(valid for large numbers of events in each t interval 

and for small P0IPTI). n+ and n 

- 

denote the numbers of events, 

normalized to the same incident beam, observed with target 
in+ 

spin up and down. tr and r are the values of Y9  for each 
event observed with target spin up and down. 
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6.3 Methods of Calculating Po iPT( 

Po iPTiwas calculated in several ways to evaluate the 

effect of the non-uniform acceptance of the apparatus. 

I) Values of ASYM were calculated for each quadrant of IP. 

The detection efficiency was assumed constant. So equation, 

E 6.4, was used. 

i.e. 
o IPTI-  (cos 2 ) 

1 ASYM = 2  ASYM 

 

 

quadrant 

II) Variations in the detection efficiency were measured 

and these measured values were used in the determination of 

P0IPTI- 
For an unpolarized target, 01  should be constant with 

p. Any variation is direct evidence of a non-uniform accept-

ance, A( V)  ). The distribution of V was plotted for all the 
unpolarized target data and, for each V quadrant, the 

integrals Al  and A2  were calculated. 

Al  = IA(LP) LP ) d(f) 	and A2  = fA( 0 ) cost? d9 

cc 
 p

g: dv) 	i15--- cos IP a? dte 	dcp 

Results are shown in Table 6.1. (The measured variations 
A 

in Al  imply that the assumption of Method I that A(V) is A2 
constant induces a 5% error in the determination of P P

T
I ) 

Al  0I PoIPT I was calculated using the measured ratios, A. 
2 

Al  
i.e. Po IPTI = . ASYM A2  

III) This was the most accurate method. The value of V for 

each event was taken and equation, E 6.6, employed. 
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In Table 6.2 we list Po(PTI calculated by each of these 

methods. The differences are within the statistical un-

certainties. As the apparatus has a good acceptance for 

all azimuthal angles, the results are insensitive to biases. 

For example, beam normalization errors will cancel when 

averaging over all angles, i) 

6.4 Consistency Checks on Po IPTI and ASYM 

1) Using Method I, ASYM was calculated for each quad- 

rant. The results were consistent (Fig. 6a). This is a 

sensitive test of the beam normalization. If, for example, 

in the normalization the events observed with the target spin 

up are scaled by too high a factor, ASYM measured on the 

left hand side of the apparatus will exceed the value for 

the right hand side. 

2) Fig. 6b(i) shows ASYM is the same for scanned and 

unscanned events. As expected (Chapter 3.7(1)), the scanning 

has produced no bias in the data. 

3) In case we have not identified correctly the cause of 

the asymmetry in the missing mass, m4, distribution (Chapter 
2 4.7), we calculated ASYM for events with: m4  mn2   and 

with m42  ( mn2   (mn  denotes the neutron mass). Fig. 6b(ii) 

shows ASYM is unaltered by these cuts so that even if the 

asymmetry is due to another reaction it does not affect the 

final result. 

4) As the target is polarized vertically, parity conserv-

ation demands a zero spin up-spin down asymmetry when the K°  

is scattered up or down (i.e. ? = -2 7T - or —27). We look for 

such a parity violating asymmetry by assuming the target is 
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polarized parallel or antiparallel to the y axis. We define 

an angle ?i: 

cos 	= y1 . n 1 — 	where y1  is a unit vector along y 

axis and n is normal to scattering 

plane (Chapter 1.4) 

sin 1 	1 = (m . m)1  sign(m . K1) where m n x 

and K.1  is unit vector in beam 

direction 

The parity violating term, f PoiPTI] was calculated by 

replacing 'P by 	in equation, E 6.6. Results are shown 

in Fig. 6c. {Pc, T1} is compatible with zero for all t. 

We conclude that the procedure for calculating the spin 

up-spin down asymmetry does not generate a finite value of 

PoIPT
(
" 

6.5 Determination of Po 

The values of Po l IPTI1 obtained by applying Method III 

to the CEX data, were used to calculate Po. In this section, 

we combine the measurements of Pol Ppl and R. 

The polarization of the free protons of butanol, pp, 

was constant. The Polarized Target Group found 

Pp  = 0.63 ± 0.03 

Since the value of Rand so Pep  depends on t, we calcul-

ated Po in two ways: 

1) PT was calculated from the values of R found for each t 

range (Table 5.3). This is the correct method but, at large t, 
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the errors in R introduce large uncertainties into Po. 2 
Beyond -t = 1.2(GVo ) 1  errors are so large that the determin- 
ation of Po is meaningless. 

Results are shown in Table 6.3 and in Fig. 6.d. The 

errors shown are statistical only. They do not contain a 

5% systematic error due to the uncertainty in the target 

polarization. 

eV) 2  2) Since R is, within the errors, constant for -t 0.05(Gc-- j 1  
we calculate Po using values obtained in Chapter 5.7. 

2 
i.e. for -t < 0.05(

n2v
-1) 1  R = 2.08± 0.2 and l = 3.3±0.41  

'T 
2 

and for -t >0.05(GeV , R = 3.04-0.14 and A = 4.8±0.3 
T 

Results are shown in Table 6.4 and in Fig. 6e. Once 

again the errors are statistical. This method enables Po  to 

be calculated to higher values of t but at the expense of 

increasing the overall systematic error (now 8%). 

Both methods give essentially the same result. For 

small t, P is zero or perhaps small and positive. It is nega- o 	2  
tive at 	0.2/GeV) and remains negative and small c 

(p =-0.35) for higher values of ,t. We compare this behaviour 
with theoretical predictions in the next chapter. 
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TABLE 6.1 

Variation of Experimental Acceptance 

Al  = fAc tp d( and A2  = cosi') Aop 00 where the 

integrals are over a quadrant of if . 

t range 
GeV)2  

Al 	2 
2 . fr 

(pE (0,2) 99 E (-Ir- Tr) 2 7  f e(1/  ,*) (P6(.1' 277-) 

(0.0,0.3) 

(0.3,0.6) 

(0.6,2.0) 

1.061 
1.007 
1.002 

-.938 
-.943 
-.944 

-1.005 
-1.022 
-1.06 

.990 

.961 

.955 
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TABLE 6.2 

P.IPTI vs t 

For Methods I and II, PoIPTLwas calculated for each 

quadrant of 	and then the average value taken. 

-t range 
(GecVie 

Method 

P°I T1  I 

I 
-t range 

( 

(GeV)2 

Method II 

 Po TI 

Method III 

Porrl I 

0.0-0.1 -3x10-5 -+ 0.013 .0 	- .05 + -.01-.018 + -.011-.015 
.05 - .10 +.011.015 -.0021.014 

0.1-0.2 -.02 	1.0.013 .10 - .15 -.001.015 +.0201..014 
.15 - .20 -.041..016 -.0391..015 

0.2-0.3 + -.01 	-0.013 .20 - .3 -.01-+  .013 -.013-+  .012 
0.3-0.4 -.06 	±0.016 .3 	- .4 -.061.016 -.0511..015 
0.4-0.5 -.04 	±0.025 .4 	- .5 -.031..022 -.0471.019 
0.5-0.6 -.09 	±0.028 .5 	- .6 -.091.028 -.0871.025 
0.6-0.7 -.12 	±0.04 .6 	- .7 -.121..036 -.1261..032 
0.7-0.8 -.10 	1.0.05 .7 	- .8 + -.10-.045 + -.038-.041 
0.8-0.9 -.05 	±0.05 .8 	- .9 -.051..055 -.0481..048 

.9 	-1.0 -.071.065 -.0491..058 
1.0 	-1.2 -.161.055 -.154±.050 
1.2 	-1.4 -.161.075 -.1281.068 
1.4 	-1.8 -.031.075 -.0471.065 
1.8 	-2.2 -.07±.115 -.1791..095 
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TABLE 6.3 

vs t 

Po 'values as calculated in Method III are used. 

PT PR 
T where P. = 0.63 ± 0.03 =  

R allowed to vary with t. Values from Table 5.3 are 

used. 

t range 
(G:V)2 PoIPTI R 

1 
P0 PT  

0.0 - .05 

.05- .10 

.10- .15 

.15- .20 

.2 - .3 

.3 - .4 

.4 - .6 

.6 - .8 

.8 -1.2 

1.2 -2.2 

-.0111.015 

-.0021.014 
+ +.020-.014 

-.0391.015 

-.013-+  .012 
+ -.051-.015 

-.0621.015 

-.0931.025 

-.086-+  .030 
+ -.104-.042 

2.11  .2 

2.91  .3 
+ 2.9- .3 

3.31  .4 
+ 3.5- .4 
+ 3.3- .45 

3.61  .5 

2.91  .55 

2.5-+  .5 
+ 6.2-3.0 

+ 3.34- .35 
+ 4.60- .53 
+ 4.60- .53 
+ 5.24- .70 
+ 5.55- .70 
+ 5.24- .74 

5.72- + .80 

4.601  .87 
+ 3.98- .80 
+ 9.8 -4.8 

+ - .037-.05 

- .009-+  .065 
+ .+ .092-.065 
+ - .204-.083 
+ - .072-.067 
+ - .267-.088 
+ - .354-.10 

- .4281.14 

- .342-+  .14 
+ -1.02 -.65 



TABLE 6.4 

Po vs t 

R assumed constant for -t > 0.05 (GeV)2  

t range 

GeV 
2 PcPTI R 1 Po - P. T 

0.0 	- 0.05. 

0.05 - 0.10 

0.10 - 0.15 

0.15 - 0.20 

0.20 - 0.30 

0.30 - 0.40 

0.40 - 0.50 

0.50 - 0.60 

0.60 - 0.70 

0.70 - 0.80 

0.80 - 1.00 

1.00 - 1.40 

1.40 - 1.80 

1.80 - 2.20 

-0.011 

-0.002 

+0.020 

-0.039 

-0.013 

-0.051 

-0.047 

-0.087 

-0.126 

-0.038 

-0.043 

-0.145 

-0.047 

-0.179 

+ 
- 0.015 

+ 
- 0.014 

+ 
- 0.014 

+ 
- 0.015 

+ 
- 0.012 

± 0.015 

+ 
- 0.019 

+ 
- 0.025 

± 0.032 

± 0.041 

+ 
- 0.031 

+ 
- 0.040 

+ 
- 0.065 

+ 
- 0.095 

2.08 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

3.04 

± 
+  0.20 

+ 
- 0.14 

+ 
- 0.14 

+ 
- 0.14 

+ 
- 0.14 

± 0.14 

+ 
- 0.14 

+ 
- 0.14 

± 0.14 

± 0.14 

+ 
- 0.14 

+ 
- 0.14 

+ 
- 0.14 

+ 
- 0.14 

3.3 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

4.8 

+ 
- 0.4 

+ 
- 0.3 

+ 
- 0.3 

+ 
- 0.3 

+ 
- 0.3 

± 0.3 

+ 
- 0.3 

+ 
- 0.3 

± 0.3 

± 0.3 

+ 
- 0.3 

+ - 0.3 

+ 
- 0.3 

+ 
- 0.3 

-0.035 

-0.010 

+0.096 

-0.187 

-0.062 

-0.245 

-0.226 

-0.418 

-0.605 

-0.183 

-0.207 

-0.696 

-0.226 

-0.860 

+ - 0.050 

+ 
- 0.067 

+ 
- 0.067 

+ 
- 0.072 

+ - 0.058 

± 0.072 

+ 
- 0.091 

+ 
- 0.120 

± 0.154 

± 0.193 

+ 
- 0.149 

+ - 0.192 

+ 
- 0.312 

+ 
- 0.455 
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CHAPTER 7 

Comparing the Results with Theoretical 

Predictions 

7.1 Introduction 

By using SU(3) symmetry relations, charge and hyper-

charge exchange reactions can be described in terms of the 

same vector and tensor exchange amplitudes. We discuss the 

agreement of the measured polarization parameter in K-p K°n 

with the SU(3) predictions, deduced from the known polariz-

ation in hypercharge exchange reactions and in antiproton-

proton charge exchange. 

Also we compare the data with the predictions of 

several Regge Pole absorptive models. Although the "naive" 

absorption models predict Po(K-p K°n) correctly, they fail 

to describe the polarization in TT p charge exchange and the 
cross-section inequality of line-reversed reactions. There-

fore, we discuss the predictions of more sophisticated 

absorptive models as well as one model which describes the 

interaction solely from an s channel point of view. 

7.2 Comparison with SU(3) Predictions from Hypercharge 

Exchange Reactions 

We consider meson baryon scattering (01-+  4 0-1+) which 

proceeds via the exchange of charge or hypercharge in the 

t channel. The reactions are listed in Table 7.1. 

Martin, Michael and Phillips(73) have expressed the 
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amplitudes for these reactions in terms of the vector (V) 

and tensor (T) exchange contributions to en 4 K°p. They 

assume the exchanged meson belongs to an octet (JP = 1 or 2+), 

This assumption is supported by the success of the Barger-

Cline Sum Rule(34) and the suppression of I = -. exchange(74) 

As the reactions of class A in Table 7.1 can be described 

by the same Duality Diagram(75) Fig. 7a, they should be 

described by the same amplitude at high energies. So should 

those of class B. 

This assumption must be modified in two respects. 

Firstly, the (e, A2) and ( -K890,  " v1420) trajectories are not 
degenerate. To compensate for this, Martin et al introduce 

a factor, 1, definedby 

da 

= L
ia 1 

I s 	
where Lk= distance between the 

trajectories at fixed t. 

Secondly, the exchanged trajectories (e, A2, K890  and 

K1420) do not couple with the same strength to the meson and 

baryon vertices. As all the scattering particles considered 

are members of octets (0 or i+), possible SU(3) multiplets 

which can couple to the meson and baryon vertices are given 

symbolically by  

808 = 
0 

81) 
0 
e

a) 100 10 027 

Assuming octet dominance, the exchanged meson can couple 

symmetrically (D octet) or antisymmetrically (F octet) to 

the baryon-antibaryon vertex. At the meson vertex (00 4 1or 

2+), the D coupling coefficient is zero if the relative C 
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parity of the three particles is odd (i.e. e  exchange) 

while the F coupling vanishes if the relative C parity is 

even (i.e. A2 exchange)
(9). The coupling at each vertex 

can be expressed in terms of the F and D coupling constants 

multiplied by the appropriate SU(3) isoscalar factor and 

SU(2) Clebsch-Gordon coefficients to take into account the t 

channel isospin. 

With the term, 1, takinginto account the (el  K890) and 

(A2, 
 el420) mass differences, each amplitude of Table 7.1 

can be described by 1., the ratio of F coupling to the total 

(F + D) coupling of the exchange, and by the tensor and vector 

exchange contributions to en 4 Op. Results are shown in 

Table 7.1. The subscripts + and - denote helicity non-flip 

and flip. 

The polarization in Kp K°n can be predicted from 
+ + 

the polarization in Jr  p aK 	, i.e. 

(P 	(K -p K°n) - 	Po 	p K+.i.+) dt o dt 	IA12 	
1 	

((2r -1)(2-C-1) 

1Al 2 and 1: are obtained by comparing dt — for the 

reactions of class B at t = 0 where the helicity flip 

amplitude vanishes. 	is found by comparing 
P
o dt for the 

reactions, Tr+p 4 K+ £+ and 17p -, elk°. 
1 Martin et al assume 1AI 2 and 	are constant with t. 

Their prediction of Po(K-p 	
GeV K°n) at 7 	agrees well with 

GV
CCTV/ (Fig. 7b). - — e the experimental values at 8 	for -t<  

The disagreement at larger values of t is due to the abrupt 
e 2 (76) 

change of slope in X cep -0 K+  +) at -t . 0.4(GV7) 	. 

dr 	e e 
Since the shoulder in ci-v 	

GV 
disappears between 3 	and 14 Gc

V 
c 	1  

it is probably due to the contributions of s channel resonances 
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to the scattering amplitude(77) 

Therefore, the SU(3) predictions will be valid only at 

energies high enough for these effects to be neglected. 

We conclude that the prediction of Po(K-p en) from 

the hypercharge exchange data agrees well with experiment 

for small t where s channel effects can be neglected. 

7.3 Comparison with the SU(3) Prediction from Antiproton-

Proton Charge Exchange 

Martin et al(73) also point out the similarity of the 

reactions, K-p -, en and Flo 4 Rh. The latter proceeds via 

e  and A2  exchange although Tr exchange dominates at very 
small t. Since both initial state particles have spin 1, 

the reaction can be described in terms of five amplitudes. 

Assuming 

(i) natural parity exchange dominates (i.e. Ti exchange 

can be neglected) 

(ii) helicity double flip amplitudes are negligible 

(iii) the helicity flip and non flip terms are prop-

ortional to the meson-baryon scattering helicity 

amplitudes, 

then f(TP 4 11.11) *N. 	2A2  (i.e. proportional to 

f(K-p K°n)). Therefore, the polarizations for the two 

reactions should be similar. 

Po(fp Rh) was measured at the same time and in the 

same experiment as Po(Kp K°n) but the IT interactions were 

detected in a different set of optical spark chambers(78)  

The two sets of data were analyzed separately. Fig. 7c 

shows a comparison of the polarizations for the reactions. 
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The good agreement suggests the rather drastic assumptions 

made concerning f(iip 4 WO are valid. 

7.4 Comparison with Regge-Pole Absorptive Model Predictions 

The measured values of Po(K-p K n) disagree with the 

predictions of models based purely on Regge Pole exchange 

(cf Figs. if and 6d). Also P is non-zero, contradicting 

the evidence for (e,A2) Exchange Degeneracy (Chapter 1.11). 

Therefore, some modification of simple Regge Pole exchange 

is required. 

i) "Naive" Absorptive Models 

In these models, simple Regge Pole exchange is modi-

fied by an additional elastic scattering, represented by 

Pomeron exchange. By considering the phase difference 

between the pure Regge Pole term and the Regge Pole-Pomeron 

cut, Michael(37) has shown that reactions described by a 

"rotating phase" amplitude will have a polarization which is 

positive for small t and negative for larger t. 

Meyers and Salin(79)  and Blackmon and Goldstein(8Q)  

have predicted Po(K-p K°n) by considering the exchange of 

the e  and A2  trajectories and taking into account absorption. 

The Pomeron amplitude is considered to be purely imaginary. 
,4)2 

Both models are in good agreement with the data for -t41.0(
n

c'°' 

(Figs. 7d and 7e). 

Adjei et al(81) also consider the effect of absorption 

on the Regge Pole amplitudes. By using the symmetry scheme, 

U (6,6) x 0(3,1), they describe a wide range of two body 

reactions in terms of the eNN coupling constant and the 

decay width. Their model predicts values of Po(K-p K°n) 
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which are more positive than the measured values for all t. 

We conclude the models which combine absorptive cuts 

with Regge Poles successfully predict Po(K-p 4 K°n). How-

ever, they are inadequate in other respects. They fail to 

describe the inequality of the cross-sections of the line-

reversed reactions, K p 4 K°n and en 4 K°p, and to fit the 

polarization in TI p charge exchange. More complicated 

absorptive models were proposed to describe these effects. 

ii) "Sophisticated" Absorptive Models 

The basic fault of "naive" models is that they assume 

the real and imaginary parts of the helicity non-flip 

amplitude experience the same absorption. An amplitude 

analysis of TIN scattering(82)  has shown that: 

a) f+- and Re f++ can be described adequately by a 

pure Regge Pole amplitude 

b) Im f++' absorption must be taken into account 

i.e. Im f++ - Jo(R) where R is the radius of 

interaction 	1 fm. 

Alternatively, Harari has proposed a Dual Absorptive 

Model(83)  where 

Im fn 	Jn  (Ri) where n denotes the helicity flip. 

The Re fn are calculated from the imaginary parts. 

The models described below all try to satisfy the 

requirements of amplitude analysis by altering the absorption 

slightly. All give predictions for Po(K-p 4 K°n). We 

describe these predictions in the next sections. 

7.5 Model of Ringland, Roberts, Roy and Tran Thanh Van(84) 

The authors adjust the phase of the absorptive cut to 
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fit the Tr N charge exchange polarization and also line 

reversal symmetry breaking (for K-p K°n and en Op). 

They assume exchange degeneracy. 

The signature factor of each Regge Pole term is split 

into its real and rotating phase parts. For the rotating 

phase part, the absorptive cut is calculated normally 

(equations E 1.7 and E 1.9) while for the real part the cut 

is modified arbitrarily by a factor, i. Best fits are 

obtained with cuts applied only to the helicity non-flip 

amplitudes. 

Since the amplitude for K-p 4 K°n has rotating phase, 

the prediction for Po(K-p 4 K°n) is similar to that of a 

naive absorption model. The prediction for Po(K-p - K°n) 
at 5  GeV is shown in Fig. 7d. It agrees rather well with 

experiment. 

7.6 Model of Hartley and Kane05) 

In this model, zeroes are introduced into the full 

amplitude by the absorptive corrections and not by the Regge 

Pole terms. Also absorptive cuts are used in the calculation 

of both the helicity flip and non-flip amplitudes. The model 

differs from other strong absorption models in that the 

Pomeron is not purely imaginary but has a real part which 
GeV) 2  changes sign at -t 0.6 	. 

The prediction for Po(Kp 4 K°n) at 6 2-Z-1.  is shown in 

Fig. 7d. Like the model of Adjei et al, the predicted 

polarization is more positive than the measured values (at 
2 

least for -t 4.0.6 (GeV) ). c 
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Support for this model comes from differential cross-

section measurements of the reaction: 7T -p -) Tron, (86) 
o (87) (88) 	GeV TT p 	n 	and K-p 4 K n 	at 40 c  . These meas- 

urements violate the modified Barger-Cline Sum Rule (E 1.11) 

and suggest 

dcr / n -+ 4 K°  p) 	der k n K p) 	K-p en) dt 	dt 

Hartley and Kane predict such a line reversal symmetry 

, breaking. At 8 LILT they show the cross-sections should be 
Tr equal while, above 20 --- they predict °di-  (en K°p) 

 should be 50% larger than ct  d(K p 4 Ko  n). 

7.7 Model of Girardi, Lacaze, Peschanskil  Cohen-Tannoudji, 

Hayot and Navelet(89) 

Girardi et al assume the idea of Regge Pole exchange, 

modified by Regge-Pomeron cuts, is basically correct. 

Agreement between the naive absorption models and the meas-

ured TT p charge exchange polarization can be restored by 

altering the phase of 1.1.1.  slightly. They ascribe this small 

correction to absorbed Regge-Regge cuts. 

As discussed in Chapter 1.12, Regge-Regge cuts are 

forbidden in K-p 3 K n. So too are Regge-Regge-Pomeron 

cuts. Using duality diagrams, the authors show that Regge-

Pomeron-Regge (RPR) cuts are allowed, however. 

Exchange Degeneracy was assumed and a good fit to 

P (7TP 4  Tr
o
n) was obtained by considering RPR cuts. With 

the same fitted parameters, Po(K-p 4 K n) was predicted. 

Fig. 7d shows the agreement with the experimental points is 



good. 

As the energy increases, RPR cu-i.s will become less 

important and the model's predictions will coincide with those 

of the naive absorption models. A measurement of Po(TT p 

will Trin) at a beam momentum above 20 s- — will provide a good 

test of the model. 

In Fig. 7e, we compare the predictions of these models 

with Pot calculated assuming R constant. This allows us to 

make the comparison at larger t values. '' 

models suggest a change of sign of Po  at -

the data shows Po remains negative. This 

e see that all 

t 1.3( c/21rwhile 

suggests that even 

"sophisticated" absorption is not entirely correct. 

Although models (84) 	(89) and 	give rather better predict- 

ions of Po(K-p 4 K°n) than model (85), we cannot select the 

best model on the basis of the experimental data. The fact 

that each model had been adjusted to fit the measured 
„0 

polarization in TTp-oll n ensures a good prediction of 

Po(K-p 4 K°n). 

Despite describing the bulk of experimental data, Regge 

cuts are not entirely self consistent. Ringland(15) has 

pointed out that some reactions, apparently well described 

by absorptive Regge cuts show a marked increase in slope of 

their differential cross-section as the energy is increased. 

This implies the effective Regge trajectory for that reaction 

has slope unity. However, in Chapter 1.8, we have seen 
that an absorbed Regge cut can be approximated by a Regge 

trajectory whose slope, °t off, is less than that of the 

Pomeron (i.e. in general 0<off  Z. 0.3). 

This difficulty is avoided by a model which describes 

166 
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a reaction by its s channel properties. 

7.8 Dual Peripheral Model 

Schrempp and Schrempp(90) postulate that for large s 

and small t the scattering amplitude is built up of s and u 

channel peripheral resonances. They consider only one 

complex Regge trajectory, c4(s), where 

Re G.A(s) + 	KsR where Ks = CMS momentum 

and again R = radius of interaction 

I.-- 1 fm 

Im 0((s) is deduced from Re c<-(s). 

The resulting amplitude, A, has a Regge-like behaviour. 
«(t) 

A —p (s) 
(log 0r where 0((t) is a non-linear t channel 

trajectory, 

Z(t) 	_ 
-n- 

The effective trajectory, cKerf, deduced from 7T p 

differential cross-section measurements in the momentum 

range, 5.9 to 48 GCV,agrees well with this parameterization 
e12  (for -t > 0.25 (GV ). c-- j 	 2 

The model is valid for -t > 0.25 (Ge--
V-) . It predicts 

the cross-section inequality for Kp 4 K°n and en Op 

and relates it to the polarization, Po(K-p 4 K°n). 

1"E( p dt en K°) 	GeV Given that 	2.8 at 2.3 

dt (K-n 07n) 
GeV the model predicts that at 8 



1t 
(1.(4"n K°p) 

1.13 
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(K-p R6n) 

 

and Po(K-p 4 K°2) -0.35 (independent of t but with 
/) -t 0.25 tGe cV/ 

Both these predictions agree with experiment. The 

model fails to fit Po(TT p 	Tr n), however. 

7.9 Conclusions 

We conclude that the measurement of the polarization 

parameter rules out the possibility of pure Regge Pole 

exchange in K-p K°n. Also since Po(K-p 4 K°n) is finite, 

the strong Exchange Degeneracy of the e  and A2  trajectories 

is violated. However, weak Exchange Degeneracy (i.e. 

equality of the trajectories only) is still consistent 

with the data. A measurement of the polarization parameter 

in en -, K°p would check whether Po(en 4. K°p) = -Po(K-p.4K°n) 

and so test this hypothesis immediately. 

The addition of absorption (Pomeron exchange) to pure 

Regge Pole exchange is sufficient to explain the polarization 

results. From Chapter 1.12, since the predictions of absorp-

tive cut models agree with the data but strong Exchange 

Degeneracy is broken, we can say that the absorption is not 

complete (i.e. the Pomeron is not purely imaginary). Other 

models, which modify the (Regge Pole + Pomeron) exchange in 

order to account for other data,also describe Po(K-p 4 K°n) 

satisfactorily. There is an indication, however, that 

agreement may be lacking at large values of t. 
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The measurement of the polarization parameter in K-p 

charge exchange does not, by itself, provide an unambiguous 

test of phenomenological models. Since its amplitude is 

predominantly helicity flip, Reg;e cuts are relatively 

unimportant. (Although Regge cuts are not apparent from the 

KN charge exchange cross section data, their presence is 

clearly demonstrated by the non-zero Po(Kp 4 On)). 

Since all the charge and hyper-charge exchange 

reactions of Table 7.1 can be expressed via Duality and 

SU(3) symmetry in terms of two amplitudes, knowledge of 

Po(K-p 4 K
°n) provides a consistency check on the polar-

ization of the hypercharge reactions. Agreement is good 

so that the behaviour of the hypercharge exchange amplitude 

can be inferred from the amplitude analysis of TIN scattering 

(and vice-versa). 

Further progress in phenomenology will rest on continued 

use of polarized targets and on performing experiments at 

higher energies. The impact of polarized targets on high 

energy physics has been striking. A comparison of Figs. if 

and 7d shows how much models have been refined largely as a 

result of the more detailed information on amplitudes 

provided by polarization measurements. With a polarized 

target, not only is the determination of Po  relatively 

simple but also the helicity amplitudes can be determined 

completely: either by rescattering the recoiling baryon 

and measuring the asymmetry in the differential cross-section 

or, for a recoiling hyperon, by measuring the decay products 

of a parity violating weak decay which analyzes the polariz- 
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ation of the baryon. The latter method is particularly 

useful for hypercharge exchange reactions (the amplitudes 

of the charge exchange reactions can be deduced using the 

SU(3) relations). Phenomenological model predictions can 

then be compared directly with the helicity amplitudes 

rather than dips and zeroes of differential cross-sections 

and polarizations. 

We have seen that measurement at high energies provide 

decisive tests for some models. Also Regge Cuts are less 

important at higher energies so perhaps amplitude can be 

expressed purely in terms of Regge Poles. This will make 

it easier to parameterize the data and to select the best 

model. 

Therefore, the study of charge (and hyper-charge) 

exchange reactions will continue to play an important part 

in understanding the behaviour of the scattering amplitude 

and so in the development of phenomenological models. 



171 

TABLE 7.1 

Amplitudes for Charge and Hyper-Charge 
Exchange Reactions 

Reaction 
Exchange Regge 

trajectories Amplitude, .14_ 

A (i) en 4 K°p 

(ii) K-p 4 TT°A 

(iii) K-P "' 71-7-  

e, A2  

* 	* 
K
890' K1420 

* 	* 
K890,  K1420 

(T+ - V+) 

A i= (2T
++1)(r+ - v+) 412 

- A(2 T.+ -1)(T+ - V+) 

B el  A2  

4 90' K1420 

K8901 K1420 

- 	T+ + V+) 

- — 	+ V+) i A g  (2i:  ±+ 1)(T+   

- A (2 T
+ 
 - 1)(T+  + V+) 

(i) K-p 4 K°n 

(ii) 77--P 4 K°A  

(iii) IT p -, IC+1- 

C 
0 

	

(1) 	TT p 4 	Tin 

	

(ii) 	772-p -r. 71 ,  n 

e 

A2 

-g-  v+ 

iff T+ 
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APPENDIX 1 

The Density Matrix 

Suppose the particles are independent and are in 

completely specified eigenstates, 	= 1,2, ...), and 

that the probability of a particle being in state, lolm 

is pm. 

Let 1/In7 (n = 1,2, ...) be another complete set of 

eigenstates of the system so that 

	

km? = 	/PnVnie<m > 

The density matrix, e, is defined by 

	

enn' . = 	 = 	nk m m m )P (c< IP 1) m 	n 

e is hermitian and has unit trace. For a baryon of 
1 spin -f, e will be a 2 x 2 matrix. 

Hence, 

e = yi 6-. P) 

where 1 represents the unit 

matrix and e-. P = 6"- P +.0- 13 1-6-P 1 1 2 2 3 3 
where e6'2 ander3 are the 

Pauli matrices. 

TheP1 . are complex numbers. 

The expectation value of any operator, X, is given by 

!X> = pm <0(m X/ am 

„„,<.‹mlpn>on i x Ipn,>< 	°<m) 

4,P,AciPn><Pnix/Pni) 

= tr (e x) 

In Chapter 1.4, we use this relation to relate P to the 

polarization of the baryon. 
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APPENDIX 2 

Possible Regge Pole Exchanges for 

K-p 4 K°n and en 4 Op 

Firstly, we express the scattering  amplitude for 

K-p 4 K°n in terms of the amplitudes for K-p and K-n elastic 

scattering. 

We omit the helicity indices. 

Let Ao = f(K-p 4 K°n) 

Al  = f(K-n K-n) 

and A2 = f(Kp 4 K-p) 

Decomposing  the initial and final states into their 

isotopic spin components gives 

K-p 	- 1M11  + 	= 	111,0 - 10,0)i 
o 	I1 4. )111 - 1> 

Kn 4  11, 	- 	= 11, '-' 1) 

Let ao and a1 be the scattering  amplitudes for states 

of isotopic spin 0 and 1 respectively. 

Since Kn forms a pure isospin state, Al  = al  

For the K p interaction, the final state is a mixture 

of isospin states which can materialize into K-p or K°n. 

Kp 4 al  )11110› - ao 	10,0) 

	

= al  4[2 Ill 	1)111 - 2 4. A ill - l)Ill 	1)J 

ao 	111 + 	- 	- 2  141 - 
Identifying  the final states by their isotopic spins, 

we find 

aa°) 1 -11> 	;d1K P> Kp 4 	- -2- MK 	2 
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so that 
	

Ao  = 2 (al  - ao) 

A2  = 1 (al  + ao) 

f(K-p 	K°n) = f(Kn Kn) 	f(K-p 4 K-p) ... A(2.1) 

Now consider KN elastic scattering. In the t channel, 

the two boson (KR) system ensures the total wave function is 

symmetric. 

i.e. (-1) p = +1 
	

where e and p are the angular 
momentum and parity of the system 

Therefore, only natural parity exchange is allowed. 

Possible Regge trajectories of zero strangeness are: 

P, w, e, A2, 

P + - - + J 	0,1,1,2 , 	2+  

In K-p and K-n elastic scattering, the upper vertices 

are the same while the lower vertices are different (5p or 

Tin). Since I3 (RN) = 0, exchanges of isospin zero and one 

are possible. The isospin states have the following decom-

position. 

lo, o> = 	i> 11, - I> - 2 i2, - 	÷ 
= 4 2 1pp + nni 

Similarly, 111  0> = 2 [Tp - iTn] 

Therefore, the isospin one exchange contributes with 

different sign at the -51) and nn vertices. 

Let f(K-p K-p) = P +ty + e 	f + A2  

Then f(K-n 4 K-n) = P A-L0./ - e 	f - A2 

so that from equation A2.1 

f(K-p K°n) = -2(e+ A2) 
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K-I-n -+ K°p is the u channel of K-p -4. K°n. Since the 

amplitudes of odd signature exchanges reverse sign for 

s'u crossing,(2) 

f(en --p K°p) . +2e- 2A2 



APPENDIX 3 

Effectiveness of Mylar Strips in Reducing 

the Number of Background Tracks 

Suppose the particles arrive down the beam line at a 

rate 2) (MHz). Let the spark chamber memory time belGiUs. 

If the time interval between two beam particles is 

random, their probability distribution is Poissonian. 

i.e. probability of observing n particles in time, T, 

n 
ni 

In our case, 

.2) = 1.8 MHz and ti = 1.3 alts 

Prob. of observing background tracks 

= 1 - 	= 0.9 

But from scanning, fraction of events with background 

beam tracks 

= 0.46 

• mylar has reduced the level of background beam tracks I 

by a factor 2. 
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APPENDIX 4 

Effect of Bound Events on the Polarization Error 

Since most events occur on unpolarized protons, bound 

in the oxygen and carbon nuclei of butanol, the effective 

target polarization, PT, is somewhat less than the measured 

polarization, pT, of the free protons. 

PT P = T 	R 

where R = total number of events  
number of events occurring on free protons 

The polarization of the recoiling nucleon can be most 

accurately measured when the events on free and bound protons 

can be separated kinematically. 

Let Mt and 14 represent the total numbers of events 

observed in a certain solid angle when the target has spin 

up and down. Similarly, Niand N7 represent the numbers 

of events occurring on free protons. A and AF are the 

respective asymmetries. 

Nt + N4, = R(NtF  + N4F) 

As events on bound protons cannot contribute to the 

asymmetry, 

Nt  = N. + x and Ni  = N. + x where x = i(R-1)(1‘IfF + -N4) 

We have from equation, E 1.3, 

A.R 

 
N - Ni 

Po cos 	= 
PT 	Nf + N4, T  

NT _ NI  R 
+ 	RpT  

AF 

PT 

i.e. Po is 
not changed by the "bound" events. 



pT  Nr+Ny ' Nt+N4 
R 	2  /NT Ny 

Now suppose R and pT  are known perfectly. 

Then cr(Po cos cos') 	
PT 
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p12 +p12 F F R2+1 	t  	R2-1 . 1 . 	2 	N . 	t. N  11, 

	

F- 	 F PT Nt +N4F  NtF  +N4F 	2R 	NtF  + 1114 	4R 

.1-6'(AF) as R>1 
PT 

If A
F 

is small so that NF NF ' 

0--(A)=1  Ti cr(AF) 

Thus a contamination of "bound" events reduces the 

accuracy of the polarization measurement. An accurate 

measurement of the incoming and outgoing mesons is essential 

so that the Fermi motion of the bound target nucleons can be 

detected. Energy and momentum conservation at the inter-

action point can then be used to eliminate "bound" events. 
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APPENDIX 5 

Calculation of the Asymmetry in the Missing 

Mass Squared Distribution 

We have seen that the asymmetry is generated by the term, 

222.(21-R3), in equation, E 4.3. 

We define an orthogonal coordinate system (i,j,k) by: 

4 = 131 

R3 	p3  cos0 i + p3  sine j with pl, p3  and 0 as 

defined in Chapter 4.6. 

Then, expressing the Fermi momentum by 

R2 = p2  cosA i + p2  sinA cos l' j + p2  sins sint k, 

p2.(21 2,3) = (p1-p3 cose)p2  cosA - p3  sin0p2  sinA cost 

(A 5.1) 

Since the Fermi momentum vector is orientated isotropic-

ally in the laboratory frame, 1' and cosA are distributed 

uniformly in the ranges: 

-11  6 [0,27T] and cosAE1-11 +11 

However, due to the s dependence of the charge exchange 

cross-section, OCEX, a non-uniform cosA distribution must be 

used in equation, A 5.1. 

With the above definition of the momentum vectors, 

s = m1
2 

+ m22 + 2E1E2  - 41p2  cosA 

= m
1
2 + m

2
2 + 2E*

1m 2 



f+1 

-1 
w(p, cos A )d(cos A 
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where E1 is the incident beam momentum required to give 

the same value of s if the target proton were at rest. 

P1 pi* ::-. m2  (E - p2  cosA ) 

1.43 Now since 47CEX 	(p1  *) 	we define a weight, w, by: 

w(p2, cosA ) 	(E2  - p2  cosA )-1.43 

The weight is independent oft. 
2 

P2 i From equation, E 4.3, as -- is negligible compared to p2„ m2  

f 2) 	2 0  
km4 'GRIND - mn = 222 (21 - 23)  

2 (pi  - p3  cose) p2  cosX 	by A 5.1 

(The second term of. A 5.1 vanishes on integrating overt). 

The asymmetry, h, can now be determined as a function 

of p2. As (p1 	p3  cos e) is positive, 

Eno. events with cosA>01- tno. events with cosA<O] 
h(p2=p) - 

	

	  
(total no. of events with p2=p) 

	

1+1 	0 
w(p, cosA )d(cosA ) - 	w(p, cosA )d(cosA ) 

	

0 	 -1 

Results are shown below. 

p2 (T) 0.0 0.05 0.10 0.2 0.3 

h(p2) (%) 0.0 3.9 7.7 15.4 23.0 



carbon (Chapter 4.7). 

(P2)2  
Pb 

ir  P22  (P)2 e  

APPENDIX 6 

Effect of Fermi Motion on Width of 

Missing Mass Distribution 

We define 
(m  2 	2 
4 GRIND - mn 
p  2 

m2 (El - E3) + 222  . (21  - 2.3) ... from equation (E4.3) 
2  

With 21, 22  and 23  as defined in Appendix 5. 

-Zp 2  + Xp2  cosA - Yp2  sinAcos-r 

- 
where Z = 

E 1 E3  , X 2(pl-p3  cosa), Y 2p3  siva m2 

If the charge exchange cross section is taken to be 

independent of s, the 22  distribution can be taken as spherically 

symmetric (i.e. cosX and' distributed uniformly). 

Then A = Z(p22) 

and & = z2 (p24) 	(p22) fk2 
3 
 1.2 

The Fermi momentum terms are calculated using the known 

momentum distribution of protons bound in the 1p shell of 

d3E2 
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2 Pb 6  -1y2  
Pb 	Y. e 	dy 

0  
Q 
Pb 	

72J 
1,2 

4 y e 	dy 

Q represents the cut-off in Fermi momentum (Q20.3 GeV).  

= 0.075  GeV As pb 	1  we can approximate: 2  -.00 and evaluate 
Pb 

the integrals simply. 
2 

(P22) = 5pb2 = 0.028(9-2-Y) 

, 	,, 
Similarly, (1)24 ) = ''Pb4  

Then the variance of the m4
2  distribution due to Fermi 

motion is given by: 

0_20)  = (d2) - (Z1)2 

2 4 5 5  2 2 10z pb  + . (X +Y ) pb2  

= 3.6 . 10-4(E1-E3)2 + 3.7 . 10-2 121  - pz  
12 

As t is negative, 
121 - 2312 > (E1-E3)2  

0- (A) = 0.193T-7 for _t <1  (Ge
V) 2 
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APPENDIX 7 

Origin of the A Contamination 

A comparison of Figs. 5a(i) and 5a(ii) shows the 

background of genuine A decays is considerable. We first 
try to establish a cross-section for the A production and 
then to identify its cause. 

no.unambiguous A decay fits with P002 > 10-5  
no. 0 decay fits with P(t2) > 10 °  

Since the branching ratios to the observed decays 

are K 	7T+71"-  and II 	plT , the ratio of the cross- 
sections 	

IA 

sections for K°  and A production is about 0.05. 

Therefore, very approximately we need to find a reaction, 

K-p 4 A + 	 , whose cross-section on hydrogen, d-1, is: 

cri 0.05 a-(Kp 4 Ken) = 4.5)Ub at 8 2211. 

Some reactions which might generate such a background 

= 0.105 

are listed below. 

I K-p 4 Ann 

II K-p 4 Ng 

III K-p 4 KLKL  

IV 	K-p 4 -17.164)  K 

V K-p  4  -.-.̂- 0 KO 

VI K-p 4 Par 

Observed Cross-Section 

(4 ikpli) 	(6.1±1.1),b at 10.1 Q9-1  (65)  c 

	

1.0)Ab 	at 4.9622Y (66) c 
(4/1K°

s  Ke) 9.8i* 	4.3 b 	at 4.'z c  GeV (67) 
s  

	

1.5 jib 	at 6.0 C4211 (68) c 
10.5 pb at 4.25GeV (67)  c 

	

4 igb 	at 6.0 GeV (25)  -  c 

II and IV have too small cross-sections. Furthermore, 

II is strongly suppressed as all three As must decay out-

side the target veto box. 
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As they proceed via baryon exchange, III and V will 

have small cross-sections at 8 GeV . V would occur as a 

sequential decay: 

-:-.E° 4 A IT ° 
	

1(2-7-° ) 	2.96 x.  10-1°s 

A p Tr" 	1.(A) = 2.58 x 10-1  °s 
The lifetimes, /7, involved are rather similar. Therefore, 
the distribution of V°  decay points should be rather flat 

along the beam direction. Experimentally, however, the X
decay 

distribution seems to fall exponentially after the F counters, 
V consistent with A s of momentum 5 Ge _ c 0  

VI is strongly suppressed by the X s from II
„ 
 decays. 

I has a large enough cross-section, assuming the final 

states 45 and Ana' are equivalent. Also the distribution 

of (missing mass to the A )2  ( Fig. 5b(i)) with its threshold 
at (mn + m-)

2 suggests I is the important reaction. 
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APPENDIX 8 

Effect of Acceptance of Trigger Rate 

Suppose the K: momentum vector is projected on to the 

yz plane. Let p be the angle between the projected vector 

and the z axis. 

Suppose the observed number of events in each 

quadrant for butanol, spin up, is given by Fig. 5c(i). The 

acceptance, ai  (ai  .4 1), for each quadrant is shown in 

Fig. 5c(ii). Fig. 5c(iii) shows the true (acceptance corr-

ected) distribution of events. 

When the target polarization is reversed, the same 

number of events are scattered left as were scattered 

right (and vice-versa). 	Fig. 5c(iv) shows the measured 

event distribution for butanol, spin down, with the same 

incident beam. 

	

RATIO 1(but, spin up) 	n1 + n2 + n3 + n4  
Let RATIO = 	 _ 

RATIO 1(but, spin down) 	a2 	al 	a4  1 „ 4 	a3 4_, 
n1 al , ' n2 a2 '"3 

a
3 
+n4 "4 a4 

Since the target is polarized in a vertical plane, the 

up-down asymmetry is zero, so that 

n1 = n4 and n2 
n3  --- a1 a4 	a2 a3 

If y = a2  + a3  = detection efficiency of LHS of apparatus 

and 

	

	x = al + a4 = detection efficiency of RHS of apparatus, 

, x 4,  n2  

a1 	a2 Y  then RATIO = 
la 	 2 y + 	x 
1 	2 
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i( 
The ratio, 	— 	is limited by the maximum observ- ' a

n, 

I 

nn2  

2  , 

able asymmetry. 

By equation, E 1.3, 

n1 n2 
••• 

a a 
Po  PT  cosp n1 n2 

 1 , 2 
a1 a2 

PT Now PT 	R = 	= 0.21 (Chapter 5.5), 

Po  1 

2 and cos = ff (averaging over one quadrant) 

n in _a 4 1.31 a1 a2 

1.31 ,c,7 + 1 • 
RATIO = 	' 

+ 1.31 

For example, if - = 2.0, RATIO 1.1 

The distribution of angle,p, for events occurring on 

an unpolarized target (carbon, polythene etc) showed a 

small left-right asymmetry, suggesting 25.= 1.17. Therefore, 

r = 1.03. 

We conclude that variable detection efficiency of the 

apparatus introduces a negligible difference between the 

trigger rates for target spin up and down. 
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APPENDIX 9 

Expression for Po l 

We solve equation, E 6.5, for Po IPTI. 

The asymmetry, ASYM, is defined in Chapter 6.2 by 

(ASYM)49  
n+ n 2n+  - n 

n+ +n 
where n n+ + n 

I 1 
Gr.(ASYM) = 2 er—(n+) 

As each event is produced either on target spin up or 

spin down, n+  is distributed according to the binomial law 

and has variance, 

0-2(n ) = n p(l-p) where p = probability of the observed 

events occuring on target spin up 

n --+- (1 - n4-) 
	

for large n 

_ n+ n- 

n 
44-(ASYM) = 	-rn -nJ 

Therefore, al)  IPT 1 	) 
01 	

depends on POIPT I 

1 - ASYM 	2 n+ (1 - ASYM 
As 	6-  M (ASY) = n+ 	1 + ASYM 1 n 	1 + ASYM 477 

qfro PTIU 
1  2 n+ 

n  J71F cos? 

PTI cos? 	 )1  

PoIPTI cos  if 
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Using this in equation, E 6.5, we obtain 

N 	(ni  n i)(cos 
+ 	  2 

1=1 1 	IPTIP0)("qi 
P  'PT' = 	 

(n+i  + n2") (cos ? )i  
	 2 

1=1 1 - 	1PTI P0)( cos 

(A 7.1) 

where n}, n- are number of events on target spin upl downin 

the ith 	bin, and(cosr)i  is cos (I)  averaged over this bin. 

Suppose the total number of events is large so that 

and n' are big when La)  is made so small that 

OM% 

(cos 90) ...cos Ti  . cos ?4   J. 

where 	fi  are the angles, ?,from events on target 
spin up, down. 

Let n
+
1 n

- be the total number of events on target spin 

up, down in this t range. 

Then from A 7.1 we have 

n+ 	2 m+ 	n- 	2 
rm 

 
j  Poi PTI cos 	yi  Pol 	cos 	. 

i=1 1 - J= 1 - P 	cos IIP 	?. 	.1 TIP o  cos 	T P  Io 	rj] 

Ti 	n 	cos ?
_ 

cos T 
- 

1 	(1 - I)PTIP0  cos / 
	2 	

j=1  1  - brITIP0  cos ri  

n+ 

i.e. 	
al+ 

i=1 1 + PoIPT1 cos y 

n 	cos cp 
= 	 7.2) 
j=1 	oily cos pi  

cos tp 

This equation has no analytic solution for PoIPTI. 
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Use of the Maximum Likelihood Method also leads to A 7.2(72)  

If, however, PoIPTI is small, the denominators can be 

expanded in a power series and (A 7.2) becomes 

  

in+ 
cos Ti cos r 

   

i=1 

 

j=1 

 

Po IPTI 

      

n+ 

i=1 

cos 
2 2 0+ 

cos rj 

   

j=1 



ACKNOWLEDGEMENTS 

I thank Professor C.C. Butler for accepting me as a 

research student in the Physics Department at Imperial 

College and the Science Research Council for financial 

support. Also I am grateful to Professor J. Steinberger 

for allowing me to work at C.E.R.N. as a visiting scientist 

and to Professor E. Picasso for providing me with financial 

support from C.E.R.N. funds from October, 1972, until March, 

1973. 

It is a pleasure to acknowledge the help I have 

received from the members of the C.E.R.N.-E.T.H.-Imperial 

College-Saclay collaboration. It was very enjoyable working 

in such a friendly team. In particular, I should like to 

thank my supervisor, Dr J.P. Astbury, for his guidance and 

Dr D. Websdale for his frequent advice. Also I am deeply 

indebted to Mr Werner Wetzel who has spent hours patiently 

explaining points of theory to me. 

I am grateful to my colleagues at Birmingham University 

and the Rutherford Laboratory for allowing me so much free 

time to write this thesis. 

Finally, I thank my parents for their constant support 

and encouragement and my fiancge, Geraldine, for her patience 

and for typing the thesis. 

194 



195 

References  

(1) M. Froissart Phys. Rev. 123, 1053 (1961) 

(2) L. Jauneau Summer School For Elementary Particle 
Physics, Herceg-Novi (Yugoslavia) (1969) 

(3) R.J.N. Phillips and D.P. Roy Rep. Prog. Phys. 37, 
1035 (1974) 

(4) G.F. Chew, M.L. Goldberger F.E. Low and Y. Nambu 
Phys. Rev. 106, 1337 (1957) 

(5) M. Jacob 6th Summer Meeting of Nuclear Physicists, 
Herceg-Novi (Yugoslavia) (1961) 

(6) N. Schmitz Summer School for High Energy Physics, Maria 
Laach (Germany) (1970) 

(7) J. Hamilton (1959) "The Theory of Elementary Particles" 
(Clarendon Press, Oxford) 

(8) J.J.J. Kokkedee (1969) "The Quark Model" (Benjamin Inc., 
New York) 

(9) J.J. De Swart C.E.R.N. Summer Schooll Noorwijk-aan Zee, 
Netherlands (1966) 

(10) R. Dolen, D. Horn and C. Schmid Phys. Rev. Lett. 19, 
402 (1967) 
R. Dolen„ D. Horn and C. Schmid Phys. Rev. 166, 1768 
(1968) 

(11) P.G.O. Freund Phys. Rev. Lett. 20, 235 (1968) 

(12) H. Harari Phys. Rev. Lett. 20, 1395 (1968) 

(13) D. Hill, P. Koehler, T. Novey, P. Rynes, B. Sandler, 
H. Spinka, A. Yokoswawa, D. Eartly, K. Pretzl, G. Burleson, 
G. Hicks, C. Wilson, W. Risk Phys. Rev. Lett. 30, 239 
(1973) 

(14) P. Bonamy, P. Borgeaud, M. Corzon, J.P. Guillaud, 
0. Guisan, P. Le Du, P. Sonderreger, J.K. Bienlein, 
S. Mango, L. Paul and H. Dinter Nucl. Phys B52, 392 (1973) 

(15) G.A. Ringland 2nd International Conference on Elementary 
Particles, Aix-en-Provence (1973) 

(16) D. Amati, A. Stanghellini and S. Fubini Nuov. Cim. 26, 
896 (1962) 

(17) M. Ross, F.S. Henyey and G.L. Kane Nucl. Phys B23, 
269 (1970) 



196 

(18) I. Ambats, A. Lesnik, W.T. Meyer, D.R. Rust, C.E.W.Ward 
and D.D. Yovanovitch Nucl. Phys B771  269 (1974) 

(19) R. Diebold, D.S. Ayres, A.F. Greene, S.L. Kramer, 
A.J. Pawlicki and A.B. Wicklund Phys. Rev. Lett. 32, 
904 (1974) 

(20) R. Blokzijl, A.J. De Groot, W. Hoogland, B. Jongjeans, 
J.C. Kluyver, A.G. Penner, P.M. Heinen, W.J. Metzger, 
H.G.J.M. Tiecke, R.T. Van De Walle and H. Winzeler 
Nucl. Phys. B51, 535 (1973) 

(21) M. Aguilar-Benitez, R.L. Eisner and J.B. Kinson 
Phys. Rev. 04, 2583 (1971) 

(22) G. Dehm, W. Geist, G. Gobel, W. Wittek, G. Wolf, 
G. De Jongh, S. Tavernier, P. Cornet, P. Dufour, 
F. Grard, R. Windmolders, G. Charriere, W. Dunwoodie, 
A. Grant, Y. Goldschmidt-Clermont, V.P. Henri, F. Muller 
and J. Quinquard Nucl. Phys. 860, 493 (1973) 

(23) P. Astbury, G. Brautti, G. Finocchiaro, A. Michelini, 
K. Terwilliger, D. Websdale, C.H. West, P. Zanella, 
W. Beusch, W. Fischer, B. Gobbi, M. Pepin and E. Polgar 
Phys. Lett. 238, 396 (1966) 

(24) D. Cline, J. Penn and D.D. Reeder Nucl. Phys B22, 
247 (1970) 

(25) D.C. Colley et al (Birmingham-Glasgow-London (I.C.)- 
Munchen-Oxford-Rutherford Laboratory Collaboration) 
Nuov. Cim. 53A, 522 (1968) 

(26) A. Buffington, D.H. Frisch and C.E.W. Ward Phys. Rev. 
176$  1628 (1968) 

(27) M. Hagnenauer, P. Mine, U. Nguyen-Khac, K. Bjorenak, 
A. Haatuft, J.M. Olsen, R. Arnold, B. Escoubes, A. Lloret, 
M. Paty, J. L. Riester, S. De Unamuna, L. Ferrer, 
P. Ladron De Guevara and R. Llosa Phys. Lett. 37B, 
538 (1971) 

(28) E.H. !Millen, K.J. Foley, M.A. Kramer, W.A. Love, 
S. Ozaki, E.D. Platner, A.C. Saulys, S.J. Lindenbaum 
Proc. of 4th Int. Conf. on High Energy Collisions, 
Oxford, U.K. (1972) 

(29) A. Firestone, G. Goldhaber, A. Hirata, D. Lissauer and 
G.H. Trilling Phys. Rev. Lett. 25, 958 (1970) 

(30) R.J. Miller, K. Paler, J.J. Phelan, T.P. Shah, B. Chaurand, 
B. Drevillon, G. Labrosse, R. Lestienne, B. Linglin, 
R.A. Salmeron, R. Barloutaud, A. Borg, C. Louedec, 
F. Pierre and M. Spiro Nuov. Cim. Lett. 6, 491 (1973) 



197 

(31) V.I. Belousov, B.N. Bolotov, M.I. Devishev, V.V. Isakov, 
D.B. Kakauridze, Yu. D. Karpekov, V.A. Kachanov, 
V.F. Konstantinov, V.M. Kutjin, A.A. Lednev, G.M. Makarov, 
B.E. Postoev, Yu. D. Prokoshkin, A.N. Prokhorov, 
V.K. Semenov, V.A. Sergeev, Yu. N. Sumonov and 
V.P. Sugonjaev Phys. Lett. 43B, 76 (1973) 

(32) K.-W. Lai and J. Louie Nucl. Phys B19, 205 (1970) 

(33) F.S. Chen-Cheung Phys. Rev. 156, 1520 (1967) 

(34) V. Barger and D. Cline Phys. Rev. 156, 1522 (1967) 

(35) B.J. Burdick, W.H. Carnahan, W.J. Fickinger, S.A.Gourevitch, 
T. Kikuchi, J.L. Korpi and D.K. Robinson Nucl. Phys 
B41, 45 (1972) 

(36) Y. Goldschmidt-Clermont, V.P. Henri, B. Jongjeans, 
A. Moisseev, F. Muller, J.M. Perreau, A. Prokes, V. Yarba, 
W. De Baere, J. Debaisieux, P. Dufour, F. Grard, 
J. Heughebaert, L. Pape, P. Peeters, F. Verbeure and 
R. Windmolders Nuov. Cim. A46, 539 (1966) 

(37) C. Michael Nucl. Phys. B13, 644 (1969) 

(38) J. Finkelstein Nuov. Cim. A5, 413 (1971) 

(39) D.D. Reeder and K.V.L. Sarma Nuov. Cim. A51, 167 (1967) 

(40) R.C. Arnold and R.K. Logan Phys Rev. 177, 2318 (1969) 

(41) A. Derem and G. Smadja Nuov. Cim. A62, 681 (1969) 

(42) J.P. De Brion, A. Derem and J. Dronkers Nucl. Phys 
B32, 557 (1971) 

(43) D. Websdale Ph.D. Thesis, University of London (1967) 

(44) M.G. Green Ph.D. Thesis, University of London (1970) 

(45) M.F. Letheren Ph.D. Thesis, University of London (1972) 

(46) P. Astbury, G. Finocchiaro, A. Michelini, D. Websdale, 
C.H. West, W. Beusch, B. Gobbi, M. Pepin, E. Polar and 
M.A. Pouchon Nucl. Instr. and Meth. 46, 61(1967) 

(47) M. Borghini International School for Elementary Particle 
Physicsi llerceg-Novi (Yugoslavia) (1968) 

(48) J. Vermeulen International Conference on Polarized 
Targets (1971) Lawrence Radiation Lab., Berkeley, 
California 

(49) 0. Runolffson N.P. Internal Report 69-26 (C.E.R.N, 
Geneva) 



198 

(50) H. Wind Nucl. Instr. and Meth. 84, 117 (1970) 

(51) C. Bemporad, W. Beush, A.C. Melissinos, E. Schuller, 
P. Astbury and J.G. Lee Nuci. Instr. and Meth. 80, 
205 (1970) 

(52) J.G. Lee Ph.D. Thesis University of London (1973) 

(53) G. Petrucci C.E.R.N. Internal Report 71-5 (1971) 

(54) P.V.C. Hough and B.W. Powell Nuov. Cim 18, 1184 (1960) 

(55) P.M. Blackall et al IEEE Trans. Nucl. Sci. NS-12, 52(1965) 

(56) J.C. Lassalle and P. Zanella, International Conf. on 
Advanced Data Processing for Bubble and Spark Chambers, 
Argonne National Lab. (1968) 

(57) C.E.R.N. Computer 6000 Series Program Library, X201 

(58) P. Muhlemann and J.D. Wilson C.E.R.N. Yellow Report 
17 (1970) 

(59) C.E.R.N. Computer 6000 Series Program Library, X601 

(60) R.L. Gluckstern Nucl. Instr. and Meth. 24, 381 (1963) 

(61) Compilation of Cross-Sections C.E.R.N.-H.E.R.A. 1972-2 

(62) J.P. Garron et al J. Phys. Rad. 22, 622 (1961) 

(63) U. Amaldi Jnr, G. Campos Venuti, G. Certellessa, 
E. De Sanctis, S. Frullani, R. Lombard and P. Salvadori 
Phys. Lett. 25B, 24 (1967) 

(64) J. Strnad Nucl.Phys. 35, 451 (1962) 

(65) Aachen-Berlin-C.E.R.N.-London-Vienna (ABCLV) Collaboration, 
Amsterdam Conference on Elementary Particles (1971) 

(66) J. Bartsch et al (ABCLV Collaboration) Nuc. Phys. B4, 
326 (1968) 

(67) G.S. Abrams, B. Kehoe, R.G. Glasser, B. Sechi-Zorn and 
G. Wolsky Phys. Rev. Lett. 18, 620 (1967) 

(68) D.G. Scotter, R. Erskine, K. Paler, K. Sisterson, 
W. Blum, F. Gandini, W. Ochs and J. Allison Nuov. Cim. 
62A, 1057 (1969) 

(69) R.J. Glauber 3rd Int. Conf. on High Energy Physics 
and Nuclear Structure, Columbia University (1969) 

(70) K.S. Kolbig and B. Margolis Nuci. Phys. B6, 85 (1968) 

(71) B. Rossi, "High Energy Particles" (Prentice Hall, 1952) 

(72) F.X. Gentit Hely. Phys. Acta 47, 343 (1974) 



199 

(73) A.D. Martin, C. Michael and R.J.N. Phillips Nucl. 
Phys B431  13 (1972) 

(74) C.W. Akerlof, P.K. Caldwell, C.T. Coffin, P. Kalbaci, 
D.I. Meyer, P. Schmueser and K.C. Stanfield Phys. Rev. 
Lett. 27, 539 (1971) 

(75) H. Harari Phys. Rev. Lett. 22, 562 (1969) 
J.L. Rosner Phys. Rev. Lett. 22, 689 (1969) 

(76) S.M. Pruss, C.W. Akerlof, D.I. Meyer, S.P. Ying, 
J. Lales, R.A. Lundy, D.R. Rust, C.E.W. Ward and 
D.D. Yovanovitch Phys. Rev. Lett. 23, 189 (1969) 

(77) A.C. Irving, A.D. Martin and C. Michael Nucl. Phys. 
B32, 1 (1971) 

(78) P. Le Du, 0. Guisan, W. Beusch, M. Borghini, E. Polgar, 
D. Websdale, L. Fluri, F.X. Gentit, P. Astbury, J.Gallivan, 
J. Jafar and J.A. Wilson Phys. Lett 44B, 390 (1973) 

(79) C. Meyers and Ph. Salin Nucl. Phys B19, 237 (1970) 

(80) M.L. Blackmon and G.R. Goldstein Phys. Rev. 179, 
1480 (1969) 

(81) S.A. Adjei, P.A. Collins, B.J. Hartley, K.J.M. Moriarty 
and R.W. Moore Ann. Phys 75, 405 (1973) 

(82) F. Halzen and C. Michael Phys. Lett. 36B, 367 (1971) 

(83) H. Harari Ann. Phys. 63, 432 (1971) 
H. Harari Phys. Rev. Lett. 26, 1400 (1971) 

(84) G.A. Ringland, R.G. Roberts, D.P. Roy and J. Tran Thanh 
Van Nucl. Phys B44, 395 (1972) 

(85) B.J. Hartley and G.L. Kane Nucl. Phys B57, 157 (1973) 

(86) V.N. Bolotov, V.V. Isakov, D.B. Kakauridze, V.A. Kachanov, 
V.M. Tut'in, Yu. D. Prokoshkin, E.A. Razuvaev, U.K. 
Semenov, V.A. Sen'ko and V.G. Rybakov Sov. J. Nucl. 
Phys 18, 538 (1974) 

(87) V.N. Bolotov, V.V. Isakov, D.B. Kakauridze, V.A. Kachanov, 
V.M. Tut' in, Yu. D. Prokoshkin, E.A. Razuvaev and 
V.K. Semenov Sov. J. Nucl. Phys 18, 648 (1974) 

(88) 0.N. Baloshin, A.M. Blagorodov, B.V. Bolonkin, 
V.V. Vladimirskii, Yu. P. Gorin, V.K. Grigor'ev, A.P. 
Grishin, I.A. Erofeev, I.Ya. Korol'kov, V.N. Luzin, 
V.V. Miller, E.E. Nikolaevskii, V.N. Petrukhin, Yu.S. 
Pligin, L.A. Ponomarev, S.M. Sirotkin, V.V. Sokolovskii, 
E.K. Tarasov, G.D. Tikhomirov, K.A. Trostina, L.K. 
Turchanovich and Yu.P. Shkurenko Sov. J. Nucl. Phys 18, 
279 (1974) 



200 

(89) G. Girardi, R. Lacaze, R. Peschanski, G. Cohen-Tannoudji, 
F. Hayot and H. Navelet Nucl. Phys B47, 445 (1972) 

(90) B. Schrempp and F. Schrempp Nucl. Phys B77, 453 (1974) 

(91) W. Beusch, M. Borghini, G. Nisuri, E. Polgar, D. Websdalev  
F.X. Gentit, L.Fluri, K. Freudenreich, P. Nuhlemann, 
J.A. Wilson, P. Astbury, J. Gallivan, J. Jafar, M. 
Letheren, P. Le Du and 0. Guisan Phys. Lett. 46B, 
477 (1973) 


