
ABSTRACT OF THESIS 

Patrick Joseph etrs 
Nameof candidate .................................................................................................................................................................................... 

Address 

 

Department 
!. . 

 Mathematical 	 Roxburgh Street , 	 8. 

Degree .......Doct .0r 0f ...ioSPPhY .................... 	 Daze 29t..........1970 

Title oV Thesis ......Polarisat Ion Phenom.... HIghEne rgy ./e 	and Electromagnetic 

Interactions. 

High energy lepton-had.ron scattering experiments have served 

as a source of rich data in the Investigation of elementary 

particle physics, 	',',,'hether dealing with electromagnetic processes, 

such as electron-proton scattering, or in the realm of weak 

Interactions via neutrino reactions, they have served to determine 

the form factors for the respective processes which contain the 

details of the strong interaction dynamics and knowledge of which 

Is, naturally, of paramount Importance. As yet, all experiments 

have been performed with unpolarised targets or beams; however 

the rapid strides forward In experimental techniques have now 

brought Into reality the feasibility of polarisation measurements 

in such reactions and so in this thesis we examine in detail the 

information extractable with polarisation techniques from these 

processes. 

We commence in Chapter 1 with a brief survey of high energy 

electromagnetic scattering and the motivation for studying 

polarisation phenomena. The detailed analysis Is then first 

applied in Chapter 2 to elastic lepton-nucleon e.m. scattering and 

reveals the utility of certain configurations for determining the 

electric form factor G. • Tests of electron-muon universality 

are also discussed. 

Chapter 3 contains an analysis of polarisation effects In 

elastic colliding beam reactions and in nucleon-antinucleon 

annihilation Into lepton pairs. It is seen these permit evaluation 

of the 3M , 	form factors, which are an analytic continuation 

of! 

Use other side if necessary. 



of the 	factors in lepton-nucleon scattering and concerning 

which little is known at present, experimentally or theoretically. 

Teats for electron-muon universality are again discussed here. 

The restriction to elastic reactlDnB 18 lifted In Chapter L, 

where polarisation effects In Inelastic scattering and collidLig 

beam reactions are analysed. Besides permitting extraction of 

the 71 form factor at suall angles, not possible In unpolarised 

experiments, a sum rula due to Bjorken may be tested here as may 

be time-reversal Invariance, both of great Interest In themselves. 

Finally we conclude In Chapter 5 with an Investigation of 

neutrino reactions, employing a polarised nucleon target. A 

general discussion Is given for Inelastic reactions and then 

appliei to the e1tic case; with suitable configurations, four 

of the six torn factors in the latter reaction may be determined. 

In particular It Is possible to readily test for the presence of 

second class currents and also the validity of time-reversal 

Invariance In weak Interactions on which much attention Is 

presently focused. The richness or polarisation studies Is 

here quite clearly revealed. 
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INTRODUCTION 

After the successful breakthrough in quantum electrodynamics 

at the end of the 1940's when the introduction of renormalisatlon 

theory enabled the problem of higher-order divergences to be 

overcome, it was only natural that attention should be directed 

towards elucidating the electromagnetic structure of the nucleon. 

A direct method of obtaining such information is to scatter high 

energy leptons off a nucleon target and observe the energy and 

angular distributions of the scattered lepton. 'EVe are thus able 

in particular to determine the instantaneous charge distribution 

within the nucleon and hence "observe" its structure. Since the 

nucleon is a strongly interacting particle one might guess that 

its basic structure consists of a core of size 

(Nucleon Mass) -1,  2 x 10 	ems, surrounded by a pion cloud 

extending over a distance (Pion Mass) - :LO ,13  ems. Now a 

lepton of 1 GeV energy has a de Broglie wavelength of - 10-14  

ems, and so it may be used as a sensitive probe of the nucleon, 

since it possesses no strong interactions while its weak inter-

actions are of negligible strength. 

The production of high energy electron beams, commencing 

with the pioneering experiments of Hofstadter 	at Stanford, 

initiated a vast experimental effort continuing up to the 

present time and has provided a wealth of details on the subjects 

By lepton we mean electron or muon. 
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o appreciate the interpretation of these experiments, we review 

briefly the theoretical basis of lepton-nucleon scattering. 

Rosenbiuth Formula 

The basic process of lepton-nucleon scattering is believed 

to proceed as shown in the Feynman diagram of Fig. 1. 

, PI  

Fig. 1. 

= four momentum of initial lepton 

= 	it 	 it " scattered lepton 

Pi 
= 	If 	 it 	 U  target nucleon 

= it 	 it " recoil nucleon. 

It is assumed only one-photon exchange term is important. 1 111ithin 

such an assumption, the differential cross-section for lepton-

nucleon scattering is given by the Rosenbiuth tonnula(2) : 

116 	d6 	Ea2( q 2  ) -o2(q2) - 
2tG(q2) 	2 

df. Mott 	1 - 
	 tan  

a. cos 
=  

2 	2 9 	
2 	

cot2 
Mott (_a2 ) 

=
-2E(1 - oos9) 

AM 	q = 	E 
1+ Pi - COB 
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CL is the fine-structure constant, 

It 
= initial lepton energy in the laboratory frame, 	= 

Scattered lepton energy, 

9 = lepton-scattering angle in the laboratory frame, 

ci. = Four-momentum transfer of lepton = k1-k2  = 

The lepton mass has been put equal to zero which is adequate when 

in the range 	1 GeV. Note that In our metric (see Appendix 

1) q2  is negative. 

G(q2 ) and GM(q2) are so-called form factors, scalar 

functions of q only, which measure the longitudinal (coulomb) 

and transverse (magnetic) couplings respectively of the virtual 

photon to the nucleon. In some respect they are (In configuration 

space) a measure of the fourier transform of the electric and 

magnetic charge distributions in the nucleon (although this inter-

pretation is not unambiguous), and now generally bear the 

appellation the electric and magnetic form factor. These form 

factors contain entirely the effects of the strong interaction 

of the nucleon and their determination is hence of prime importance 

as any successful theory of strong interactions must satisfactorily 

explain their behaviour. 

Experimental Status, 

A detailed review of the experimental situation up to 

September 1969 has been given by Ruthergien at the Dareebury 

Conference. The behaviour of the form factors is closely 

approximated by the "scaling law" and dipole fit: 

G(q2) 	= 	G(q2)/ji 	= 	GUN  (2))1 	= 	= 0 	(1.2) 
N 
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where GD = 1 	
(Dipole formula),, 	q2 here being 

(1 - 

measured in units of (GeV)2 	The P and N indices on the 

G's refer to proton and neutron, and 	denotes the total 

magnetic moment of the proton( neutron). 

Definite deviations from the dipole fit are well known, of 

UP to  +5% below q2 5(Q)2 and up to -15% at -2O(if) 2. 	The 

latest experimental results on electron-proton scattering at 

values of q up to - 3.75 (i)2 are compatible with scaling, 

Gq2) = G 2 )/p within the experimental errors. 

Clearly an accurate knowledge of GE  and M'  to as large 

values of q2  as possible, Is highly deBirable. A number of 

phenomenological models and higher symmetry schemes differ con-

siderably at high momentum transfers and more extensive and 

detailed data are necessary to establish if any one is capable 

of a good fit to all values of q 2 , In particular the status 

of the scaling law (which is predicted by SUM 6 ) demands 

closer scrutiny. 

However an examination of the Rosenb].uth formula eq.. 

reveals the problems attendant In attempting to extract such data. 

The magnetic form factor GM  is multiplied by a factor t which 

increases in proportion to q2  and thus at high momentum transfers 

becomes very much the dominant term. In illustration, assuming 

the scaling relation eq. (2) to be true, the maximum percentage 

contribution of G( q2) to the (G - G. ) term is 31% at 

q2  = -1(0eV/c) 2 , 15% at q = -2,5 (GeV/c) 2  and 10% at 

At q2= -20 (0ev/0) 2  it is less than 22. The 
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The extraction of the GE  form factor thus becomes increasingly 

difficult as the momentum transfer increases and 13 inherent in 

the form of the Rosenbluth formula. 

An alternative (and possibly superior) plot of the data has 

been recently employed. Using new form factors defined as 
2 	2 	G 	2 	2 = GE (1 — q /0.71) , 9M 	u 

= 	L (2. — /0.71) 	and the kine- 
matic factor A = e/u 2 	where c = El + 2(l+t)tan2. J_1 
the Rosenbiuth formula now assumes the form: 

(l+A) 4- ' 	' —/— 	= g+Ag, 
dipole 

where(%) 	is obtained by substituting the dipole form 
U Dipole 

factors :q. (1.2) into Eq. 

As c is limited to values between 0 and 1. A varies 

from 0 to 1/u2 r. 

Plotting R2  against A therefore gives a straight line 

of slopeg and extrapolated Intercept g3 . If scaling is true, 

the slope and Intercept will be equal; If the dipole relation 

also holds, both will equal unity. In this representation the 

statistical correlation between G,r. and GM  is more easily seen. 

However at high g2 , the range of values of A drops sharply, 

i.e. for T =l, 0 	A 0.13 ; t = -5, 0 . A < 0.025; and 

therefore measurement of the alpe is very sensitive to small 

errors In (d6/&3). 

The problem in obtaining accurate values of G(q. 2) at high 

is due basically to the existence of only G and G terms 

appearing separately In the Roaenbluth formula Eq. (1.1). The 

appearance of a cross term in (GE u) would resolve this difficulty 



as measurement measurement of it would yield directly both the magnitude and 

sign (relative to GM)  of  GE,  it being presumed that GM  is 

already known from the elope of the Rosenbiuth plot, juch a 

cross-term cannot arise in unpolarised lepton-nucleon scattering, 

where there 18 no interference between electric and magnetic 

scattering, but it can arise in polarisation experiments, 

Up to now all scattering experiments have been performed 

with 'unpolarised beams and targets. However rapid developments 

in experimental techniques have made possible the realisation of 

good polarised targets, suitable for use even with electron beams. 

Thus polarisation measurements are now definitely feasible and in 

the next few years one may expect much effort to be concentrated 

in this direction with, one hopes, rewarding results, 

A further stimulus arises from the anticipated expansion in 

proton accelerators with increasing yields of pion beams. As the 

pion decays dominantly into a muon plus neutrino, this in turn 

implies large flux of muon beams and enhances their suitability 

for scattering experiments which have been rather limited as yet. 

The muon arpears to be purely a heavy lepton, and so plays an 

analogous role In extracting the nucleon form factors. Alter-

natively, such data may be used to establish the muon has no 

anomalous (i.e. non-electromagnetic) interactions other than 

that of a point lepton. 

The muon possesses two distinct advantages over the electron:-

1) Because of its heavier mass, the magnitude of radiative cor-

rections is considerably lowered and although computation of these 

corrections is a well understood (if tiresome) process, it is 

naturally advantageous for them to be reduced to a minimum. 
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2) As a consequence of its birth from a pion by weak decay, 

the muon is polarised and so presents itself as a suitable 

candidate for polarisation experiments. 

As a Consequence of the reality of polarisation experiments, 

one is led to examine their theoretical foundations and see what 

information may be gleaned from them. -:.ven a cursory glance 

indicates that they are a rich source of data which will add 

very considerably to our present state of knowledge on had.rona. 

Although motivation for such studies arose originally from the 

problem of determining the electric form factor G in elastic 

lepton-nucleon scattering, their influence ranges over a far 

wider field. Besides elastic lepton-nucleon scattering, they 

may be extended to inelastic lepton-nucleon processes where there 

is presently an intense experimental and theoretical program under 

way which has already produced some novel, exciting results. In 

particular, as will be shown later, use of a polarised target in 

inelastic scattering permits time-reversal invariance in electro-

magnetic interactions to be tested, which is certainly of prime 

importance and not feasible in elastic scattering experiments. 

The development of intersecting storage rings has initiated 

wide studies, hitherto not feasible, such as determination of the 

pion form factor in the time-like region 8 , Theoretically such 

processes are closely correlated to lepton-'hadron scattering 
events so it is natural to expect polarisation techniques will 

play an equally distinguished role here, as indeed they do. 

Clearly the initiation of Polarisation measurements in high-

energy electromagnetic interactions is highly desirable from the 
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theoretical point of view, Experimentally, notwithstanding the 

development of suitable polarised targets, these will be difficult 

experiments to perform, fully taxing the skill and ingenuity of 

all concerned. However they will be done and the fact that they 

are in principle possible is, we believe, the most encouraging 

aspect and justifies the detailed theoretical analysis to be 

given in the following pages. 

Before commencing the analysis, we wish to make two points. 

Firstly in this thesis we are concerned with extraction of form 

factors and not their theoretical interpretation. The latter is 

a subject In itself and no attempt will be made here to delve into 

speculative explanations. Discussion on such matters exists else-

where in the literature, 

Secondly, by the very tentative nature of the experimental 

situation on polarisation phenomena which is just being initiated, 

we shall on occasions be concerned with a circumstance which is 

presently purely theoretical. For example, there arises the case 

in which a recoil nucleon possesses longitudinal polarisation, 

i.e. along its direction of recoil, present methods of detecting 

recoil polarisation using a second scattering are sensitive only 

to the transverse polarisation, and so such a measurement Is not 

yet feasible. However this is not to say it will never be so. The 

ever-advancing scene In experimental techniques makes it possible 

in time detection of longitudinal recoil polarisation will be 

feasible and the appropriate measurements performed. Therefore, 

with this in mind, and for the sake of completeness, we give an 

extensive discussion of polarisation phenomena, although the expert-

mental realisation is not yet in sight. 
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CHAPTER 2 

POLARISATION IN ELASTIC LEPTON-NUCLEON SCATTERING 

Vie commence with an investigation involving polarised nucleons, 

either as a target or in recoil. As first pointed out by Akhiezer 

et 	in the Born approximation (i.e. one photon exchange) 

the final lepton or nucleon is not polarised if the initial par-

tides are unpolarised, and there is no asymmetry in the angular 

distribution when polarised leptons are scattered off an un-

polarised target or in the scattering of unpolarised leptons from 

a polarised target. This is a direct consequence of parity con-

servation in electromagnetic interactions, 7hat Is required Is a 

double-spin correlation, i.e. use of polarised lepton beam (and/ 

or polarised target), and measurement of recoil lepton or proton 

polarisation. The respective cases most relevant to determining 

the electric and magnetic form factors will now be discussed, 

1. Polarised Nucleon Target; Recoil Nucleon Polarieption 

Determined(lo )  

The notation here is as for Fig. 1. In momentum space, the 

matrix element for scattering, Ak ,  is proportional to the term: 

P > 
-- 	

1 jI k 
cj2  

The term <k2  j j~j k1 	represents the matrix element (up to 

kinematic t'rma) for a lepton with four-momentum k1  interacting 

with a photon and being scattered with momentum k 2 . Similarly 

for the nucleon term 	I JI P1"). J and J,,  are operators 
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describing the nucleon and lepton currents respectively and .4 
ci 

denotes the photon propagator where q is, as before, the four- 

momentum transfer = k1  - k = 	- 

The lepton current having no structure 

	

I k1 > 	= 	e u(k2 ) 	u(k1 ) 
	

(2.1) 

as for a point Dirac particle (e is electron charge. 

The nucleon, electromagnetic vertex  in its most general form 

is taken as 

4 2  I 1 P1') = U( P2 )  -i- f(% - G 

	

- G )i6uvv 	
() 

"I() 	(2.2) E 2M J 

where & = q2/Lii2  and M is the nucleon mass. (For notation of 

the Dirac matrices, and Eq. (2.2), see Appendix 2). ?or ease of 

computation (2.2) may be re-written with the aic. of the Lirac 

equation in the following form: 

	

'P 2 I Ju I P1) 	= 	(p2) {Ayu - BPU } u(P1 ) 	(2.3) 

where 	A 	= B = 	(GM - GE )/ 2MI. _'t ) 
	 pu 

= 	'2u' 

Summing over the lepton spins, (see Appendix 2) 

= 2<'k2 j ju  1k1  2 = Tr (2 + m')1 	+ ml) YXspins 

= 1 [k 2u  ki + k2x kj - 	- m)O,] 	 (2.) 

M 
IL 
= lepton mass ; .( = yUAu 	Tr = trace, 

For the hadron term in the matrix element, we introduce 

projection operators to project out the required nucleon polari-

sations, and give 
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flux = 02 JU 	= Tr  (~eM)(I-$By vuA-BPU )(I,+M) 
2 

B P (2,5) 

where 4  denotes complex 

operators for target and 

of the properties of 

flermiticity (and/or 

\ and 13 to be purely  

conjugate, and 	 B denote the 

recoil nucleon respectively. A discussion 

and S   is contained in Appendix 3. 

time reversal invariance also) demands 

ea, i,e. A - 	 , 	 - 	

12 

Straightforward evaluation of 	using trace theorems of 

Appendix 1 gives the folliwing result. 

iiX = PIIXA 	 {WlX + 2lu 	32Xu + 

+ 1 '2fBuAx + 5BX 'Au\ - 3B' '1 fSAJ2% + 5AX 

'A2 fS AUP lX+ SP1 + SBP1(SA.P2)axU] 

• B2P
UPX

[ 

5B.8A2+M) + SBST'l(SA.P2)J 

• MAB IS B* S  A {PUP lX+POlu+PUPA+PXP 2UJ  - 

- B e 1 [PUA SA11PX - A2fUBx + 	 (2.6) 

Rux represents non-spin part of LlH,  as in the Roaenbluth 

formula, and equals 

2 2 2 r2 
= Xu L 2 	+ 'lA1'lu 12MB) -B q J = 6xu 	f 2" 

2(G-t GL) 
+ 	 (2.6a) 

Contracting (2.6) with eq. (2.4) yields the required result for 
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The actual form of this may be deduced 	priori from 

symmetry arguments and is perhaps instructive. 
2 must depend on the variables S  AP  La  B'  P]  P2 , k1  and 

By definition 3B.P2 = 0 and SA.Pl= 0, while from four-momentii,t 

conservation P1  +k1  = P,,+k 2  yields:-. 8B1 + SB.kl =  SB.k2 and 

	

+A s 
 P 

2 0 	Hence for SA(SB)  contrat,eL with the 

four-momentum terms, there are only two independent terms: it 

turns out convenient to make the following choice. or 8A' (sAski) 

and 	 for 3B' (BB -
P.1) and (SB.kl). There exists 1 

further independent term namely(S 	sinces and 	appear 

linearly in Fq, (2.5) they must do so in M 2  enc pnrlty con-

servation demands they appear as a product, i.e. (. 
. I (sA.kl) 

etc. Therefore the most general form for n 2  is as follows: 

m 2= a+b(SB.SA) + c( 3 .Pl)(sA .kl) + d(SB.Pl)(S A.k?) 

+ e(SB.kl)SA.kl) + f(SB.klXsA.k2) (2.7) 

where a, b, c •,. f are scalar functions of P1P2 , Ic1  and k 2  

but independent of and .. 

Direct evaluation of p 	yields such u for;: I th tIt f11rj:_ 

ing values for the coefficients a q  b, c, •.,, f. 

a/Li. = as for Rosenbluth = 
[G-tG 	

2  -2tG 

	

R(cf. eq. (2.6a)). 	= -cM2L 	cot 
 . -IIX 

E 
= 	&2 

(r) from eq. 

b/Li. = -2 ~2(p1k1 )(P1k2 ) -  0(k Ic 
)] [A'+ 2B 2( PIP2+M2) - 144AB] 

c/Li. = 2fA2 [PI  p2_ M2 
- 

PikrPik2]+ 2B2(2P1k1(P1k2) 
- Mk1 k 2 ] 

- 2ABM [Plk, + P1k2  - k1k2]} 



4/4 = 	- 14BjB{P 1k1(p1k2) - M 2(k1k2 )] + MJ ] 1C2 ) 

e/Lj. = - 2A fA  1plP2 M2  - P 1k1  - 	+ 2MB [Plkl + Plk2)1 

= - aA {A[P 1P 	M 2  + P1k1  + k2j 2MB 	+ P1c2]} 

with A and B as given in eq. (2,3), 

Collecting up terms (2.7) may be simplified to give 

_2 = u) + G 2 q [3Pl(SA kl) + (B.kl) + SB. 	A kl.k2)J 

+ [G.(G.—G.)q2 l, .z) C—SB*pl(s A pkl) + 8B.PlA.k2)J 

+ [2GM( G E 

	

	GM)/t]. .-](P 1k1  + P1k2) ISB* k el 

A g kl )+ sB.Pl(sA.k: 

- sBl(3Ak2)] 

G —tG2  
H'S S - + 2{2P1k1(P1k2) 	

B A 	3. 	
M) + 

- 2B2(SB.P1XSA.k2)1 

w+M9 	 (2.8) 

In both (2.7) and (2.8) terms involving the lepton mass have been 

ignored, which is an adequate approximation in the high energy 

region, i.e. lepton beam energies> 1 GeV. 

The recoil nucleon polarisation is given by 

2 	2 
= 	Spin—part of eq. (2.8) (M) 

2 +2 	
Non—spin part (= w) 

B 	B 	
(2.9) 

e now apply eq. (2.9) to specific configurations 
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A 

Fig. 2. Lepton-nucleon scattering in the laboratory frame. 
4-momentum notation as for Fig. 1. 

e work in the laboratory frame as depicted In Fig. 2; the 

k inamatica and notation in this frame are discussed in Appendix ti. 

I) Target nucleon polarised along i, dirction of incoming 

lepton, recoil nucleon transversely polarised, i.e. perpendicular 

to 	In terms of right-handed axes of Fig. 2, this means 

along the x-axis and 5B along y' axis. (Both the z and z' 

axes are coming out of the paper). 

Since the target nucleon 18 at rest, P1  = 0, whence it 

immediately follows from S Ae P = 0 that 5AOl0 = 0, i.e. 

9A0 	 = M. Thus as S 
	o - 	= 	' 	= 1 and 

in component form S = (0,x) where for any Li-vector A (A 09  

A2  =A - f2 ; x denotes a unit vector aionr the x-axis. (Similar-
ly y denotes a unit vector along the y axis, and in general 

A denotes a unit vector along X). 
As S  	Is transversely polarised, i.e. T3 .P 2  = 0 it like- 

wise follows S = 0 and 3B = (0, ).BO 

Writing out the Li-momenta in component form 

= (Es , 	x), 	k2  = (E, E 	 l  = (M,o) 

P2 = 	(EB,JPBI 	') 	 (2.10) 

Direct contraction then yields the following results: 



= 0 	SB.kl = 	sin 	SAki = - 

= 	COB 0 	A 3B = - sin r 

	

A A 	 A A 

where we have use  xy = sin 	and x.k2  = oos . 

substituting these values into (2.8) and (2.9) then determines the 

polarisation P. 	ince the actual evaluation of (2.8) requires 

some involved juggling of 1cinnatics, we present details of the 

algebra as an illustration of the techniques employed. 

Direct substitution in (2.8) gives: 

M(1M 21'+a) = aca2L_i ein (- 	- E COB 

2G(G,-G,) + 	M 	 + q2,') (.u.EBifl*) (E+Ecos) 

2 	 2 	(G2-.tG2 ) 
4. 2{M2  - +E(+ 	)] sin* 

	

T' 	M 

where p1k1 , p1k2  and k1k2  are expressed in terms of E, and 

four-momentum transfer q as given in Appendix U. 

S..

s1nt) = (1..t)Gq2 L- 	+4 	M )JI 
2 2 	E 

+ G r( - G) (2ME6 + -) .-. ( i + 

	

_[M 2q2 + 2a4e
+ ip 2E] (G .t-o) 	(2.11) le 

where we have written -n,. - E' coa = 2E + E - 	cos and used 

= 	coB 	= .q2(1 +-)/2I.  (2.11) is clearly a quadratic ri 
expression in E and simplifies to 
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= q2M2[G+ tGM(GMl2GE)] + 22ME{G. GE GM + GM( GM_GE)] sin4i/(1.. ) 

+ 14 2E [G + 't G( 	- 2GE 

... p= 

	

- 	-i 
(2.12) 

Alternatively noting from eq. (1.1) that the curly bracket in the 

denominator In (2.12) Is equal to (d6 	
E 

)where d6/dfl- 
is the differential cross-section summed over spins, we may rewrite 

(2.12) as 

	

d61 	 2 P, 	
L sin 	= 	 /q2()(i 	(2.13) 

where f 	J denotes the expression in such brackets in the numerator 

Cl e. (2.12). 

or fixed q2  i.e. fixed t , the expression in curly brackets 

in eqs. (2.12) and (2.13) is a polynomial of second order in the 

energy, E. Therefore measurement of the transverse nucleon 

polarisation for three different values of the initial energy (Ed ) 

corresponding to a fixed value of q 2  is necessary and permits one 

to extract the following combination of form factors: 

= 	+ tG4( GMhI2GE) 	G =[GE - GG + G( GM - GE)] 

(2.13a) 

From these, we note 	G1  - G 	= jI_t +1J GM GE and so the v1ue of 

the cross-term is determined, whence (, m' be f .und. 
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ii) Target nucleon polarised perpendicular to 11  (i.e. along 

recoil nucleon longitudinally polarised, i.e. along x'. 
A 

Here we have SA = (0, y), SB 	 - x'), giving 

the following terms SA.kl = 0, SA•lC2 = - sin Q, SB.Pl = 
, 1n 

B* 1 =  E&( 'B - Eli 008 )/M, 5A •3B = 	 . 	'bstituting 

in eq. (2.8), multiplying throughout by B'  usin, PBSiU* = Esin 

and extracting the latter as a common factor throughout gives: 

1'15 ' 	 tO- t)(/t)] ± 
L 	r7 '1 	j_- 

t.  

(2.lLi) 

where we have used 	= q2(t - i), Eli = M(1.-2't -) and 

	

008 • E 	E cos = q2(i + 	)/2E. (see Appendix Lv). 

This simplifies to: 

•P 
	M 2q2 [- + 2aGE + t - 2 2  G2 J 

Esin 

+ 2q2ME [-GF2  + GMGE  + v GM  GE - t G. 

+ 
	

(2.15) 

	

/ 	{- 	* 	-- 	/n)E-6 t 	cC CC 	t  

- . L 

(2.16) 
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2 q cot  •'. P = 	 or 
2EjB 	 1_ I 

	

d6 	1 t2oot -q,2 	2 	X 

	

1.. 	2E ITB  (1-. t') 

Similarly to eq. (2.12) this is a quadratic expression in E 1 , so 

again three measurements of P for different values of R but 

fixed q2  are necessary to extract the following combination of 

form taotore(1: 

= -G + 2 GMGE + e - 2 2  o ; 

= G+GVGE+tGMGE - G 

G3  = -G + 2 c-1GMGE - am 	 (2].6a) 

Note G2  and G3  are the same (apart from a sign change) as 

and G2  in eq. (2.13a)  and therefore the cross-term is again 

determined by G2  - a3  = ( 1 - T)GMGE. 

(iii) Target nucleon polarised along y, recoil nucleon trans-

versely po].arised, i.e. along y ' . 

	

= (0 9  Y), 	SB a (0 0  y') 	giving: 

	

SA. k]. = 0, SA. k2 = - 	 5B"1'1 = Ot SBSkl = -E 1  sin *, 

SASB = - ooe $. 

Substituting in (2.8) and multiplying through by 73  yjd1 

- 	M2 2 2 
	E 	(a -.?G fl 	Est

00 
MS.PB 	 * (i + ..) - 	i - 	+ 

- GM(GE - GM) (q2  + 4ME t )EI sin 

- 4M2 £L 	G 
(1 + 	)  

2E  



,. 	M2P 

q2 q2/(l.. ) 

= M2(l 	)(G2  G2) 
+ 2(1_cos)IE 	

+ 	1+cos9) 

(1+
a) '4M  

- 

	

	
2 ( 2 2 

M 	
Gi+zGi cos &)1 

2 

= (i 	) L1+cos1{..M2 Co+vo 
+ ( 2ME s.j 

E 1 - cos 

2 	2i  
and P = (1 + 	cot 	

BE1t) 	
cot 2  - 2rG 

(2.17) 

2 E l  aS = 	 2tcot2 	{ 	I Cl E4 	IBE1_t) 

From (2.17) we see now only two measurements of P for 

different values of E& but fixed q are necessary to extract 

the following form factors: 

2 	2 
= GE + t' Gj 	G = GMG. 

Hence determination of 02 1mndiate1y gives the required cross-

te rm. 

(iv) Both target anc recoil nucleon polarised perpendicular to the 

scattering pani, i.e. along z and z' respectively. Then 

SA = (0, z), 	3B = (0, z') and all vector products vanish 

except 9AB = 

From (2.8) it immediately follows 

= [M2Cl2  + 2MEq2  + 14M2 ] ( o. - tG)/Gi - 

and 	+2t)E/M)2] 	 cot2 	2G 
M 	

(2..b) 
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ci.2 E'  2 1 	E 	()21(GE -tG or [+2r+ M JL i_c- i 

Although only one measurement of P is here necessary to deter- 
2 	2 mine the form factor G, = G - 	the latter is dominated by 

for 	1 and so is unsuitable for determining a (G1  in 
fact 000111'S directly in the Rosenbiuth formula, eq. (1.1)). 

(v) Target nucleon polarised along direction of recoil nucleon, 

recoil nucleon transversely polarised, i.e. 

= (o,'). 

We now have 5Al = E 003 k, 8A2 = -Ecos( + p) =

F Cos B 	'4-'B'1 = O 	SB.kl 	E& sin  4', 	SA.SB = 0 
Substituting in (2.8) gives: 

- 

M 	
+ 	 q2 -E ifl'*i It 

= q2(Ll.ME + q2)cG . 

•1• 	
= q2(+q2 )(_E E )sin 9 GMG/ q2( -1) 

+ q2)q2  (cot )/2(t -1)1 GMGE 

and P 	
= 2 cot [t-  + E/ 	 s-) 

M] GGE 	
(i 

(i_)[4 _rG)cot2 /(i...z)} - 2tG] 	
(2.19) 

1' P.d ±L = 
-a  2 (E')2 2 cot 	r +E/M) 0M0 

2 

Clearly from eq. (2.19) a single measurement of the recoil 

polarisation is Sufficient to determine the cross-term, and thus 

A disadvantage of this configuration is that the direction 
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of the target nucleon polarisation has to be changed for changes 

In the recoil nucleon scattering angle *. This may be overcome 

by fixing the angle $ and then varying q 2  by altering the 

energy of the initial lepton beam. Such a technique is applicable 

whenever the target polarisation is correlated to the recoil 

direction and a similar analysis when correlated to the scattered 

lepton direction. 

Target nucleon polarised perpendi.nular to the direction of 

the recoil nucleon, recoil nucleon longitudinally polarised, 

i.e. s = ( 0, y'), 38 = BL-. 	giving 
M 

8A1 = -E sin* , SA.k2 = -E 1n(+*) = -Eain $, 

= B' SB1kl = 	RB cos  $), 3A'3B = 0. 

Substituting in eq. (2.8) yields: 

a2[q2(t -i) + 	 1)+M(12c) 9L 
16

(i+) 
-E sin $ 	 I 	 2E 

- 2G( GE' -o) [E+q2/} q2  

- 	+ q2)ac 	
(!o) 

This is exactly the same as for the previous case, except for the 

change in sign, and so the polarisation = 	where P is as 

given in eq. (2.19). Although this configuration also directly 

measures GEGM,  it has the defect of having to measure the 

longitudinal polarisation of the recoil nucleon. 

Target nucleon polarised perpendicular to recoil nucleon 

direction, recoil nucleon transversely polarleed, 



-22- 

A 	 A 

i.e. 	= (O,y'), 	8B = 

Hence S As k = a As k 
 1C = -.Eainji, 'B1 = 00 8B•k].  = -Eain , 

= .1.1. 

2 	22 	 222  -   + 	+ iE(G 	)X 	C 	E 	 ]q  

= G2  £1! ccot2 9 	.4A2q2cot2 ) ( o2  - G) M2 

= qhI M 2  cot 2 	t G) 

Gr- 
and 	

(a +G) j(a 
nd p 	= cot 	

_-) 	29 cot 	- 2'G . (2.20) 

One measurement of P at fixed q 2  determines (G +tG); 

however as this is dominated by the GM  term for 	1, this 

configuration is unsuitable. 

(viii) Target nucleon polarised perpendicular to direction of 

scattered lepton, recoil nucleon longitudinally polarised, 
A 	

FBI )  jr • E = (0, k2), 9B 	(. 	 $) 

Then SA.kl = E6sin3, SAk2 	2Bl = "B' Bl = 	- EBooa4f) 

and substituting in ( . 

M9 xPB Q- 	
11,  )J] - 	G2q2 C 2c'_ i) + 	.( q2(i_1) + M( l2t) 	1+2E 4 sin 9 = 

+ M(GM -  
2 2 L  

417 
/ - t 

r—r6pJ 	[-G- G — tct 

and P = 	& 	 c7 -vfl t 	 tC6) 
()t- 

- 
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or 2 ()2 	8ifl 	,f 	I 	 (i) 
d -P- 

= 	7 71 

'C 

Eq. (2.21) being quadratic in E 1,, a, 

for different E but fixed are 

following form factors: 

= —Gj — GMG... — rG + 3GMGE; G3 

gain three measurements of P 

necessary to extract the 

22 
2r GM 

= -G 	rGL + 2 rGrMGE 

We note 	,.,hence the crL -tori i 

de'mincu. 

It may be remarked that all eorre1a,;5.is involving target and 

nucleon polarisationB in orthogor..: planes vanish, i.e. for 

3A = (0, ) and 3 in the scattering plane, or SB = ( o, 	) 
and SA in the scattering plane. As pointed out by Hey and 

Kabir(l0) this is a consequence of parity invariance. Moreover 

for the case when both potarisationa are normal to the plane of 

scattering, the recoil nucleon polarisation does not involve 

G.G. (see e.g. (2.18), and therefore In practice one will only 

be concerned with polarisation lying in the scattering plane. 

Up to now it haa been assumed that the target polarisation 

is fixed in direction. If, however, the latter is reversed and the 

difference in the recoil polarisation determined, i.e. 

11' s  M (M8  with 	6A) with M8  given by eq. (2.8), then 

the polarisation effect is doubled, a considerable bonus to 

experimentalists. 
Al . 	 ;: 	2 	 Cc(4 	OrrtIOf' 	L24 

iv 	 &I;4L, 

QL 	 1& t 01 

44d 	 Vf 	. 	x1 '&tt 	fe#.evtL 	M4L cA 	£L 	'Y 



2. Polarised Nucleon Target, Poiaried Leptqn Beam( 16) 

Summing over final lepton spin now we have: 

LU,X = ZXIii k>2 = Tr (2 + m)y1+m 	
2 

= 2 Lkkm + - (kik2_m)8 + im&  e 	qS,] (2.22)uhao 

The notation is as for Fig, 1; n 

the spin projection operator for 

operator is analogous to that for ti 

Siml and S&.ki=0. 

Summing over the final nucleon 

denoteE 	1uoi 	;L( 

the initial 'pton. 2hi3 

e nucleon, anu determined by 

spin gives: 

= ~ <2)Ju ) 
P1) = Tr (2) u 	 + M) r -  

2 

S 	

- 

U ••• 	uX = R 	+ IF Xst 	2C%3t.PuJ# 
MA (_q )3 - i 	

-  

S  1 ) 

2S P  it 5Aw AB 	(2.23) 

with A and B 88 defined in eq 1  (2.3), R as given in eq. 

'' 	= p 
+ 2 and 8 is the spin-projection operator 

for the nucleon. M denotes the nucleon mass and e is the
CLOYo 

fourth-order antisynrnetrlc tensor,, defined in Appendix 1. Con-

tracting (2,22) with (2.23) yields: 

-f-L 	A L 	Of=W + 4 

- 4m, M(S.q)( 
 

where w Is as given In eq. 
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We now apply (2.24) to specific configurations. 

(1.) Target nucleon polarised along direction of lepton beam, 

initial lepton longitudinally polarised, i.e. s A = (00 ), 

8,= (;' _i), 

r" - 
Therefore, 	= S, .k1 SA .k2 = - 	+ 	008 , 3L1 = 

= 	j 	(1 - cos9), (' Al. 	in  S = 

Jubstituting in (2.24) gives 

	

M3(spin part of 2.211.) 	q2 2M3
E(1-) 

J 	GtGM) t 

+ 	. GM( 2GE tf4) 2a(GE _toM )j 

and P = M8/w 
	

(2.25) 

This configuration is not useful however, as each of the three 

combinations of fonn factors in (2.25) is dominated by the 
Gi 

term for c>l, 

(11) Target nucleon polarised along k 1  85 before, lepton beam 

transversely polarised, i.e. S = (0, x), 3L  =(O, y) 

This gives BLIP1 09 t.k2 = -F,t  sin e, 	= 0 and from 
 IL e.

(2.211) we have 

V-4)   = 	
cot GM and polarisation 

2E 

P=M/w. 

Again this Is unsuitable as the G term dominates for 

I 	DJ/t44 ')/ 	
t 	f'l 	17 

2. 

SS) 
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Target nucleon polarised 'erpendicular tok 	in the 

scattering plane, lepton beam longitudinally polarised, i.e. 
A 	 E 	E, 

S — (0 , 

	a 	( 	V 
- "s 	 T,  

6 M4 

•'= SAkl SAk2 = +E sin 9, L'l = E4 J
. 

J 9 k = E' - (1-008 9), 	 = O• 

(2.24) then gives Ms = E l  sin 9 Mq.2{G 
- 	 - - (GM- E)/. '- 

and the polarisation 

2 cot  •1  ~[(G, 	G 
- 4( G ..GE)] GM 

= 2ME 	(1-t) 	((G - G) co t 2  
- 2tG 

or Pd6 2 	) 2 
-- - 

4 
2ME4  

Measurement of P for 

ponding to fixed 

cot / 11  - ) 	
(2.26) 

two values of initial energy E4 , correa-

then determines the form factors; 

Gl = (GE _GM)CM and G = (GM - 
G.)GM whence from G2, GE 

may be found. 

Target nucleon polarised as in (iii), initial lepton trans-

versely polarised in the plane, j• 	= (0, ), 5L = (o, ) 
which leads to SLP1 = 0 9  S k 	

5A3L 
From equation (2,24) we have thus 

2in4  M q2 0M ((1_t)GF +t5 430t 	and polariza- 

t ion 
P = 2(rn4/M)jM 

1_)GE+442/Ecot2 (aE_tGM)I 
((G 2  _- c)cot2 9  /1-z)-2  rG 	

or 
ti 	7 

'd6+o.2  
— = — 

dJL 	q2 
2(.t)()2{ 

 
(2.27) 
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Therefore determination of P for two values of co I& 

corresponding to fixed q yields the two form factors 

G (l_z)GEGM and G 	(GEGM •. t-  G), G1  being the required 

term. 

Both target nucleon and lepton beam polarised perpendicular 

to the scattering planes so 8
z :

(0, z), SL(O, ) and hence 

BASAL = '-1 with all other terms vanishing. This gives 
= 21T1n1 q2  G GE and 

r 	= _2(m/M)GMGE4G 	G)cot /tl.-) - 2tGJ or 

2 E'2 2n 

pin 	7 F,& () j& G a 	 (2.28) 

Thus one measurement of the polarisation suffices to determine 

M GE .However this configuration has the disadvantage that the 

value of P is reduced by a factor (mjM) compared to the 

case (iii) for longitudinally polarised leptons. 

Target nucleon polarised along the direction of recoil 

nucleon, lepton beam longitudinally polarised, i. • 	= (0, 
'), 

= 	whence 9A  q = .,. 
8A2 = B' Ll 	U 	, 

(1 - cos ) and SA•SL = - 	cos 4. Therefore
16  

(2.24) gives MS.PB = -Mq G ' ( + 
	

and P = M3/w with cu given 
by eq. (2.7). One measurement of r here directly determines GM. 

Target nucleon polarised as in (vi), lepton beam trans.. 

	

versely polarised, i.e. 
3A 	(o, x'), i(o, r) giving 

= 0 9  S 
V k = •E. sin 4 and 

A•3L = sin . 3Ubatituting 

in (2.24) yields 



Ms B 	 cot 	and P = Ms/w. Again this 

directly measures GM. 

Target nucleon polarised perpendicular to recoil nucleon 

direction, longitudinally polarleed lepton. Now we have 
A 	 E E 

= CC), 	 (, 	x) whence it follows, S A q = 8,.P 2 = 0 

and SASL= 	sin 4i giving U3  = 2i sin 4 Mq GUGE 

[1_M cot  s/PB] GMUGE 
2E 	 I(a. 	 2]and P 	__sin4'GMGE/ cot. 	- 2tG 

22E (i 
or p 	 2 () GM

)Ti 	 (2.29) 

Thus one measurement of F here immediately yields the cross—term 

Target nucleon polarised as in (viii) but lepton beam 

transversely polarised. Therefore 8 = (0, y'), 8L = (0, ) and 

we have SAaSL = - cos , whence (2.24) gives 

M3  = Zd1m q2  os GMGX = 
- rq4( 1 + ) 	"B1 GMG 

2M4 	if V
and P 	- 	C08 4' GUGE 	G) cot2  ff  - 2t 

or 	= 	2(.)Cos 	
()2 

GMG. 
	 (2.30) 

Again only one measurement of P suffices to determine G.G. but 

the magnitude of P is reeuced by a factor (m,/E.) compared 

with case (viii). 



Target nucleon polarised along direction of scattered 
A 

lepton, transversely polarised lepton, i.e. SA = (0 0  k2 ), 
A 

= (0, y) 	hence 	.q 	 COB 9 + E, S P1  = 0 9  A 

8L2 
	—E 

 I 
 811k 	

A 	(2 8L = 	sin . 	Eq. (2.2L1) thus €ives 
— (E/M)cos e.) (; - r US 	 Ma  in  I 

 G
E  +tr 

1s 	
GM 

16 

1 . 

(1 —- oos9.) 

 'tE+ = -2(m/)sin 	EGM 	
)(1-)

Z7 (17)  

16 

[~Gz) 2______  cot 	
lob 
2G 	 (2.31) 

d6
2 m El 

or 	= 	£ 2(.)(')2 sin 

Two measurements of P for different E but fixed q 2  permit 

one to extract the form factors G1 = GFGM  and G2 = (GMGE_ G). 

Target nucleon polarised perpendicular to direction of 

scattered leptn, longitudinally polarised lepton beam, 
E 	' A 

(°' 	 = ( 	X, and so A• 	SAki = _E 8ine, 

S •3L 
	sin . 

MIC 

(2.24) gives M = qEsin E2GEGM  +t (o) AM  

and P = — (E,6/1') sin L 	/L1l°cot2 2t2i 

or P4 	
a. 2 E E' 

dz 7 '. M E 
(J)()2 sin[ 

(2.32) 

Two measurements Of P as in the previous case determine the form 

factors G1 	G(G 
— GM) 2GEGM, G2 = GM ," GM

— 
GE), whence 

GE may be found. 
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(xii) Target polarised as in (xi), transversely polarised 

lepton beam. Here 3 a (0, k2), SL  (0, 1) whence 

	

SL,P1 - 0 0  S] .k = - 	 3A 8L = - 008 9, and (2.24) 

yields 

2 	p 	2 	(G1 - r GM )I sin 

and 

Ms = 2Mm1q 	L 	- 	jG 	

2 2

t 
sin 2 (G.rG )a 1 i 
 P = -2(ni 1/M)cos 	- '- 	cot 

- 2TaJ (2.33) 

Again two measurements of P for different F 1  and 9 but fixed 

q2  determine the form factors G a 	 G2= G(G. - tGM). 

As with both target and nucleon polarisations measured, so 

here also all correlations involving SA  and S lying in 

transverse planes,i.e. over in the scattering plane and one per-

pendicular to it, vanish because of parity invariance. Note all 

effects due to transverse polarisation of the lepton beam are a 

factor (m 1/M) or (m1/E 1 ) smaller than those with longitudinal 

polarisatIon (19 ). This is a general result for polarised leptons 

and implies in practice only mins will contribute significantly 

to the transverse polarisation. Again by reversing the target 

polarisation and measuring the change In polarisation P (I.e. 

Ms Ms(with the total effect Is doubled. 

3. Polarised Nucleon Target, Recoil LeDton Polarised 

Summing over the initial lepton spin, 
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L a <k2 (j I k1)2 	
l -  

= Tr (+m t) 	
2 L, 5 	(1+a,) ri..  (2.22) 

where SL now refers to the final lepton. Summing over the final 

nucleon spin gives again eq. (223). Therefore on contracting we 

find 

w + 2ml(SA.SL)GM.Mq2G) + 2m1(S.q)(S.k1)M GM (GE.-rGM) 
1 -r 

- G) 
-. -U 	 . 	 ( 2.3I) 

This is precisely the same as eqi.  (2.24) except for (s.k)- _(sL.kl 

The following configurations are of interest s 

(1) Target nucleon polarised along direction of initial lepton 

beam, scattered lepton transversely polarised, i.e. S- (0 0  ), 

5L M (0 0 	) leading to 	a SA Al - SA.k2 a-Et+h 
I  Cos 40 9  

- 0, S.k1  - E 1  sinQ, 
3A3L - sin • 

Eq. (2.34)  then gives 

MS  a Mm 1 q2  sin Q L-' + t(2G - GM) + . L (GE tMM' 

and 

•'. * 
( 1 'M) 	L-GJG + iGM( 2GT .GM) + +os (G

.- 
 cGM) 

(l- t) 	tG)cot 2  /l_ - 2t G] 

or P  d6 	C6 
2 EI  2 1 sine 

T (l-t) (2.35) 

Two measurements of P at fixed q2  but different 8 suffice to 

extract the form factors 	a -GG + t( 2GEGM_ at), 
G2= GEGM_tG. 

Note G 2(1-r) G.G. which determines the cross-term. 

P 
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Target nucleon polarised transverse to k1, longitudinally 

polarised recoil lepton. Hence 	= (0, 	.L) = ( 0, ). 

SL 	 k) which gives 	= SA.kl - SA.k2 = 	sin Q, 

SLIP1 = ME/m1, SL.kl - E 1E(l-cos 9)/rn1 , SA.SL 

and (2.34) yields 

Mq2E sin 9 EGE+ t(Gu_2G: + 	0O02 (GM-fJE)] G.11-- 

and 	
2 	cot 	a 	ae J(C_G) 

	

EM} 	t' 	j GM 

(1- 	L(°2- G cot2 	2C 

or a.6 	- "—(a) 	 (2-36) 
cot 	

(2.36) 
£ I 

Again two measurements of P are necessary to yield the form 

factors G1  - GMGE + r(GM 2GE)Gu, a2  - G(Gu - GE) whence 

G. may be found. 
.01 

Target nucleon polarised as for (ii), transversely 

polarised recoil lepton. i.e. 	• (0
9 
 k21 ) and hence 

0 0  S.k1  a E,sin 0. 8A'8L - cos 9. This gives 

M8 	Mm 1 q2  GE +rGM + 008 Q [aE+ GM ... GE)I1}GM,/l t 

WA polarisation 
(rn,/M) 1 
	

+ oosQ [GE  + 	a 	G )iaM 

	

(1- -) L(G - t G)oot 2 /l-t - 2rGj 	(2.37) 

Measuring P for two values of Q corresponding to fixed q 2  

determines the form factors G, = (-G. +VGU )GM 
 , 

G2 - GGu +rGM - 2GF). Note these also arise in case (1). 
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Target nucleon and recoil lepton both polarised transverse 

to the scattering planet SA =L = (0, ) and S A  8 = -1 with 

all other terms zero. 

•• Ms - 2Mm1q2 GMG..  and 

P = _2(mt/M)GMGF/L(G - lG)cot 2  /l.-z -  - 2rGj. (2.38) 

A measurement of P thus directly determines GEGU  but is reduced 

in magnitude by (m/M) factor compared to case (ii) with 

longitudinally polarised 1eptons 

Target nucleon polarised along recoil nucleon direction, 

longitudinally polarised. recoil :Lepton, i.e. 	= (0, i'), 

-( 	Ic2 ) and so 	SA.P2 - 	- - 

SA  8L -E oos(+$)1m 1 . 

Thus we have 
cosec 	2"" 	 2 = 	 + 1 - cosj - G and 

MLLI 	JM ) 

P - M3/w . Hence this directly measures 

Target nucleon polarised as in (v), scattered lepton 

transversely polarised.. 

SA - (0 0  i'), SL - (0, 	giving 6A3L - sin(Q+$) 

whence (2.34) yields 

M3 	2MIntq2 
	sin 

(- 
G) and P a MS  1w. Again this 

directly measures G. 

Target nucleon polarised transverse to recoil nucleon 

momentum, longitudinally polarised recoil lepton. 
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Here SA SL = - cos( + ) and M = [MM414(1 	cosYBGMGE 

2  GMMG 
• . P = -'(m/M) 	- coe) 	22 

cot2 	- 2 t 
EP 

°• 2 ()2(1 or 	 - . oose) 0M0E 
' 

(2.140) 

Again one measurement suffices to yield 0M0E  but the value of 

P is smaller by a factor (m/M) canpared with case (vii). 

(ix) Target nucleon polarieed transverse to direction of recoil 

lepton, ' latter longitudinally polarised, i.e. SA = (0
9 
 k2  ), 

EE' 

9L = 	. 	k). Therefore, S. = SA,kl 	A•2 
= 	sin 

and S A  S  L = 0. (2.314) now gives 

Ms = 	q2sjo 	
0M + 	+ 

and 

	

-E 	fa -a +[E/M+E(l-cos (GM_Gj 0M 
P 	4sin 

cot 2 -2 GM2  

or 

= 	- p_ 	2E2E sine M l- (2.Ls.1) 

Two measurements of P are required here to extract the form 

factors: 

= (ci. - t GM) G.M 	, 
	

02 = (GM_ GE)GM , 0 being the 

one of interest. 

(x) 	Target nucleon polarised as in (ix), but recoil lepton trans- 
* 

versely polarised., i.e. $ 	= (0, k2 ). 	Thus SA.SL = -1 
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and we have 

MS 
	21UMq2 	 - cos2 6 LI' + -. ( 1 - cosQ.)] (GE —.  GM)/l_)J 0M 

2(m/M) 
{GEGM .-L.c081 (i+ - ( 1_cose. ))(OE_TGM)GM/l_t]J 

{(o -G)cot2  4l—) - 2tGM21 
or 	= 	q 

2 Bit 
)2 2(.){ 	} 
	

(2.142) 

This enables one to determine the form factors, G, = 

02 = GM(G_r(}M) but P is reduced by (me/E&) in magnitude 

compared with that for longitudinally polarised leptons, case 

(ix). 

Again all correlations involving one particle polarised in 

the scattering plane and one polarised transverse tj it vanish 

cue to parity invariance. 

L, 	Polarised Lepton 3eam. Recoil Nucleon Polarised (20)  

Summing over the lepton spins gives LuX  a eq. (2.24). 

Su*ning over the initial nucleon spin, 

= Z 	2Iu I i' 	2+M) 2 	(VA — 	i+M(TiumBf ) 

= 'x 	2 iist %SBt + ABI. IP X C 	Uet2s 6Bt lw 

(2.Li3) 
A and B as in ( 2 . 3 ), ,e1  as in (2.6a), 	= d 

refers to the recoil nucleon. CórLtracting yields 	

= SB n 

= W + 2m( 3BSL)e GM(MGE) -  

+ 411IMt (s.q)(. 
)GM(GM_GE) 

(2.14i.) 



with w defined in (2.7). /° .ocn 
(Sd -)_)] / 	So 

Recoil nucleon longitudinally polarised, as is lepton beam. 
I E, 	E 

i.e. 	= 	' 	x'), 	8L = 	- x) giving rn 'zn 

8B' = Th3'l B 	t4  (B - EB 008 

•. 	= Mqr+.] G/B and 	_q2 +  G2/ 	: t : cot2  

- 2rGM2 } (2.145) 

This directly measures 

CLO 

Recoil nucleon polarisedin (1), transverse polarised lepton 

beam, i.e. SL = ( o, ), giving SL.Pl = 0, SL.k2 = -E sin 

and 8L'8B = E  sin 4v/M. (2.144) then yields 

= _qIl cot Mm r G/E 	and 

P = -q2(m/M)cot 	
B f1_ 	cot 2  - 2t-  (G)\ 

Again GM  is directly detezninec., 	
= -2(rn/M)sin4,7-G/f 

Recoil nucleon transversely polarised, longitudinal polarised 

lepton beam. 

	

A 	 * 

= (0, y'), 6L = (E6/m, E/m x). Hence 3B'• = -6 3 .P1  0 

and 3L'5B = E& Bin 

= -"q1 M cot 	GMGE/ 'B an P q.
2oo4 	GM  GE 

M p B G-G 	
t2  - 2rG 1 --t co 

d6 	it' 
	

t2 

 2 PIK= - (•-) cot GMGE 
MP B  16 

Thus one measurement or P here immediately gives GMGE. 

(2.146) 



u.37.u. 

Recoil nucleon polarised transversely, transverse 

polarised lepton beam, i.e. SL 	(0, y). 

Hence SL.SB = COB * 	and 	 + 

2 (m /M) 	GM  GE ______________________ 
.'. P = 	- 	(1 + -) 

MPB 
— 	cot2  - 21G 

1 -r 

2E' m 
or 	= P 	°' 	'

MP B  E-6 M 	E4  ME (2.14.7) 

While this also determines GMGE,  the magnitude of P is lower 

by factor (m/M) compared to case (iii). 

Both lepton and nucleon polarised perpendicular to the 

scattering plane. EL = ( o, ), xB = ( o, ') and 5L5B = 

with all other terms zero. 

.. M = 2mM q 2  GG and P = -2( m,"M) 2 G E 

E M cot2  - 2 z. % 

orP 	
2 	2 m 2-G = 	 M MG 

q 
(2.ti8) 

Again the value of p 18 of orde? (mjM) less compared with 

Case (ill). 

. 	Both Final Particles Polarised 

Summing over lepton spins gives L = eq. (2.22). 

Summing over the initial nucleon Elpin gives H e eq. (2.13). 

... Contracting gives 
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= w + 	 +  

1 - 

+ Lun.& Mt( .. ' sL.Pl)GM(GM - 	 ( 2,49) 

(1.) 	ecoil nucleon longitudinally polarised, likewise for 

scattered lepton. Here 	= 	= 

SBSL = 	I B - B cos(+4f) and (2.49) gives 

= q6coseo2 G LI - - + t.cos - E]/IPB 

- 

. p 	2 	+rcose 
S 

• 	EPB GM 
	

2 - 2tGj) cot 1 - 

2 	E 
or P 	 2 G2 [ 	 (2.50) 

= EB 	
M 

which measures GM. 

Recoil nucleon as in (1), recoil lepton transversely polarised. 

E 
=  - SB.l, 	) ? BSL = •j sln(G + 4c), and 

= 2Mq2  E sin m( 't G)/PB and P = M3/ct 

Again this directly measures 

Recoil nucleon transversely polarised, longitudinal 

polarised recoil lepton, 
 ' 

	

i.e. SB = (0, '), s 	= ( Ile',, 
	k) giving 	= 	= 0 9  

an C1. 	 = - 	sln(e + 
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.'. (2.49) yields M 	E fin GMGE 	cot VP  B 

and polarisation P= 
 u.2(E&/M)sin 	coot fImp  BI  GMGE 

(G-tG) cot 2  /tl-i) - 2z Gj  

or = a2()2 2Zi 

![=T 
cot 	 (2.51) 

IC 	 q 

Hence the cross-term 18 iinmedjatel, extractable. 

Recoil nucleon as in (iii) but recoil lepton transversely 

polarised. Now SB.Q. = 0 and SL.SB = - coa(e + 

., 	= [qm(M/E - cos Q)/ PB ) GMGE 	and 

= 	GMGE(M/E - cs 
- 	2 

Z:. 
cot 	2zGj 

or 	
2 m 	[M/E - Cos ) ()2 G 

	 (2.2) P= -a.(j) 

The magnitude of P is here a factor (rn/If) lower compared 

with case (iii). 

Both final particles polarised perpendicular to the scattering 

plane. i.e.  B'SL= -1 and 	= 1iI14 Q.2  GG 	or 

PCLi 

	

P = -2 (m/M) 	 - 	 (2.53) 
G 	

cot2 	- 21G 1 - 

Similar comment here applies as for (iv). 



/i 	J 	ec1 
QJ:;' aL4ru) 

	•(75 	AtJj jt; 

I 	:-  

S 

() 

	

1t 	 - 

1 (' 

,c 	 /Irt 	 F GZ 

c - <  c1o/ 	c4t - 

" 	I—v 

•1 	--------------- 
Ff  

/-ç/r 

-• 	
( 	

- 	 —l.a 

& 1 



There is one more possible configuration, namely that when 

both initial and final leptons are polarised. Sinoc both nucleon 

spine are summed over, the factor H = 	JJ P1) 2  is 

exactly the same as for unpolariLeed nucleone, i.e. (2.6a) and 

involves only the form factors 4 and (G _t4), but no 

croes term. Therefore such measurements add nothing new to 

information obtainable from unpolarised scattering and are not 

considered any further here (2. 

As an illustration of the utility of polarisation measure-

merits, Figs. 3 and L. represent plots of some of the most favour-

able oases, namely eq. (2.19) and eqs. (2.29), (2.39), (2.46) 

respectively. (The last three are given by the same expression). 

It is seen that appreciable polarisation can arise, particularly 

for (2.19) 9  and thus such measurements are definitely feasible, 

even when for (2.19) the target polarisation is quite small. 

Test of Electron-Mupn Unlversalitl 

All the formulae derived in the previous sections apply to 

point leptons satisfying the Dirac equation, ligiile the latter is 

known to be true for electrons to a very high approximation, it 

has not been extensively checked for muons. The mysterious 

large mass difference between muons and electrons, which has 

so far defied any theoretical explanation, prompts one to 

examine if the muon possesses any difference in electromagnetic 

structure. 

rrom general Lorentz invariance considerations and gauge 

invariance, the most general form for the muon-photon vertex 



is (22) 

)/ k1 > - e (k2) 1Hi(Q2);r + H2(q2) ieuvv] 	
(2.54) 

where 	is the positive energy free field epinor for a 

particle of momentum k etc. If l  and H are form factors, 

functions of v only, which describe any possible lepton 

structure. The static value of H2  (i.ee at q2 a 0) is equal 

to the anomalous magnetic moment of the muon, that is the part 

of it not attributable to a point lepton. Since the latest 

experiments confirm excellent aeement of the theoretical value 

for a point lepton (23).  we may take H2  = 0 to a very high 

approximation. Thus the vertex for the muon-photon differs 

only from that for the electron-photon by a possible multiplica-

tion factor H1 (q2 ). 

There arises one further difference with muons, namely 

their mass. For electrons their mass has been neglected in 

deriving all formulae so far, which Is quite satisfactory since 

For muons however a 1/M O.l and so mass effects 

cannot be neglected a priori. It turns out that the inclusion 
of the particle's mass gives rise to correction terms of the 

form (a 1/M)2 , (m1tE 1 )2  or (m'/M). For the high energy 
41  

region E1  > 1 GeV, such terms amount to a correction of less 

than 10/0  and thus at the present level of experimental accuracy, 

may be safely neglected. 

Hence the only possible effect arising from muons beams is 

a multiplicative factor 111 (q2 ) and since the muon-photon 

vertex = Kk2 \ i k1) is squared to yield the total matrix 

element, all formulae previously derived will have a factor 



[Hl(q 2)]2  in front. Thus the test for muon—structure will be 

quite clear. From the electron-scattering experiments the 

nucleon form factors will be determined; they will then be used 

as input in the muon experiments and a q2-.dependent structure 

sought inPmuon/pelectron (24) Note that since all spine are 

not summed over, polarisation measurements are more sensitive 

to details of lepton structure than unpolarised experiments (25)9 

which have already put quite stringent limits on muon structure. 
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C}i&PT.R 

POLARISATION IN COLLIDING B AMS AND WCLEN-ANTINUCIEON 

ANNIHILATICN RFACTIS 

The rapid development of colliding-beam experiments 

naturally leads one to investigate the effect of polarisation 

phenomena. We now discuss in detail the analysis  of such 

reactions. 

Fig. 5 depicts the Peyrunan diagram 

for lepton-antilepton annihilation 
1 

V 

L 

into a nucleon, antinucleon pair. 

This process is related to the elastic 

scattering case £ + N - £ + N by 

crossing symmetry, which states the 

matrix element for the former process 

is related to that for the latter 

by the following substitutions:  

I + I —>N +N 

ki  - initial lepton li-momentum - £1 where 	11  = initial 4-momentum 
of the lepton 

- £2 = initial Ip-momentum of 
the antilepton 

P1  - initial nucleon 	" 	 ' -t2  " 	t2  = final 4-momentum of 
the ant inucleon 

- final 	" 	" 	-) t1  " 	t1  r final 4-momentum of 
the nucleon. 

.'. Summing over all lepton spine 

1112>2 	
- 12 1 1). 	12)L 	- ( 11 t2)E L)j (3.1) 

on substitution from eq. 
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Slimming over all hadron spins, 

2 	 2L 	
(3.2) ~i<t1t2 11L) 0 '> 	a 	 q/2 + t1 t1  

l-t 

on 8ub8tltutlon from (2.6a), where form factors G(Q) are 
defined by 

u(t1)[
(G, 

- 	 - 	 6 

	

<t1t2 1 JJO 	1-  
	
'ML + (GM 

- 
GF)1 

yy] 
u(t2). 

q a  four-momentum transfer, here a 11+12 W t1+t2 P 

The connection between the form factors for elastic scattering, 

defined in eq. (2.2) and those in (3.3) will be discussed below. 

Contracting (3.2) with (3.1) gives the matrix-element squared 

for the reaction and in the centre of mass (cm) frame, i.e* 

colliding beams, see Pig. 6, leads to a differential oross-section 

a 
 16:2 	

(1 + Cos 2e: 

+ 2 	
(26) 	

(3k) 

where E is the incoming energy of 

either lepton in the o.m. frame; 

, 	 & 	 - 	 when 15f  is nucleon momentum 

a  (:2 
- M2 ) ; and 49 Is the angle 

between the lepton and nucleon directions 

	

1 	 as shown in Fig. 69 

t a q/ZM2  and q2 - (11 + 1 2 )2  

Since q2  is independent of Q, (3.4) may be immediately 

integrated to give a total cross-section 
L2 	ju-2 

	

6 a 2zcL2 	+ 	 q2 	 (3.5) 

THe expression in brackets [ 	in (3.4) may be rewritten 
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L2GM 	
sin2Q( 23 	GM  

as 	+ 	 j. Thus from measurement of the angular 

distribution, one may determine the form factors 	and ( - 

analogously to the Rosenbiuth plot (1.1). We see again however 

for high q2  i.e. t>1 9  the extraction of the U. torn factor 

will not be easy as the 3. terms dominate, and resort to 

polarisation measurements must be made to determine the cross- 

tern 
Before analysing the details of polarisation effects, the con-

nection between the form factors in (30) and those in elastic 

scattering (eq. (2.2)) may be noted. In elastic scatterimg,the form 

factors are functions of q2  whiCh is there negative and lies 

In the range - co z  / 0. In colliding beans, on the other 

hand, q2  is positive and lies in the range q2  ' 4M2 . It turns 

out that G(q2 ) and '(q2 ) are essentially the same complex 

function a(s) (a is a complex variable) with the property 

0(z) = 0(q2 ) for q2 <( 0 and 	(z) = 	(q2 ) for q2>  0. 

In other words, the 	 GM(q) form factors are the 

analytic continuation of the GE(  q 2 ), G(q2 ) form factors into 

the region q2  >ze,s2 (27) 

There is one notable difference between the two sets of 

form-factors, however. The heraiticity condition nhioh demanded 

that GE  and  GM  be real, fails for the colliding beam case 

since it merely gives<t1t2 J oS"> =<o 	t1t2 	and 

the process <t1t2 ) J 0> (creation of !) is different 

from O 	t1t2  (annihilation of A pair). Time-reversal 

arguments also tail here (28 ). Thus 3. and 	are in general 

complex, which leads to a distinct polarisation effect, as will 

be shown below. 
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1) ftIlLisedAitireieon Pro4'ced. Polarised. LeDton Beam 

Making the appropriate subi;titutione, given above (3.1), in 

eqs. (2.22) and in (2.23), gives 

L<Ojij L1 t2) = 2 [-'2g  t]) 	t2X 	+ (t1 12)5 L  

+ 1'L gxmp % 	 (3.6) 

where q - f + t = t 1  + t2  and SL the spin projection 

operator for the initial lepton and 

- 	<'t1t 	>2 - 	+ i 	).6t 	(.q98)-it, - 

avo, tu1 t28 t1 	Re (*) 

+ 
[CuBvWt % + t svwtu  t28t1yS Im() 

(3.7) 

t1  a t + t 
20 S denotes the spin-projection operator for the 

antinuoleon, and Re and Lu refer to the real and imaginary 

parts of ( ). The last term in (3.7) vanishes in the elastic 

scattering case but for this process is a priori, unknown. On 

contraction with (3.6) it contributes to the matrix element 

an amount La,, ithere I. 

a -4 Im(*) (t1t1)t8t.. + (t1 '2 )" 5 ,\ t28 t1,s 

a 14 Iin()t1t1  [-E(72 .) + F,(72'Tl'.?)] 

	

+ t2t1 [-'E(71 . 2x) + E(71 .t1x)] 	 (3.8) 

For a polarisation lying in the scattering plane eq. (3.8) 

vanishes; however for polarisation normal to the scattering 

plane 
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= zeim[ c 	 sin 20/M 	 (3.9) 

Noting that to - R L/2 	4E4 [.62(l + 	+ 

d6 616 
from (3.14) 

cL3 

we see then that the antinucleon has a polarisation normal to 
the scattering plane (unit norm1 in the direction tlx t1 ) 

Lin- 	] / 	---- 	 JL) or amount P -- (s .i' - s ') 

P.  d6 	-1 Ia(c1IGE 
	sin 29 (29) 	(3.10) = T 

This is independent of the initial lepton being polarised. 

Measurement of P thus immediately determines Im(GMG ). 

Contracting the remainder of (3.7) with  (3.6) yields 

2 
- _N: = w+2m1(SN.S)(_Mq2 )Re (G-GJ ) + 2m1(s.q)(s.t2)A- 

• 	+ (2r- -l)Re(?F)] + 4a (Sca)(SLI tl) M; -_-i 
L M 

_ (-d  Re(ç )] 

	

W + K8 	 (3.11) 

We now apply (3.11) to specific configurations. 

(1) Longitudinally polarised lepton, antinuoleon likewise 

polarised. i.e. 	S = (, 	X), 3! = ' 
	' :(-.' )

M 	
Opfl 

S.q = P, 2E/M, 	SL..t2 = 2E2/m, 	SLtl = E(E - P, coe 

= F(P+E cos )/Mm 1 . 

. U6  * 	 008 Q 	, and the polarisation P 



-2 cos 0-2  GM 	 = <L2 .CO8Q(G) 
= 	 or 

'-2 a (1+oos2 )4sin2 4 	 8I 2  
(3.12) 

Longitudinally polarised lepton, antinucleon transversely 

polarised in the plane. i.e. Z3 41  = (L t) *  , f ), 

sN 

Thus s7N.q a 0 and S'•SL = -(E/m 1  )sin Q and (3.11) gives 

U8  a 2EMq 2  sin Q Re(GUGE ) 

Hence polarisation 

Re( 
P a 2(11)sin 	

ME ) 
or 

G(1+eos 2Q)4 sin 2 /, 

d6 	2 
P= 	-()sin - 	Re( 	) (3.13) 

Hence one measurement of P in oases (1) and (ii) suffices to 

yield the value of 62
and Re(ME) respectively. 

Transversely polarised le:pton,  longitudinally polarised 
- 	A 	 - 	A 

antinucleon. i.e. S 1  a (0, y),  S' = 	( 1P- E x') and 

•'• 8L2 a 09 SL•tl a — 	sin Q, S-SL 	(E/M)sin Q 9  giving 

U5  a -2m 1Eq2  sinQ G and p 

(3.11i) 

Again this measured 

Transverse polarised lepton, transverse polarised T. 
i.e. 2'6L a 008 a 	.. s 	 008 Q Re( ME) and 

P = _2(*)(-)cO8 0 Re ('M  /G,(l+coa 2Q) + 	sin2 9 

d.6 	-a 2  or 	
= 	8E 

	008 0 Re(Gs,MG 
'— , 

E ) (3.15) 

Note that whilst this also measures ReCc) it is smaller by M  
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a factor (m A) compared with (3.13). 

(v) Both lepton and antinuoleon polarised transverse to the 

scattering plane, i.e. SN .SL  i: -1 and V. 	2Mm 1 q2  Re(G) s, 

P 	 '.Ve recall there is also the contribution from eq. 

(3.10), but as this is independent of SL,  it may be separately 

determined. Note all contributions with 69L transverse to the 

scattering plane and 	in the plane vanish due to parity 

Invariance. 

20 Polarised Antinucleon Produced, Polarised. Antilepton Beam 

H 4x Is again given by eq. (3.7) and L 	is given also by 

eq. (3.6. On contraction they yield 

2,,, 	= 	+ 2m 1 (S1 . 	(-Mq2  )Re () 

1 

• 2m (S.q )(S.t1
) M1 L.+(2r_l)Re(G

-
MG,)J 

- -* • 	1(SN.q)(s.t1) 1 
	- Re(GMGE ) 

where S now refers to the ant:L].epton. 

(3.16) 

(I) Antilepton longitudinally polarised, antinueleon likewise 

	

E 	F A 
polarised, is. SL - (' -mr  

	

£ 	£ 

.. Wk i = 2E2/m1, SL.tl = 	+ P 008 a),

JL 
' ( 	- J COB 

(3.16) then gives Ms a 	2/14 
- 	 006 0 	and 

P 	- eq. (3.12). (1 d/ 	a 	/)ct (3•/° 



-50- 

(ii) Antilepton longitudinally polarised, antinucleon trans- 
A 

versely polarised in the plane, i.e. S a (O,'- y), S .q aOf  

- (Elm 1 ) sin 	and (3.16) 	M = -8ME3  sin Q Re(GMc 

... Polarisation P a - (eq. 3.13)). 

Similarly for the other cases, I.e. 

For traiisveraepolarised antilepton, antinuoleon longitudinally 

polarised P 	= - (eq. (3.14)) 

For transverse polarised antilepton • antinuoleon transversely 

polarised P 	a 	- (eq. (3.15)) 

but for both 7 and 17 transverse to the plane 

P = + 2Mm 1q2  Re(ME)  1(0. 

The difference in sign arises from the fact that the lepton and 

antilepton travelling in opposite directions, have their 

polarisation vectors anti-parallel to one another, except when 

both are transverse to the scattering plane. 

3. Polarlsed Nucleon Produced. :polarised Leptom Beam 

Making the appropriate substitutions in eqs. (2.43) and (2.23) 

gives 	L 	eq. (3.6) and fl. ,  a eq. (3.7) where in the latter 

N. the spin projection operator for the nucleon. On con-

traction we have 

2 w + 2m1(S14.S)(_Mq2)Re(-Ga) + 

91 - Re( 	1 !!T - 	((3Nt)M[2 - Re(M 	)J 
- 18 (defined in eq. (3 , 8) 
	

(3.17) 

On evaluating (3.17)  for the various configurations, we find, the 
/ 

polarisation Pa - P for polarised leptons and antinucleon 



set-up eqs. (3.12) - (3.14) 	(r'- 	M'L 

+P for polarised antileptc'n and antinuoleon set-up eq. (3.16) 

The equality for P for the oases of polarised lepton and nucleon, 

and polarised antilepton and antinucleon is a consequence of charge 

conjugation invariance. Note only when both the lepton and nucleon 

are polarised normal to the scattering plane (in the sense 	x 71 

Is normal direction) is p - P for eq. (3.15). Again due to 

the form factors being complex, there is a polarisation of the 

nucleon normal to the scattering plane z - polarisation for anti-

nucleon case eq. (3910). This relation is a consequence of 

C.P,T. invarianoe29). 

Is.. Pplarised. Nucleon. Polarised antilevton Beam 

The transition from lepton to antilepton beam introduces a 

minus sign in the value of P (compare oases (1) and (i)), except 

of course for polarisations normal to the scattering plane. 

Thus this case 18 equivalent to that for polarised antinucleons 

and leptons case (1), as followsalso from charge conuugation 

invariance (30) 

Test for electron-muon universal 

The most direct test as such is obviously to employ ool-

liding muon beams and seek a q2.-dependent structure in 

muon,'Pelectron' analogously to the elastic scattering case. 

Proposals for such beams are indeed being considered and may 

be realised in the near future. However there is also 

another means of testing universality, and that is in the 

Ila 
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& + 	(muon) + Z (antimuon). 

is related to that for NN 3 0 

= 	i.e.  < 	1 3 	0'> 
rq, (3.31) and (2.54). 

The vertex 	)jj 0> 
— 	 — by putting G( 2 ) = GE(q.

2 
 ) 

5(t 1 ) 7U( t2) L( q2 ). (see 

Thus all the fortmilae derived previously for & + ' - N + 

will apply for 4 + 	+ 	, with the substitution 
= %(q2) = 1(q) and M -m,, muon mass. This gives for 

the ratio p (tor 	+ 	+ 	+ 4 —)e (electron) + 
(positron)) = {(1L.2)] 2, and deviations of H from unity for 

will be an indication of muon structure. 	iin the muon 

mass has been neglected here, which Is justifieC for E > 1 GeV 

since it introduces an error of less than l. 

Determination of the form factors 	and UE is of great 

interest since at present their behaviour is terra incognita. 

Theoretical models relying oft extrapolation of the GM ,  G form 

factors, are very speculative and no reliable results have been 
( 	 ' 

established'-' 
\ 
. One property that jj believed to be true 

concerns the tbrehold value of the form factors and states 

Gu(+LiM) = GE(); the 'diLpole' fit for the elastic 

scattering form factors violates this condition when extrapolated 

into the q > 0 region (it predi.cts GM(lA) = (Total magnetic 

moment of particle) 	(4U2)) and It will be very interesting 

to see if in fact the dipole behaviour is not obeyed and the 

threshold condition confirmed' 

Experimental measurements or polarisation phenomena are again 

favoured by the very appreciable values of P possible. This is 

illustrated in Figs. 7 and 8 depicting eqs. (3.12) and (3.13) 

respectively for reasonable values of the form factors, Only if 
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GM decreases much more rapidly than 	will the situation be 

experimentally unfavourable, though not impossible, 

(B) Nucleon-antinucleon annihilation. N + 	4 + 

1' 	 This is the reverse of lepton-antilepton 
L 

annihilation and proceeds via the 

j Feynman diagram of Fig. 9. From 

crossing it is connected to elastic 

scattering by the following substitutions 

Fig. 9.' 

where 	4 	 = 

k2  l &l 	= 

P1 _-_, 	ti If 	tl 	= 

P2  t2  t 2 	= 

final axitilepton 4-momentum 

If 	Lepton 

initial nucleon 

If 	antinucleon 11  

leading to a differential cross-section 

1622 
	(1 + oo820 + 	 ( 35) 

llb 

where E is the incoming energy of 

either nucleon in the (a.m.) centre 

of mass frame; P = 4/E, where P- f 

is the nucleon momentum = ( E 2 .-M) 

and 4 is the angle between the nucleon 

and lepton in the c.m. frame (see Fig, 10 

In the laboratory frame, with the 

nucleon at rest and an incoming anti-

nucleon bee= of energy EB ' 
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Al 
t 

the differential cross-section becomes 

r 2 2 	

+ cot2  L __ 	a tJ-  d6 = 
d1 	P (. 	 2  2t(+-l) i 

(3.19) 

where 4JL0 = 2i4( oo e); 	is the 

final lepton energy = q  2  /2(M+F.B - 	cos 
Fig. 11 

= antimicleon momentum a (E 

q = 14 momentum transfer = t1  + t2  = 	+ 	 are 

as depicted in 1 ig. 11. 
( 	

= 
 C1 J14M 

;( 
q.2  and 	( Q,2) are the fora factors defined by 

(t2 ) _ 	- 	 16__q 

= 	
[(GE 	GM) + (GM 	J t1  

(3.20) 

and are equivalent to those for colliding beams, c.f, eq.. (3.3. 

(3.18) is readily integrated to give the total cross-section 
2 	 G z- tG' ° 6=__ ' 	+ 	 . Here E Is the antinucleon 

M(E2-M) 	 3t 

energy in the laboratory frame. 

From (3.18) or (3.19) It is evident that the 	and U
E form 

factors may be determined but again at high q the GM  term 

dominates and only polarisation measurements will determine the 

cross-term GMG.  e now discuss specific configurations, working 

in the laboratory frame (nucleon at rest). -'or kinematic dctails 

see Appendix 5. 

(i) TolariseQ nucleon target. polarised lepton produced. 

~ffecting the substitutions given above (3.18), in eqs. 

(2.22) and (2.23) gives 



-55- 

= ~ (121 	o) 2 	2 E-w-4L 
?1  1% - 	 + 12X 

- iin g043 qm3L 	 (3.21)
01 

H/2 = 	 12> 
2 	

+ ie 	- A q3s) + I Ifwt 

—et ij
't2 t1SRe( 	) - 	 + et 

%SVW WsVW j  t2.tiv  

1 M 
•*) 	

(3.22) 

now refe to the spin projection operator for the nucleon. 

The last term in (3.22) contributes to the matrix element 

squared, an emount 41
.

where 

I s  - 	rn() f 	+ (ti2)e5,41 	t25tS 

im(X 9 v)(2ME 
- 

2.) 
[ 	

(3.23) 

For $ lying in the scattering plane (3.23) v:nishes; howevr 

if it is normal to the scattering plane (3.23) is a maximum. 

Noting Ci) = RxL/2  

	

= 	
+ cot 2' 

-) 11 
2 N 	2t( i) 

we see then that a nucleon polarination normal to the plane (in the 

same sense as (t2  X ]) leads to an azimuthal distribution 

d6 - 	CL 
2 	92 	 2 	2 

= 	 + cot 2 	 + 2im 2 

	

2q 	V  I 	 2c(t--l) 	ci. t 

(- -c  + !Mi) ('fl '2 x 1 	
(3.2i.) 
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The notation is as for (3.19).  Measurement of the spin-term thus 

determines Im(GMG ). Contractin,g the remainder of (3.22)  with 

(3.21) yields 

-

GMGE 
- k 

= to + 	SN,$L)Re( 	)(.2) + 	3" .q)(s.) 
LL. 

PAGj 
- Re(GMGE ), /t 	.q)(.t1 ) 

M t' L~;  Re(  ME  )]/z -1 = 	co + M 	 (3.25) 

This is exactly the same as for the colliding beams case, eq. 

(3.17) and is a consequence of tine-reversal invariance. 

(ii) Target nucleon polarised along direction of incoming anti-

nucleon, (t = ), longitudinally polarieed lepton produced, 
E At  

i.e. sN 	(0, ) (since it is at rest), 5L 

Hence 	= 3Nt2  = 
- P . Lt1 = M, SL.2 = E E(1ooa 9)Im, 

N 	E 
SL1b =---.008  

and (3.25) gives 	= 2 E - /1j + 2M cos 	. 'Polarisation 

P = ).43/w. 'his directly measures 	. /It 

(x) 
Target polarised as in (1) but lepton transversely polarised, 

i.e. S = (0, y').  Then SLtl = 0 9  S L2 = 	sin 9, SSL = sin 9 

where S I  is the axitilepton laboratory energy yielding 

PA9  = _(2rnM sin 90 )q2 t 	and P = M/w. 	gain 	is deter- 4 

mined here. 

Target nucleon polarised transversely to P, longitudinally 

polarised lepton, i.e. SN  = (0, y) 



..57— 

N 	N S .q = S .t2  = 0 	and 	3 N Is = -(/m) sin 

whence (3.25) yields 

Ms = 2mE. 2 	Re (y; ) 
and P = (c L. cos -1 

2M 

ze(M GE ) 
8ifl Qo  

(3.26) 
 64  cot2  

d6 	2 	-1 	 3 or 	a. (a - : 	
) -. 	

Re( -G -G  - )/(t-  - 	 008 g
o  

One measurement of P thus immediately yields Re(c) 

Target nucleon polariaed as in (iii), transversely polarised 

2m Mq2  cos 	Re(
- 

GMGZ ) 
and lepton. 	ow 	= - 	

O 	 = 	&,2 	2 0 
1• 

P = (m/")co 	o e(G a )/tj 	+ eot2 	('~j 	 (3.27) ME 2 	2c(r_1))J 

This also measures Re(E)  but is reduced by (zn/M) factor 

compared with (3.26). 

Both target nucleon and lepton olarised transversely to the 

scattering plane, i.e. G'.$L = -1 and P = eq. (3.27)/cos  Q 
0

0 

Similar comment applies here as there. 

..arget nucleon polarised perpendicular to direction of 

produced lepton, the latter being longitudinally polarised ., 

i.e. 3N = (o, y) •  

3.q = IiJsin 4 o 	3 
SL

=:  0 and (3.25) gives 

IM  C14  t -3. -  R e( ;ç) - 	 - Re( GMG; )J)J / 
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 -- *  ..• Pol.r1sation ' = 	 - Re(%G )- 
____ 

+  cot  
2 c- ( t -1) 

or 	 - 	L16M 2 	-1) 	(? 	COB 	
-2 	I. - -( 3.28) 

Two measurements of P are now required for fixed q 2  (or r) 

but varying Q to extract the form factors 	= 	- Re(ME), 

G2 Gj - Re(E) whence fran a2  the cross-term may be 

found. There is the disadvantage here that the target polarisa- 

tion direction has to be altered for changes in 	one cannot 
04 

fix Q and vary 	since the latter is fixed by fixed q2 , 

i.e. F2 a q2(t-  -1). 

Nucleon polarised as in (vi), transversely polarised 
N lepton, i.e. 	= -p1. 

0 — 2 — 
.. 	= 2 Q 2JReaMGE 

 ) 
+ sinQ0 

[ 

- Re(j )1J  and P = 

This Is of order (m/M) smaller than (3.28). 

Target nucleon polarised along direction of produced anti-

lepton, the lepton being trFmsverseiT po1r11, I S. 

N 	A 

S = (0 1 	(see Fig. ii). 

Then 5N,q = IP' cos(9 - ) an 	N5 = sin 0 giving 

Ms 	2hb [q2  Re (; ) - Ei'I ( -  

	

(r 	- 

•S. Polarisation P = 

(\ 	 (3.29) 
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2m 

ra- -  -• ' T' (M1?r' (t_ 	COB or d6 	 6 	0 

Two measurements of P for varytag (-e) but fixed q2 	
-* 

determines the form factors G, = Re( 0M0E ), G2  = t GM - Re( %G, 

but once again the nucleon polarisation direction has to be 

changed as ( - 9) varies, 

Target nucleon polarised transverse to antilepton momentum, 
A 	- 

longitudinally polarised lepton, i.e. = 	(0 9  &). Thus 
8N q = - / P/ 	sin (9 - 0 = 	Bin 9, 	= - 
giving 

U5q2ME sin 9{Lee ) - 	- Re (GMG) 

	

- 	1 
+ (E/M)L 	- Re( -0E

, 
 )J,i 

-1 
P 	(2{-k cos9] x 

.f?: Re(Mc) _] - Re( 	) +rfr- oos9j 	- 

	

-1) + cot2  ( 	- 

or P 	= 2( 	i)) 	C - sin 9 { 	/ L- 	9)3 (3.30) 

From (3.30)  one extracts the form factors 

-21 = t {2R e( 	) - 0M - R e( GM0E ) 	G? 	- Re( 

and noting G+ G = ( t 1 )Re(M?TE ) fixes the value of the 

cross-term. 

Nucleon polarised as in (ix), lepton transversely polarised. 

Here 3N SL = - cos 9, 



'S 

I . . 	 - he(GMG) 	008 {t(2Re(ç ) 

- Re( ;;)]} / -.1) 

and polarisation P 

	

- Re( GUGE) - cos EZ( 2Re( 	- ) - RC(GMc 

2'[(t -1) + cot 	(2 	)/2] 

(3131) 

or p 	= - 2 (m/M)(M 	 cos 	)2 

Two measurements of P at different 4 but fixed C1 determines 

the form factors G = 	- Re(GM GE), 

= Le(°) - 	- c(M), .. 	+ G2  = 2( l)Re(GMG 

The nucleon polarisation direction has again t) be varied as 

changes. Note both (3.31) and (3.29) are suppressed because of 

the (in/U) factor. 

All correlatiom; invcliirl.g the nucleon polarised in the 

scattering plane and the lepton polarised normal to it, vanish 

because of parity invariance. Reversing the target polarisation 

and measuring the change in the lepton polarisation, i.e. 

U5 - M9(with s'— 	SN) doubles the polarisation effect. 

2. Polarised nucleon tprget, polarised antileton produced. 

Analogously to the colliding beams case, eq. (3.16), the 

matrix element is given by substituting 	—'L•l in 

eq. (3.25), where sL  now refers to the antilepton. 



-61-. 

• .it = 	•L)Re(0G)(M) + 

Re 	)]/- -1 

(.2) 

Nucleon polarised along direction of P, longitudinally 
E' E' A 

- polarised antilepton, i.e. 	= (' 
M4 

0  4 2) ' 

' 	 = ML  (1-cos), oos(-,) 

—2 
and gives 	= cE&[(t _l) 	- 	cos ci GM]! 'I ,  
P = M/w = -P for lepton case  

nz 

Nucleon polarised as for (i), transversely polariBed anti-

lepton, i.e, s = ( 0, '21)' St et = o, s1 0& 1  = -,sin 0 ,. 

= .'sin(4 -0 ) and M5  = 21inq2  8,n( 

Measurement of  of P = Ms/u) then determines 

Nucleon polarised transverse to 	I', longitudinally 

polarised antilepton. 	8Nq = o, 	31. 
SL  = E sin(9 - G 0)/m6  = ssinJn 

...IJ= 2MB&q.2sin 0 Re(,7 ' ) and Polarisation P 

1 

	

	
sin 

coe  

+ cot 	
= - (3.26) 	(3.3) 

2t-(t—)j 

Nucleon polarised as in (iii), transverely polarised anti-

lepton 3N ,,  = 
- COB (9 - e.) 

.. Ms = 	 ) 	and 



Ia 	 - 	
- 	 GE 	M  )1 

. ()cos(e 
- 

o ) 0M0S )/ IG,1 cot2 	2-c(r-l) j 

Although (3,34) directly measures the cross-term, it is reduced by 

the factor (rn/M) compared with (3.33), 

Both nucleon and antilepton ]polarised transverse to the 

scattering plane, i.e. 3 N 
Is = 

.'. M8 	 and P 	(3.34)/cos(4 — 

1Tucleon polarised along momentum direction of nroduced 

lepton, antilepton transversely polarised, i.e. S 	(0,  

= (0, It2j)  giving 3 3L 	—isin 4 v 8Nq = , 

.'. (.32) yields 

— -3 = sin ' [q2Re(Z;M-GE) + )j 	cos e 
( 

a — Re(  

and 
'p 

P 	(m/M)(4ME ) + j oos {LM( t _ 1 cosQo~  (z-G  -Re( ~%U,~/r-1  

- 
(3.35) 

The measurement of P at different 90  but fixed  q enables 
- 	 -2 	— — to extract the form factors 	= Re(

-
GE ), G2 =tGM — Re(GMGE )' 

similar comment applies here as for (iv). 

Nucleon polarised transverse to leptonirection, anti-

lepton longitudinally polarised,,i.e. sN = (0, y') and 
3N•q = sNt2 = 	

,' 	'L 	E Bin 

(3.32) gives 
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-
o 	

- - = M)P') q 2si. 	 ze( 	
)) + Re( GG  ) 

- - 
- (E1/M)(3,2,- Re(QGE )I\/t -1 

-11 

and P = 	 k(t)]+)Lt— Cc61t)bo) 

(L 

or P26 = 2(  2)_1 
sin 	

/ { - 	
eos 	2 

dD_ 	 2M 

From (3.36) one determines the form factors 

01 	- 2e(ME)] + Re() , 	= 	- Re( 

(3.36) 

whence we have 02 - 01 = (_l)Re( ME* ). However as (9 - 

valise 80 the nucleon polarisation direction must be changed, 

Nucleon polarised as in (vii), antilepton transversely 

polarised. 	Now 	8L .SL  = - cos 9 	and 

U8 	
- Re(E) - 008 	Lr( 2Re(! , E" ) - 	)s. ie(T AL  

..• polarisation P = eq. (3.31) and comments thereafter aptly 

here too. 

Nucleon polarised transverse to antilepton momentum direction, 

anti].epton longitudinally polarised, i.e. S11  = (0, 
= - /pj 8ifl(9 - 9'), 	= 0 0  

U = -ME s1n9cI2 Lt 	- Re(M ' ) - ( EyM) 	- Re( çç ))]/ t:• -1 

and polarisation P 

 'Lei 617
L  

or P 	-'ar (8M() ) -I 
 
t-  sin 	 - 	

008 9\3 



From (3.37) one 	det€i::ii 	fo::. ctor: 	= 	- Re(M 	) 

- ( 	GE).? 	
" 

( 	
l) MGE)  fixes 

the value of the oroes—term. 

(x) Nucleon polarised as in (ix), antilepton transversely 

polarised. 3N 3  = - 1. 

- '. 	= 2m ,M [e( MGE) + E 
) 

sin( 
- 

	f (Y&   - Re(GE  

and 

P 	

+ 	
(-

r  I'll 

From here may be extracted the forra factors Gi =  Re(,,) and 
= 	Re() but note (3.38) Is reduced compared to 

(,37) because of the (m/M) factor, For both cases (ix) and 

(x), the target polarisation has to be changed in direction as 

and (e - e 0) varies. 

For all correlation ,-, ' considered here, reversing the target 

polarisation and measuring the change in antl].epton polarisation 

again doubles the effect, 

39 Polariseci ntinucleon Beam. Polarisc.d Lepton Produce 

This may be evaluated by effecting the appropriate substitutions 

in (2,22) and (2.43); however it is quicker to note tinle—reveraal 

invariance iianediately equates the matrix element squared for this 

case to the colliding beams case, eq. (3.11). 
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_2 = w+ 	S".81. 	)Re(G4GE) + 

— 	+ (2—l)Re( 	) 	i + 

-- •. o('1 
M( t/It -]) 	

-

(7 
	)J = w + MS- I 	(3.40) 

where BY denotes the spin—projection operator for the antinucleon 

= 0) and w and I 	as defined below (.23). 

(1) Antinucleon longitudinally polarised as is the lepton,, 

i.e. 	= (.)?j FB  x)/M where 	is the antinucleon incoming 

laboratory energy, i.e. 4 = 

Thus we have 	q = 	= P 	 = E& 	-B cos 40j/bim'C  

and (3.Lg)) yields 9 = 	E 	-1' + 2M- oosG 	I and 

P'  P for case (i)(i), 	/cf 	P1 

	

14c_6t 1fl 	6>,  
(ii) Antinucleon polarised as in i) but lepton transversely 

polarised, i.e. 	 1r 

.'. 	
= —2Mmq2  Bin 	and P'= P for case (].)(ij). 

When the antinucleon is polarised transverse to its momentum F. 
= (, 1) = 3N for case (1), thus P' for such configurations 

is equal to that in case (1), i.e. 

Antinucleon transversely polarised, lepton longitudinally polarised 

eq. (3.26) 
It 	 if 	 11 	 of 	transversely polarised 

eq. (3.27) 

Antinucleon and lepton both polarised normal to the scattering 

plane, P' 	 = eq. (3.27)/cosOo  
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Li. Polarised Antinuoleon Tolar:Laed AntIleton produced, 

for this case Is given by substituting 

In (3.40) (see similarly (3.22)). Again on evaluating we find the 

polarisation p Is equal to that for the corresponding configura-

tion in case (2), i.e. for antinucleon transversely polarised, 

antl].epton longitudinally polarised P = eq. (3.33) etc. 

5. Polartsed Nucleon Tar get and Polarised Antinuc].eon Beam 

Making the appropriate substitutona in (2.4) and (2.6) and 

contracting together yields 

2 = 

+ 

analogously to (2.7) where the coefficients a', b',... f' are 

given by 

LAJ = a'/Li = (q/2) [-2 + cot 	( 	-G)/2t(t ..l)] 

b'/Li = 2 [-2(t1i)t1.2) + M2(& 1 & 2)]{_ A 2+2(t1t2 2 ) +t$MRe ) 

0 1 /4 = 2 L_A2(t1t2+w2+t12_t1e1)_..2B2(_2t1&1(  t142)+(&1&2)M2) 

+ 2Re()(.t141+t14 2+ 1& 2 )I\ 

= 4 L-( -2t1 e 1( t1& 2) + M261& 2) + U Re(!N')(,tl4 A 
e'/Li = 2 [X2  (-t12  + t1& 1  - t 1 t2  - M 2  ) + 2M Re(E)(t 1.& 1  - t12 )J 

= 2 L_A2( 
-tl'62 + ti c 1  + t 1  t + M) +2M Re(A' )(t1 c 1  - t1c 2 )J 

Notation 18 as above (3.18), X = UM and 3= ( 	- 

The above expression for M 2  simplifies to 
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At 4/4= tx + 	 + S 	(8N) -31r.zl( 	2)] 

+ 	
- Re( 	fst.t1(sN.1) + 

+ 2LRe(M) 	'1 t11_t12)/L_r).t1(SN,1) 

- 5N 	(..N) - 

+ 2{.2( tll)( t12)+M2(&1&2)]L  

- 	 - - U)+M S 

(3.Ltl) 

We now apply (3.41) to some specific configurations, 

(1) Target nucleon polarised along direction of incoming anti-

nucleon, the latter being transversely polarised, 

i.e. SN  = (0, ). 6N = (0, ) 

.. sN.1 = ...E& cos 	 = -E cos(G - 9),= 	E 008 , 

= 	= 0, S K  1 4 	-E sin 0 and (3.41) gives 

(sN)E) - 2Mr cos 

and polarisation P 	fl 	- 	 ff1  

- th [i_ 	cos 	 - cos 0)Re(G )y
0] 

[

-2 

	

	2 11 ( --2 

	

Gi + cot 	..t 	)/2t-(t -1 1I 
-1 

or P 	

= 	8th G 0  (4M )'1) 	 (3.42) 
cosQ/2M\ 4  

One measurement of P therefore immediately determines the term 



-68- 

Re(G). 

Target nucleon polarised normal to antinucleon momentum, 
It 

the latter being longitudinally polarised, i.e. S = (0, y), 

= ( --- , - x). 	Thus S.t1  = 	, 	
= E( 	coe9.0 i 

8N 	 =
16 sin 4 and 3 S = 0 0  whence (3.41) 

yields 
= (sN.1)14ui[j.. 

2Mtoos 0,,j Re (GMGE ) and P = eq. (3.142). 

Again this directly measures the cross-term, 

Target nucleon polarised as in (ii), antinucleon transversely 

polarised, i.e. 	= -i 

	

2 ] /,t_ ... U3  = M2q2  cot2 	+ 	-1 and P = M/w. 

Both nucleon and antinucleon polarised transverse to scatter- 

	

4 2 	-2 ing plane. Then U = +M2 q2  cot2  ( 	- (})/(t-  -i) and p = M5/w. 

For both (iii) and (iv) the 	term dominates at high 

Nucleon polarised along lepton momentum direction, antinucleon 

transversely polarised, i.e. 	= ( o, c'), s = ( 09 ) 

... S.&1=-E, 3N2=_ Pcuis 90+2E, 8N•8N 

and (3.41) gives 

U5 = 14M2E(_EBin0)[c 	—t- 	+r 	- 	+ 1(l—T)coa GORe(ME) 

1)coe2 G 2  ..r2Re(ç) + 
46  

ta7- ?t,) t& ft 

G-, 	(Cr-t 7 ) 

. 
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or 	= . 2sj Qt(8M )p)3 [_.1 C08 
401 -4 

Three measurements of P at 

required to extract the form 

-2 
G2=Re(GMGE), a3=[M. 

disadvantage however that thi 

varying 4 but fixed q is here 

factors: G = t2 	-)r 

- 2Re:GMGE )+ G. There is the 

nucleon polarisation direction has 

to be changed as 0 varies. 

Nucleon polarised transverse to lepton momentum, antlnuclecn 

transversely polarised, i.e. 	(0, ") and 3N.&1 =  o, 
81.42 
	N 	— 

	

= •- 	sin Q o f 
9 317 - coo Q 

0
0 Then we have 

Ms M2q.2  cot2 [_ 	Re ('n) + coo 9jc(- +2e( 	
)) - 

,.. p 	cot 2 	Re( 	)+ cos9ft(..+2Re(UME')) - 

L2r+ cot2  S(Gj --CGj 	
-ij 

0. 
or 	

= 	
2(/p/ )lG f j 

L 	
IT_ 

	

L 	2M 	01 
Two measurements of 	P at different 	4 	 but fixed determines 

the form factors: 	= Re(j) 	and 	= rL_ + 2Re(j 	)1] 
Nucleon polarised along antilepton momentum direction, 

antinucleon transversely polarised, i.e. 	= (0, 0 2 ) 0  thus 

= -E cos 9 =fl' 003 (9 - 9) +, 9N 2  

SNS 	sin(9 - ) whenc(3,241) yields 
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or 	a2(8Ml) 1 tt_l - 4L 0084901 Sin % 
	/ 

[t_ 4 008 
 4901 

As in case (v) three determinations of P at fixed q2  are 

necessary here to extract the form factors; 

2-2 - t G2 —2+ 
	- 	- , G 	ReC MEA ), 

-- 	—2. G3 Re(GMGE 	GM 

Note in configuration (5) with both nucleon and antinucleon 

polarised, the possibility of the form factors being complex does 

not introduce any additional azimuthal distribution to (3.14), 

in contrast to when one of the nucleons is polarised (see (3.24) 

and (3.40)). 

Electron—muon universality 

This may be directly tested by comparing the reactions 

N + 1 - i(niuon) + (antimuon) and N +! -->e  (electron) + 

(positron). Analogously to the discussion at the end of the sea-

tion on colliding beams, muon str'Llctupe introduces an additional 

multiplicative factor [(q2),2  in all the above formulae, i.e. 

(3.18) to (3.45)9 and therefore the ratio P (for  

P (for N! -,e) 	!1 ( 2 )j2  measures any deviation from 

universality. (As before, the muon mass is here neglected.) 

Figs. 12 and 13 depict eqs. 3.26) and (3.42) for plausible 

values of the form—factors and indicate the appreciable values 

of polarisation possible. 

'ith the advent of high energy colliding beams, such re-

actions appear certainly more favourable experimentally than 

nucleon—antinucleon annihilation. The latter has an enormous 



background of of strong interaction particles which makes detection 

of the electromagnetic process N + 1 + 7 a formidable 

achievement. Nevertheless by extensive counter controls, it 

has proved possible to distingui8h the N + W .--- t + 7 reaction 

amidst the background effects and, though no such event has yet 

been detected, the feasibility of measurement with this process 

is certainly 
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CHA?('ER 1L 

POLARISATION EFYJCTS IN INELASTIC SCATTERING A1I1]) 

COLLIDING BEAM REACTIONS 

A. Inelastic LeDtpn-Nucleon Scattering 

In Chapter 2 we discussed polarisation phenomena in elastic 

lepton-nucleon scattering. We now extend the analysis to in-

elastic 8oatterixlg, i.eo the reaction C + N —pt + "Anything", 

where "anything" denotes all possible hadronie states. Experi-

mentally only the final lepton is detected, all final hadronic 

states being summed over. 

1 

• 
Fig. lii. 

The reaction is assumed to proceed through one photon exchange, 

as shown in Fig. lii. k, and k2  denote the lepton's initial 

and final L.-momentum, P1  the target nucleon Li-momentum and 

PN  the sum of final hadron 14-momenta. 

As for elastic 3cattering, the lcptonu.photon vertex is 

described by <k2 jj4 j k1) - i(k2 ) 	u(k1 ), therefore summing 

over both spins, 

L - 21<k2 jk1\2  2 [k21  k1)  + k2  k1  - (k 1k2 )&,,L + 
m 28 

(Li.].) 

denotes the lepton mass. 
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The hadron vertex 	 is £ priori linknown; 

however it can only depend on the variables p1  P and q 

(four-momentum transfer) as a second rank tensor, and Lorentz 

and gauge invariance restrict its form to 

H 	(2z)ô4(p +q - p")  <p" J )P) 
init.& 
final 
states 

= - 	(q2  v) 	
- 	2 (q2  ) 	- (P]• . q 	- ( p1 . q) q 

	

2 \ 	 2 	LIX 	2 

	

q - 	 q 	 q 

	

(14.2) 	- 

Contracting gives differential cross-section: 

	

d26 	
2 ( . )2 	 7) 

	

__ 	 2 

	

dtIdE 	 (114 
	1,912  + 2w1  tan 	 (11.3) 

where F and El denote the lepton's initial and final energy, 
49 d fL a 2d (coa 9), 2 4E I  El sin2 , 49 is the angle through 

which the lepton is scattered (all these referring to the lab. 

frame, i.e. nucleon at rest) and. v a p1 .q/M a q = E j  - 

(M is nucleon mass). v1 (q2  v) and N2 (q2  v) are the unknown 

form-factors, and are functions of q2  and  v. 

There is presently a vast experimental and theoretical 

effort under way to measure and interpret the behaviour of 
these torm_tactora(38). Prom the form of (4.3) it is clear in 

principle that one measures the angular distribution of 

d 2 6/df,'dE.,1  at fixed q2  and v, whence W, and \V2  are 

determined analogously as in the Rosenbiuth plot (eq. (1.1)). 

In practice, as yet the data has been very largely confined to 

small 9 which implies that one is measuring W2 . Even this 

depends on the value of a certain ratio R = 6S/6T , where 
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68 (q2,v) and 6(q2 ,v) are the total cross-sections for the 

absorption of longitudinal and transverse virtual photons on 

nucleons (38) o, and to determine JR requires large angle data. 

Unquestionably such data will be forthcoming in the near future, 

thus permitting complete separation of the 	and W2 form 

factors. However polarisation measurements permit such a 

separation even at small angles its we now discuss. 

/. Both letons polarised 

The hadron vertex is again given by eq. (4.2). For the 

lepton vertex we have 
(1-%y) 	 (l-%y) 

LaTr(2+mg) 	
2 	 2 

where SL and S0  are the spin projection operators for the 

initial and final leptons respectively (SL.kl = s0k2  - 0). 

Evaluating gives L = 

)I ä (klk2_m 	 ( ?fl  

• fSk2x+SLxk2 + SL -k2 (SoI kl,+SC4LklXJ - (so.kl)(SL.k2)X 

+ kk + kk - (k1k2  )à + m IA 	
l  ô 2Xlg 

and contracting yields 

2 	(2k1k..1a) + (w2/M2  )[2: (p1k1  p1k2 ) - k1k6-m )M2Je-  t 

+ Wl2m(SL.SO) + (w2/u2 ) /S.S { -2(pj kl )(plk2 ) -  M2 -5~j 

+ 2E Pl(SL.Pl(SL.Pl) + 2(So.kl)(SL.PlPlk2 + 2(S0 P1 ) 

(SL.kPlkl _(so .kl )(SL .k2 )M2,]a R + i& ,  (spin-dependent 

(Z4.14) 
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(1) Both leptons longitudinally polarised, i.e. 

E 	A 	 j 	J' (S 

SL = (_ 	' L k1 ), 	s0 = (..Tk, m- .L k2 ) where 	and 
 

denote the lepton's initial and final 3-nomentun. Then 

5Lo = !L 1L1 — E1 ooeJ/msLIPl = M)L)/mt, 60.P1 = M(PLI/1,, 

	

= Lt 	TL ~ El 008 	 and 

	

1 	— 	

coo Q] /a 

.. 	 (4.14) yields 	Mr. = 2w1 Pj\ E 1E 	coo + W2fL 

+ E 1E il 008 49 	+ 	m 	coo 

Ignoring lepton mass terms, this gives polarisation / 

P M Ms/k 	U 	( J 	/tL/ 

(ii) Initial lepton longitudinally polar'ised, recoil lepton 

transversely polarised, i.e. S 0 .P1 a 0 9  S0,k1 = sin 0, 

3o'8L a E S  JA 49/2 
t o 

(14.14) gives U8  a meztsinO  (2w1 
— t ('B,)(1 + 1) 000 	+ 2j 

where we have used the approximation 	=Et  — (m/2E) and 

similarly for 

2 
•'• P 

= mtsinQ{2Wi — s. 
 (E ' /EL ) ((:L + _.L) 008 	+  2]1 



(iii) Initial 

longitudinally 

and 8Lo 
= 

0
0

. a 

using the same 

lepton tranavers 

polarised. Now 

sin 

sin Q [_21i + 

approximation as 

:Ly polarised, 

3Ll = 0, : 

(2 + (1 

in (ii), 60 
1 2 

d26 2, 2-1, 
or 	dtL'd: 	

a- a,  q j iin 1 / 	)CO 	{ 	 (11.5) 
£ unpol. 

Thus two measurements of P at different values of (E/E).[ 

+ (E/E 2 )]oos Q + 2 but fixed q2  and v determines the 

and 	form factors. Note d 26/d.Q'd 	in (11.5) refers to 

the unpolarised differential cross-section, eq. (11.3). 

recoil lepton 

' sin Q 

E' 2  
+4-) cos 401 

m sinQ-2W1 + 2 (j,it) L2 + (1 + 	) cos 

2 Et ~W2 0082+2Wl sin2 j 

or P(_d26 	- 	2 (.L) cot2  (:11.s 	jn2 )_l £ n 	 I 	(4.6)) 
d'dE 	 £ 

Analogously as in (ii), two meaurementa of P at different 

values of (EA,) [2 + (1 + 	cos 	but fixed 	aria 
£ 

permits extraction of IN,  and 	. Because of the m 1  factor 

in (4.5) and (4.6), in practice these will only apply to muons. 

However this factor is partly counterbalanced by the cot 	term 

for small Q. Thus for Q a 60 and 100  (as appropriate to 

experiments (38 )) cot a 19 9  and 11.4  respectively; for 

50 cot a 23, and so for E 1  a 10 (GeV/c), (m1/E1)cot 
 40 

Pa 

for 9 a 60  (10° ). Hence (11.5) and (.6) are appropriate 

to small angles only. Because of the extra E
-, 2 factor in (4.6), 
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which increases rapidly with 	(14.5) is the more favourable 

configuration. 

Both leptons transversely polarised., i.e. 

SLIP]. 	s0Pa ' 6L2 — /')sin , s0.k1 = )/ sin 9 and 

COB 9. 
L e  0 

(1.14) yields 

a w1(-2mco89) + N2 	cosQ + 	( JM 

Ii 	 + W2  E,'(l+cosQ) = N1(2m1ooB 

a 	2Q 
— '2 1oot  12 

The 12 term completely dominates the first term especially 

for small Q (true for muons as well as electrons), so to an 

error of less than 10/0 p 

008 Q 
polarisation P a 

W2cos ' + 	n 

2 
or P(___d26 	_______ 	________ 

____ = 	= 	at 	 (14.7) 
q 	 in4 49 

 t 	71 

So one measurement of P immediately gives 82, and again small 

angles are favoured. 

Both leptons polarised transversely to the plane formed by 

the vectors JTJ 	, i.e. SL.So a -1 a].]. other terms a 0 

so we have M a -2mW1 — 	+ 	) 	cos 9. As In (iv) n, 

terms are negligible, thus! 	(1 + cos Q)Land polarisation 

P a — P for (4.7). Similar comments apply here as there. 

, Target nuc1eor polarised. Initlal lepton polarised 

The target nucleon being polarised introduces another 

variable 8A' Its spin projection operator. As usual 	a 0 
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and S - -1. This means H., as defined, in (14.2) but not 

summed over the nucleon spin now depends on the variables q. P, 

and 5A 	Lorentz invariance, parity conservation and gauge 

invariance dictate general form to be 

	

= v1 (q2  v) 1I'x 	(q,q)/q2) + .2(q2,v)pj1 Pj + 

+ (V3 ( 2  q,v 

	

14 	1 	8  A qt 

+ 
w4  (q2, j) 

	

143 	Nx stu - jp. 7%.stw]  P
is  S 

?/5 q ,v) 

	

V -1 	[P1' % CU-t- 
+ - 
	 + PIII cstco] Pls SAt qfJ) 	(4.8) 

P1 . 
where PI

$L = 	llL - 
Cl 

The form factors 	W3, d11  and 	W5  are each functions of 

and 	v 	a 	(P1 .q)/M only, W1 	and W2 	are as defined in (4.2). 

Summing over the final lepton spin, 

L 	Z (2 	k)2 e eq. (2922), and contracting with 

(4.8) we find 

2 m  
2 	2 	R + 2 (m€/M)SA.SL [-q2(v3+w4) + yv23 

- 2 (Inj/142 )SA.q(SL.Pl)v 'N4  + 2(mZ/M)SA.q( SL.  q){vi3+v 

- 2 1j5  [(E s  +E )1 	A' ].Y22! R + 11 	(14.9) 

where 	denotes the three-momentum vector of k etc. and R 

as in (4.4). 
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We see that the W fovm factor introduces an azimuthal 

distribution solely due to the nucleon polarisation, and which 

violates time-reversal invariance. Thus detection of a 

(A11l x k2 ) correlation (maximum when the target is polarised 

normal to the 12 plane) is n direct teat of time-reversal 

invariance in electromagnetic interactions, a test not possible 

in elastic scattering. 

We now apply (1.1) to specific configurations. 

(1) Target nucleon polarised along direction of lepton beam, 

initial lepton longitudinally polariaed.. 

i.e. S A eq a 3A.L — 8A.k2 -E 1  + E cos 4) 	5L•l 

q — L.k2 - - E1E(l — coB 4))/m a 	 SA 

whence (4.9) give3 

Ms = (q2/M) {-vw14  + ( E + E' 008 )(.': +), therefore the 

polarisation P a Em 	 /'- 

-2 sin2 	+ (E + E cos 9) '•v + 

24) 
M 	008 g + 2w1  sin ! 

or p(d 	) 
d1Z'dE 

Z. 

-a. 

2ME sin2  41 
(Is.lo) 

Thus two measurements of P at different values of (E 1  + E 0089) 

but fixed q2  and v permits one to extract the form factors 

G1 W14  and G2 =W3 +W0 

(ii) Nucleon polarised as in (1), lepton transversely polarised, 

i.e. S LOP1  = 0 0 SA.SL,EL.k2 0 ...Esin 0 



IN 
.. 	= 2(m /M) E sin 	+ E l  008 e)(w3  + % ) and 

(m1/M)sin Q{(...E I +E,
cos •e) (w3  + w.)} 	

or 
E f 	+ 2w1  3m 2  

d26 	- 
L2 	

____cot 	(1 + 00 t2 
) 	

(l+co.L)(W3  + w) 
d'd.E 	2E 

(li..11) 

This immediately determines (w3  + 	the factor (m/M) is 

offset by the cot 2  terms for muall Q 

Target nucleon polarised transversely to incoming lepton 

momentum, lepton longitudinally polarised. Here 3 V 8 - 0 

and 	= 8A2 =  E sin 499  giving 

S 	i 	L-  , v  ~V4-E l  sin + q2 (w3  + 
 

49 2E 

.•. P = 	fe(Y"%) - 	

or 
2ME1 	

+ 2wain2  

	

d 6 	CL =00 (l + cot 	 (4.12) 

	

dfl.dE 	4E1  

Two measurements of P at different S 1  suffice to give the 

form factors G, = W3  + W4  and G2 - 

Both target nucleon and lepton transversely polarised, 

i.e. S.P1  a 09, 8L2 = -E 1  sin 40, SA.SL = 

Hence MS a -2(mt/M) [-q 2  ( ,,V3  +..,,,4) 
+ V 

2 IN4  + (Ej sin Q)2 (w3  + w11)) 

.•.
-(m 1/M) -q2 (w3+N)+v2w + (Esin 49)2 (w3+)3 

E1E 	
006 	+ 2w1  sin2 



-81- 

( 	d6) 	2 (m t ) 	1  
E 	2 9 	2 	 (11.13) 

n 7 q 

Determination of P at two values of El sin Q for fixed q2  

and v enables one to extract the form factors 

Ga-q2 ( 3 +W)+v2 , 	G2 =W3  + W14 , 	Similarly to (ii), the 

(m/M) factor is offset by P sin 
	

term for small Q 

(v) Both nucleon and lepton polarised normal to the rl- 
plane. i.e. SA•SL a 1 9  all else zero. 	Therefore 

1$!= -2(m /M) L q2  (w3  + w ) + 

P = eq. (4-13) without the (E,",
sin 9)2, 

(vi ) Nucleon polarised along direction of recoil lepton 

momentum, initial lepton longitudinally polarised, i.e. 

a SA* k1 - SA* k2  a 	cos 4 + E , SA* a 	cos 9/rn 1  

giving MS 	ir - 	+ ( w3+)(E COB Q + t ) 

-2 sin 

	

2 9 {+v ,,74  + 	cos 49 + E )[ 43  + 
... Polarisation P a 

s2oos -2 + 

of P(d26/di2 'dEp 	2 	/2ME sin2 	 (14.111) 

Two measurements of P 	for varying (E 1  cos a + 	determines 

the form factors VV 1  and 3  + (IN 

(vii) Nucleon polarised as in (vi) but initial lepton trans- 

versely polarised. Here 5L'1  0, 	a _SLIk2 E Bin Q, 

- -sin Q whence (4.9) yields 

U8  - 2(mL/M)sin • [q2
(v3+w14) - 	+ E(E - E100s 
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(m/M) 
I . . P = 	sin  

EF 

+q2(w+v) vw,, + E(i 	— 	cosQ)(W+W 11 ) 

2 (w 2  cos+ 2W1sin 2 
9
' 

2 	 cot 
or P d6 	= -2a2(.-J 

	{ 

M 	E 	qIt 	 11 

(l415) 

This permits the extraction of the form factors 

   + W 	'or small Q, the cot 24   

term compensates for the (m/M) facbor. 

(viii) Nucleon polarised transverse to recoil lepton momentum, 

initial lepton longitudinally polarised, i.e. S A eq = SA.kl = Eein 9, 

	

= sin 	so that M3 	(E&/M)sin [CI 	2E w24 )
16  

-sin 	
11V + n, 1 j\  + 231  v  

Hence 	a 
2JIEt 	(v2  coo 2 	+ 2 sin2  ) 

____ 	2 
. cot 9 	- - 	= 	

2 	 (24.16) 
d.1-' dE 	ME 	 q 

which measures the same form factors as (vi). 

(ix) Nucleon polarised as in 

NOW 8 As 8 
= — 009 9 

so U3  = (ni/M) [-q2( "" 3+W4) + 

(m6/M) 	 ':) 
I • P = 	___________ 

2E E1 	 29 4 	W2  coo '  

(viii), lepton transversely polarised. 

cos 4q2(w  +w ) — 2W4  V jj 

+ Co sQ.q2(171 3
+17 

 4 ) 	21.V 211  
24 	(11.17) 

+ 21].  sin 2  0 
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•Tax'get nucleon polarised. final leDton DQ3aZ'i8ed 

(1-L 2  is now given also by (4.9)  where SL refers to the final 

lepton 

(1) Target nucleon polarised along lepton beam momentum, final lepton 

longitudinally polarised, i.e.  Le 1 = ME/m1, SL 	SL 
= E 1E(1 - o089)/m 1  = -q2/1, 3AL =_Et ooe/m1 *Then (4.9) gives 

M = (q2/M) [1yw1  + (E 1+E co8Q)(v3+)] ,. P = eq. (11,10). 

Target polarised as in (1), lepton transversely polai'ised, i.e. 

S1 .P1  = 0, bL.kl = Eein Q. SA.SL :0 sin 9. 

•,M = (n/M) sin Q 	 00849)(v3+w11 )J 
sine 	 cosQ) 

and P = ( 	) EET 	- 	2-  Q 	2Q £ 1 	 0015 	+ 2 N1  sin 

or P426 = .-2.2(—L) cot2 	______ 	 l8) 
d," dE 	 N 

Prom here one obtains the form factors a1  = -q2 (w3+wj )+v2%, G2=W3+W11 . 

Target nucleon polarised transversely to incoming lepton 

momentum, final lepton longitudinally polarised, i.e. 	* 

=E ,  sin Q, SA* = - 	sin Q/m 

so M = -E sin ej-q2 (w3+v) + 2EYw 11j/M , 	... P = eq. (Li.12). 

Nucleon and final lepton transversely polarised, i.e. 

SAOSL = .1, S.k3  = E t  sin L 

Here N8 = -2(m 1/1() q2 (w3+w11 ) + v'vv + Billain2(W3 + 

... P = 	1..q2(w3 + w1) +: 14 - q2 	(1N3 +
E El 

2 	
1 £ 	

m 
or 	

= 	2 (.L) 
ESi2 	q2 	

(11.19) 
d,ZdE' 	1-7 
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This determines the same form factors as in (ii). 

(v) 	Both nucleon and lepton polarleed normal to the 
- 

plane. 	Exactly as (v) with initial lepton polarised. 

Target nucleon polarised along direction of final lepton, 

latter being longitudinally polarised,, i.e. SAS  SL = _E/n 80 

(4.9) yields M = q Lw4  + ( 3+vv)(E 1oos Q + E/M. 

... Polarisation P = eq. (Li.]Ii). 

Nucleon polarised as in (vi), final lepton transversely 

polarised. Here SA.SL = Of SLJ1 = 00 

2(m1/M)(E - E, cos 49)E 1  sin Q (w3 + 

(m/M) (E-E tooe .Q)(w3  + W14 ) 1 r 
80 P 	= 	Sifl 

E It 	 49(w20082 	+ 2W1sin249  

2, 	2 	rn 
or p d o 	= -2a 	(-)cot 	 (4. 20) 

dP_'dE 	q 

One measurement of P fixes the value of (w3  + 

Nucleon polarised transverse to final lepton momentum, 

lepton longitudinally polarised, i.e. SAISL 0, S.q = SAski = 

sin Q yielding M =_(Et/M)ei  [ 2 (w3+w,1 ) + 2E vw]. 

.'. P = eq. 4.16). 

Nucleon polarised as in (viii), final lepton transversely 

polarised. Now 	= 1. Therefore M6  = 2(mM)[q2(W3+V4)_Y2 

+ E sin  Q (v3+w, 1)] 

(m/M){q2(3+w) - 	+ E sm2Q(w3+N)l 
and so P -- 	2 	 2 2EE 	'I2005 .. + 2W1  sin 
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or P 	 - 1 	 (4.21)

E 2 	ft 

This determines the same form factors as (4.15). 

BJorken1) has given a sum rule involving the initial lepton 

and nucleon spins parallel (and antiparallel) and along the direction 

of the incoming lepton, i.e. case (i). 1, ven when polarisation 

measurements are done, this may be difficult to measure; however 

we see that once the functions 	and 	are known, (4,10) 

describes this configuration, and thus polarisation measurements 

with any of the other configurations treated enables one to deter-

mine Bjorken's case. :O far no measurements with a polarised 

target have been made but the availability and use of such a 

target very recently to test time-reversal invariance 	clearly 

indicates data will not be long in torthcc*ning. 

B. Inelastic Colliding Beams 

We now examine the process & + & —N + "Anything", which 

is an extension of the elastic case treated in Chapter 3. This 

reaction proceeds as shown in Fig. 15. 

Is the lepton (antilepton) 

tour momentum. 

t is the emerging nucleon four-

momentum. 

q = four-.omentuzn transfer = 
Fig, 15 	

+ 

Summing over lepton spins, L= <0) j 

Analogously to (4.2) for the hadron vertex we have 
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= j(2)(qt1-t2) t1t)3 JO 	
7(2, )[5 

+ 	 — PICO 	
[tl_

() 
 x] 	(4.22) 

giving in the colliding beam frame a cross-section, 

d26 	 2 
l47cL 	

2 

dE1d(cos 	 L 	(l — 
 [2ij(  2 ,V) 

 
,v) + 

2M 
- 	(1 q rq q 

W2 ,i)sin 1 2)  
2M 	j (4. 23) 

— 	
— The form factors 	and 2  are functions of q.2  and 

v = t1.qJM, and are related to the inelastic scattering ones by 

crossing which gives a(q,t1) = .'H (q, - p1 ) 

i.e. 	1(q 9 ') = -w 1(q2 - v); 1) VV2(Q 	= 	2'  

is the energy of the detected nucleon and 4 is the angle which 

the proton momentum P makes with the axis defined by colliding 

leptom beams (see Fig. 16). 

A i re 

aS 
a 

Fig. 16. 

Loth letans polarised 

Eq. (4.17) refers to unpolarleed particles, when both leptons are 

polarised, the appropriate substitutions P1 -, -t1, k1,- 	' 

- &2 in (L.ti) yields 	— 

m 2 = -ç q2  , v ) [-2 l 2 - 	+ 	(2, ) E_2( t11) C t1, 2 + (1112 fm)b 

+ 	
)2m (SL.so) 	AS066 1 )(SL* 2 
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E Q + Ms (spin-dependent term) 	 (4.24) 

SL(So ) refers to the lepton (antilepton). 

(1) Both leptons longitudinally polarised, i.e. 

E "j-.. 	,,, 	-E 	'' 
8L = 	 X) 	S0  a 	 xj 

£ 	 I 	I 

there E is the incoming energy of either lepton and 	the 

corresponding 3-momentum (thus E2  (1)2 + m). This gives 

(E1  j) - 	cos 9)/11, 	SL.12 = 2E 171 m t  

(E1  J!) + 	coB 40)/m 1 9 	S0 .11  = 2Efrm1 

SLISO 	
2 + E2)/m2 , whence (4-18) yields 

- i (1 2  - 2m) + 2 2E  (M2 + E) - 2 I 2cos2  Q(E2  + 2)1 

.'. Polarisation 	P 	= U /Q 

- 

1(1 + 	) 	N + 27l 
- 

- 1) cos2Q 	'2 
/ 

/1 

2 	+ 

2M 
- (1 - 

:2 	
2 .2sin 

- 

or 	p 	d26 2 	V 
- 

(q) 
(.25) 

dE.d(ooeQ) q v 

where we have employed  the identi1ieg 
2, E1 =29 

- 1) 	and neglccted lepton mass terms in 	M6 0 	Thus 
q 

two measurements of 	P at different 	Q but fixed 2 q 	and 	v 
2 

determine the form factors 	a1  (l + N2  + 2v1 G2  = W2  
q 

(ii) 	Lepton longitudinally polarised, anti].epton transversely 

polarised, i.e. 	S0 = (0 0  4). Hence 	S0.t1  a sin Q. 
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I•60 a Op whence (4.18) yields 

-14m £ F () 2 Bifl Q 008 Q 
2 

	

-2m1 sin 249  ( 	- 1 )2 

	

- 2M 	2 2J1 	(1 	 jfl2Ø] 

- 	q 

or  
dE1d(oos) 

-8xa 2m 1 M28in2 

ql4 - 

2 	3/2 - 

q 
(li.26) 

Which directly determines 7N2 • (1.26) is reduced by a factor of 

order a,(v 2/q2  - i)/v compared with (11.25) but for large v 

the ( )3'2 term offsets the (m e/v) term. 

Lepton transversely polarised, anti].epton longitudinally 

polarised, i.e. S = (0 0  y). Hence SL.12 = 0 * SLISO, 

= - i)ain Q, giving 

Ma 

Ose 	 p = 	eq. (11920). 

Both leptons transversely polarised, i.e. S 0  Is = 1 0, 

= 0. 	(4.18) then sives  

M6  z 2m i +,L2J2 W2 	- cos2Q) + m oos2QJ/i.. 

72  term completely dominates the W, term so neglecting 

gives 
-2 sin 	2 (-l) 2  

or 
2MJ2 vV 2 - 

2 + -- (1 - £) 	sin 
2  -0 

	

 
q 	V 

p 
	 LI. 

dE1d(cos Q) 	
° 

The 
2 m 1  



WO 

M Both leptons polarised transverse to the plane formed by 

and. Now 

Ms = 2m'1 

and neglecting 

L'8o = -1 9  all else zero. 

 2 12 - 	2 L(1_0o5Q) + m cos2Q]1 /M2  
terms gives P = eq. (11.27). 

Polarised leDton bean DplaZ'isat:Lon of ealtted, nucleon measured. 

For the hadron-.photon vertex, proceeding exactly as in the 

elastic scattering case (compare (4.8)) we have 

= - N1  (q2  'V ) RLX 
- ( qq,/q2 : + 	(q2 , v) tLL th 

+ -'(q2,v) 	)L7LBt 
As 1t + _4(q20V), 

WIN 

• 18 8At 	
+ u(q2,\I)[tj 	+ tjt 8 ]t 15  s 	, 

(li.28) 

now refers to emitted nucleon) 

____ 
	2 (1347,14)  - 2 . 	_____ = Q + 2 (m/MSA.SL [-q (w3+w) + Wv ,J 2 	2 

- 2(m1/1(2 )S.q(S.t1 )v 	+ 2(a 1/M)S.q(8.q)( 3  + 

+ 275(A.Lc 7)(p1 (1  - P1t2) [çq2)4/u3j 	(4.29) 

(Compare with (11.9)). The last term above 

= 	'(.2/,2 ( v /q2  - 	cos o[L.! x 	violates time-reversal 

invariance so detection of a 	x 	correlation tests this 

symmetry in electromagnetic interaction. 
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Emitted nucleon longitudinally polarised as is the incident 

lepton, i.e. SL = (), E)m1,  SA = (j , 	£' )/M and hence, 

- 2ELIn, 	Lt1 = 	• E)oos .e), 	= 2E/M, 

	

= () 1 15  1 - E El  008 	 . (4.22) then gives 

M9  (spin-dependent part) = (q2)IM2 ) 1 cos Q •i. Therefore 

2(v/M)oøs Q 	
[ 	L \ 

Polarisation P = 	 - 2MY 2VU2
M.  

2 1+ 2(l - £L) 2M sin 2 

q 	v 
d26 	 i 2  2!j-,2 

008 Q T 3 	 (4.30) P 	Mm

d.E1d(cos) 	q 	q 

where extra lepton mass terms have been neglected (as in the 

following sections too). This then directly measures w3 . 

Nucleon polarised as in (1), lepton transversely polarised. 

i.e. S.q = SL.12 a 0, SL-t1 = - 	sin Q, SA.SL = - (E1/M)sin 

giving 	MS - 2(m t/M)sin 9 • Therefore 

4m/M) v sin 

= VQ L2 	
2!,1 	q2 	,vW2 	

2 	
or 

+ -r (1  - "2 ' sin 
] q 

2  

	

_________ 	

m, 	2 2Hv 
2 (1 - 	sin Q 13  (14.31) d6 	= 14 (-) r 	v 

&E1d(oos ) 

This Is a factor (m 1/M) smaller than (4.30)0 

Emitted nucleon transversely polarised, incident lepton 

longitudinally polarised. 	I.e. 	- (0 0  y ) .. S.q = 0, 

SA. 6L = (E/mt ) sin Q giving M5  u q2 [_q2  ( 3+V4) + V - ' ,'M } sin e 

2 [/M 
] 

Sifl ~~V3 	
V 'q2  - 1) 

	

= - vM2 	2 	
or 

2W1 + 	(l/)'ain 
q 	 2M 
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d6
2M, 	2 	

(14.32) B 	 (--)(l 	•a) sin 4 
dJ(cosQ) 	q 	q 	v 

2 
One measurement of P here directly determines - + w14 ('(-) - 

Both nucleon and lepton transversely polarised. Now 

B - 008 Q, so 

= -2(ni 1/M)q cos 2 	 + 	( - i) ' . 	Hence, 

rn 	008 Q.(_ 3  + 	( 
P a 	2) 	2 vM2 	 or 

2w1  + —a-- (1 	) .- sin 2 Q 

m2 
d6 	= -4%a2 	(t) !! ( 	- )% 008 	J (14.33) 

dE1d(cos .Q) 	q 

This measures the same form factor as (14.32)  but is reduced by 

the (m/M)  factor. 

Both nucleon and lepton polarised normal to the ! - 

plane. i.e. SASSL z -l• •'• P = eq. (11.33 )/oos Q 

3. For the ajitilepton beam polarised and the emitted nucleon 

polarisation measured, the above formula (14.30) - (11.33) are 

multiplied by a minus sign. 

All the formulae in this chapter apply equally well to 

electrons or muons. Hence a comparison of the two respective 

oases serves to test for the presence of any muon structure. 



CHAPT!R 

WEAK INTERACTIONS 

Polarisation Effects in High Energy Teutrino Scattering 

So far in this thesis, we have been concerned with electro-

magnetic interactions and polarisation phenomena therein. In 

this last chapter we turn to the field of weak interactions, 

where there is perhaps even a richer structure to explore, and 

examine the role played by polarisation effects here. 

The generation of high energy neutrino beams in the last 

few years has made possible a study of high energy weak scatter-

ing, analogous to that for electromagnetic lepton-nucleon 

scattering(43)  . Such measurements permit the determination of 

certain form factors which describe the transition between the 

initial nucleon target and the final hadron target. A number of 

these form factors also arise in the semi-leptonic decays of 

certain baryons, and in principle, with sufficiently accurate 

data could be extracted from an analysis of these decays. Mow-

ever In such decays one is naturally constrained to a small 

region of momentum transfer determined by the mass difference 

between the Initial and final particle states. It is the unique 

virtue of neutrino reactions that the range of momentum transfer 

may be extended indefinitely, constrained only by the limiting 

energy of the incoming beam, and thus one may study weak inter- 

actions at very high energies. 

Presently there exists a theory of weak Interactions which 
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describes purely leptonic and BeIniL-leptonic processes very well 
* 

at low energies
(l4
'

4  ). (The situation in non-lep tonic decays is 

still rather unclear), iowever it is expected on general grounds, 

from unitarity bounds, that this theory cannot hold at sufficient-

ly high energies so there is great interest as to the actual 

behaviour of weak effects in this region. In particular one may 

explore for the existence of the so-called intermediate vector 

boson which has been po8t1ted to mediate weak interactions 
analogously to the photon being the mediator of electromagnetic 

interactions. 

The enormous Ufficultiea in handling neutrino beams, plus 

the relatively low rate for such reactions with present 

accelerators, has resulted in rather meagre experii 1k:1 data 

so 	 !owever the operation of the new 300 GeV/o accelerators, 

with a greatly increased neutrino flux, wi].l be expected to 

radically improve the situation and provide sufficient data as to 

enable a detailed theoretical analysis to be made. This naturally 

stimulates interest in polarisation effects, which should also be 

experimentally feasible, and greatly enrigh our knowledge of weak 

interactions. 

Polarisation phenomena in two body neutrino reactions of the 

form 	v tU + N— e(&) + Y have been widely discussed in the 

literature(46) Here ( fl denotes the neutrino ( antineutrino), 

N the nucleon target, 	() the ernerging lepton (antilepton), and 

Y the final baryon state, i.e. N Z , A • Not so is the situation 

for inelastic neutrino reactions of the form v()+ N—(Z) + 

"Anything", where "Anything' denotes a sum over all possible fins]. 

* TA 	
f 	

ccrn 	i 	 dr 	. 
7A 	LL 	f 	i 	 poJot / tio 

s#OIL 	yu. 
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hadronic states. These reactions are the analogue of the in-

elastic lepton-nucleon scattering process (Bee C/J çt  -) 

and certain theoretical models predict a close affinity in the 

behaviour of the two proceases, Study of the inelastic 

reaction is thus of considerable interest in Itself and in this 

chapter we investigate the influence of polarisation effects 

here, In particular the final lepton polarisation and the 
employnent of a polarised nucleon target is discussed. 1n the 

latter case we simplify to the two body reaction, where interest 

has so far been largely concentrated on the final particle polara-

sationa, The feasibility of etaploying polarised targets clearly 

indicates such a study is now opportune. 

Inelastic Neutrino Reactions 

v) 

Fig, 17 depicts the process v() + N - &(&) + "Anything". 

The analogy to inelastic lepton scattering (Bee Fig, 11) is 

clearest if the weak interaction is mediated by an intermediate 

vector boson wJ) as shown, !Dwever this boson may well not 

exist, in which case the weak interaction may be a point inter-

action corresponding to an infinite mass for the W boson. 

We use the following conventions;- 
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k1  (k2) denotes the neutrino (final lepton) Li-momentum. 

P1 	
it  nucleon 4-momentum, 

PN 	 total Li-momentum of final hadronic state, 

Thus P1  + k1  Z P2  + k. The four-momentum transfer 

=k1 k2 =P.Pi e 

For an unpolarised lepton, the lepton-neutrino weak vertex 

is given by 

Kk21jjk.j>2 = Tr(X2+m((15)(X1)T>(15) 

= 8 1k k.1.  k 
L 2itix 

2 k1  —  (k1k2)5 	1 	
X2c]] 	

(51) 

where m is the final lepton mass and +( -) refers to neutrino 

(antineutrino) beam respectively, 
 j 11 

is 

current operator. The hadron vertex ff 

where J is the weak hadronic current op 

tensor depending on P. q and P, only and 

dictates its form to be: 

the weak leptonic 

= 	
. 

rator, is a seoond-rank 

Lorentz invariance 

q,2  v) 	 1w( q2  ,)) 
= - 1(q2,i)& 

+ 	2 	11X + 	2 	£1y6P]  q5  
M 	 M 

+ 

;( q2 9 v) 	 iw( 
+  M 2

{P11  q 
+ P1 	+ 	2 	 - 

 plxq~] M 

(52) 

Here V = (P1 ,q)/M and M is the target nucleon mass. The six 

form factors Wv  .... 	are functions of 	and V only, and are 

the counterpart of those in Inelastic lepton-nucleon scattering 
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(see eq. (4.2)'. Only two form factors arise there as conserva-

tion of the lepton current demands W = WV
=W = 0, while 

parity invariance implies wV 
= 0.) Contracting (5.1) and (,2) 

gives the differential cross-section 

dq2d 

	
[a3.(Plkl ) 2  + a2(P1k1) + a3 ] with a1, a2, a3  given 

as follows: 

a1  = 2W/M2, a2  = 	 ;m,]/M2- 2W, 

= (k1k2) L2w - W 	(2W; )/M + ( w m2)/M2'  

Neglecting the lepton mass the above simplifies to 

- G2  r 	 2 	(148) 

dq2d - ;i 	
(32 + 2W Bin2 	

( 	 + E)sin •'J 

E It  denotes the incident neutrino energy in the laboratory frame, 

El the final lepton energy and G the lepton-neutrino scattering 

angle. G is the 

a-decay - 
that one measures 

In the above 

weak interaction Fermi 

2 (9). From (5.3) it 

2 11  at large angles, 

analysis, we have surnrn 

constant measured in 
is clear at small 

m " 3 0  
d over the target nucleon 

and final lepton spins, '/e now consider polarisation effects 

arising from these respective cases. 

(1) Final lepton iolarisptjon determined 

As the nucleon spin is summed, over, H 	 is again given byAX 
eq. (5.2). For the lepton-neutrino vertex we now have 



- 	= ITr 	 = 	 1*4 8 	8 

+ SLXkl .L  (3L.kl) 	'M4eAaP 
 

3La 

(5.Ij) 

with R = eq. (5.1)/8 Contracting together we find, 

8
RIIX  H) + bl(SL.Pl) + b2(SL.kl) + b3 C LXcL 

( 

i 	 c. 	S 	 oPt j') 	(5.5) 
where 

W V2 	2 
b1/m 	

[.(2m2)2(Pk) - 4(q. ..m) 

WV 	w 
b2/M? = 	Li-2w + 	+ w(m/M2 ) + 2M 4 - 2( P,k,) - j -- ? (I ) ) 

M W. 

b/me  = 24'M2  

The upper (lower) sign her€ refers to neutrino (antineutrino) reaction. 

(1) 	Lepton longitudirtally polarised, i.e. 	3 Le  P 	 = 

3L•1 - 
16 	4 cos 	)/m, 	P being the lepton 3-momentum 

i.e. 	(E) 	= 
() 

+ m 	• 	Then (5.5) gives 

M 8  (spin part of (5.5)) = 2F, E l t W2sin 	W COB 

- - (EE)sin2  -- 	ignoring extra 

lepton mass term. 

... Polarisation = 	1. ?/- 	 3 	It /r?  
ç) 

This expresses the fact that the lepton itself has the two—component 

coupling properties of the neutrons in the limit M = 0. 

(ii) Lepton transversely polarised in the scattering plane. 

Hence 
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SL'Pl= 0, SL 	= 	
sin 9. giving 

2 	
2E 

M 8  = m. 	sin 9. 	+ W 2V  + W14 	
5 	 3 + 

msin 9. -(..2w + W + 	 w/M)+!. (w ; 
.5. 

	 sin 
j 

21 	fw 	+ 2W Bin 2  + 
M 

Pd26 	G2m 
or 	2 	 sin 9.{ I ) 	. 	( 5.6) 

dci O 	IlicEL 

Two measurements of P at differing values of E, but fixed q.2  and 

determines the form factors GI  =-2W + 	+ v(m/M) 2  + 4 
a Wv  7 WV • Note however the rapid decrease in (5.6) due to 3 	5 	 2e 

the 	 factor ;(_2 0  therein refers to eq. (5.3)). 
dq äJ 

(iii) Lepton polarised normal to the lepton-neutrino scattering 

plane. 

	

Here(SL.kl X k2) = E 6  fl sin 9 	Bin 9. and 

M 3  = '2W 6 ('/)(1ki  x k) 

•'• P a ..! (_) 	5Ll 
b A 	

2W 29.- 11w; 	2  co 	+ 2N sin+ M (E+E)ain2 

Pd2 	 L.c6 - 	in ( 	x k2 ) 
or 	 (5.7) 2 	- 	 :V6 

dqd') 	2x 	M 	E 
It 

Note that the correlation term (SL.Ic1 x  2) violates time-

reversal invariance, and hence detection of such a correlation acts 

as a test for this syninetry in weak interaction 
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(2) Target Nucleon Dolarised 

	

As lepton spins are summed over, L 	 is given by eq. (5.1).AX 
For the hadron vertex, there is now an independent extra vector 

S 
At 

the nucleon spin projection operator, and 80 Lorentz Invariance 

yields 

W V 	 W V  

final 
< ) j 2 = 	

+ •••3 (s.)P1P1 
spins 

+ -j q)Qc + 
:~S (SA* q)[Pl4qX+PlXqp]L 

 

+ 
M 	 1P  

+ -U  i[i1 Sçl 

WV  
+ 	 + c¼SA + 	I ['11SA,,  - cIA SA U 	 14 

+ 	I £ 
U 	atAt 

+ 	1• 	Pis 	
+ L2I 

iL 	tsP Xi P 

WV  
+ - 

L 
1€ 

U3 ustw 1A + £Astw P 	cI8  

+ 	
U8tW A - LAStS q q8P 

8A 

IV V 
+ 	

+ 	it 	 1t 	 (5.8) 

is as defined In (5.2). 

Note the slight complication compared with eq. (4.8) In the 

electromagnetic process W, W ... W 5 0 vanish because they give 



-99- 

rise to parity-violating terms, while gauge invariance demands 

W 	and W 	are also zero. Neither parity nor gauge 17, W 0   

invariance holds true for weak processes and therefore there is 

no reason jq priori why such terms should vanish. We mention once 

more all the form factors in (5.8) are functions or q and V  only. 

Contracting together we find 

= it + 	 + (s.k) + C5(P)4 3A3 k2t kL ! 8 

(5.9) 

where A = a1 +  a  2  E  It + 	with 

- 2 2Iy V1 a1  a (q -M 	+ 	+ w;(m,2u2] + (q +mil16+w18j 

_2w1 2_2 2 w2w 8 V 2  

a2 	2 [9  (-w 	48) + 	- w 0 (m/M 2)+/} a3  2W 

3 a b1  + b2EZ  + b3E 	with 

b1  = 
- 	

+ wLi2 - w;(/2u2 )1 ; (q22) [Wv6  -
~jlve~A 

= 	2 [V(Wv  w18 ) + u(w 2 	N17) + W0(rn/M) ; 	b3 	= 	-2W 	; 

and 	C 	a 	2 f 4 + W 19  (2E 	- 	 )/ - 	 (4/M2 ) w 5  

The upper and lower signs refer to an incident neutrino or anti-

neutrino respectively; k is as d efined in (5.5). 

(i) Target nucleon polarised normal to the lepton-neutrino scatter-

ing plane, This is given by the last term in U3 , and we have 
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* ~SA 
—

i x k2 • (o1a 
L 

/~z z~ 

? 	I 
/2l 
i 	

tr 

.'. Polarisation p = - 	

x k) (2s E 1  

e-  2 Q 	 2 	 2 

	

W COB 	+ 2W]  sin 	+ 2W3 u 	sin  11 

	

Pd26 	2 
or 2 	- 

	

dq O> 	
C 	 (5.9) 

ignoring lepton mass terms. Agin the correlation term 

	

X 	 violates time reversal invariance so its detection 

serves as a test of this symmetry principle. Further a comparison 

with (5,7) reveals the superiority of this configuration as corn-

pared to the final lepton polarisation for testing time -reversal 

invariance. Not onld is the (me/M) factor absent but C contains 

a term proportional to E&,  and 50 this method very much dominates 

at high values of S 6 . In the limit S - co we have 

Pd 	2  (EA -71  x k2 ) 
 , which determines 

dqOv 	 ME6  

If d6(P) and d(P) refer to neutrino and antineutrino reactions 

respectively, we have 

[,v  d26 	d 
	 - 	 k + 	 A1 2L 	

- $ w 
dq2  	

dq 
	 5 

  J 

(5 - 10) 

Q (!'i X  Ed  W  v 
13  

16 

which separately determines W13, W15  and W19 . 

From now on we ignore lep ton mass terms to simplify the 

analysis. This means W, W 0  and w ,4  are not determined but 
2 since these each have a coefficient proportional to (M /M ), 
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their extraction will be an extremely difficult task anyway. 

(ii) Target nucleon polarised along direction of incoming 

neutrino beam. Here SA. = 	GA 	= 	cos Q. 

Hence M 	A 	B-.'COB 

Using the kinematic relations 

- 	cos 	a 	+ E(1 - ooe 	= V - 	, Yields 
2E& 

M = L La + bE + 03 + dEfl , where 	 (5.12) 
ME 

a= (..2,2)[wv + 

V 	 V b = ( w7 + 2 8 - 16 	18 + M(W 2  ± vi17) ; 

C 	= 	2 [_w/2 	+ w6 - 
2M 
•- (.w 12 

± 	- 
CI CI 

d a -% [2M(WV
2  V17) + 

-2sin2 	a + bE 	ON + dE] .'. Polarisation P = 	
V 2 ME

IC 
 (E+E) air? 

W2  C08 + 2wain1; 3 M 

or _____ 	
2 	_____ 

a - 

dq 2  d 	Z 	ME 	 (5-13)    

Thus, in the notation of (5.10) we have 

	

- 	f- 
v

] 	
EL(WV 	

VJ ± 

4,7 17E 

+L 

(5.14) 
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4'6 I  - 17 	- 	 - 	 )v + 	t 	4 
d?'dv 	 17 t1I V.  

(5.15) 

We see now that k measurements of P at fixed values of Q.
2 

 

and 	, but varying E, are necessary to extract the requisite 

form factors in (5.14) and (5.15). This is the price one has to 

pay for the rapid increase in conp1exity compared to the analogous 

electromagnetic process, i.e. eq. (11.8). FZ"Cm (5.111) one deter-

mines the form factors 	= w + w/; a2  = ( w + 	
+ 

MW12, 

= ."w(i + 22/q2) 
7 	' 

G1 = 	 + '9W 8 ] which 

over determines W7, W 8  and 	prom (5.15) one determines 

the form factors G1 = W38  - W 16 G 2= 16 	18 + MW17  ; 
= - 2 W16  + 	 ;G4= (Lu&/q )w17  , which overdetermine 

W16 , W 7  and V18 . Note in the high energy limit 1 -• Co , 

(5.14) and (5.15) reduce to 

IIPY dqdi 
+ 

P dq2 i 	 27' 

	v 	1) = ••! [
12 + w } ; 

.--__ 	d267 	 2 

L 	_  
vv  v 	V dcI2  di 

(iii) Target nucleon polarised perpendicular to neutrino beam 

momentum. i.e. 3 A.kl 	0 and SAlk2 	-E l  Bin Q, whence 

(5.9) gives 	Ms  = - (E/u) Bin 0 B 

... Polarisation P = 
-( 2ME& )b;L+b2 	+ b 3E 	sin 

(E + 

	

LW o82 + 2Ws1n 	' 2W'9 	 jj 	1 
M 	 2S 

or 
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Pd26 = 	( 	cot 
de 	

(5.16) 
d 	2 

with b 1 , b2, b3  as defined in (5.9). Hence we have 

cot e d26 + _ d 	1 = 	

- 
: 
{_ (

w + W 	2 dj 	dQ.2 d v 	 8/ 
 2J 

Ei 

+ 2EW8  + MW12) - 8 Ei 	(5.17) 

[p 	
cot 

d26 	p... d 	- 	. ( w 6V 	W 8)q2  + 
dq d 	dq. d 

+ 2E['-yW8 
+ MW?]1 	 (5,18) 

This cnfigurat1on is clearly more favourable experimentally 

than (ii) as only three measurements of P for (5.17) and two 

for (5,18) are necessary. From (5.17) one may extract the form  
factors 	= 	+ 4/2 ; G = vw + MW 12; a3  = 	, whence 
W, W and W 2  are separately fixed. (5.18) yields form factors 

 W 16 	8 ; 	= - VW 8  + MW ; however these re not 
sufficient to separately determine W6, W 7  and 	which is the 
drawback in this configuration. 

(iv) Target nucleon polarised along the direction of the fLh-c Lt  
lepton momentum. Now  A* 1 = 	cos , SA.k2 = -E and hence 
U5  = - LAE4 cos + BEfl /u, 

or U 
_2 

[at + WE ++ dtEj where b 

' = 	q2  a 	+WV ; 

Wv 	WV 
 ; 18 



- ,v  AkV  v (v4 + 2 8 + 	+ M(W12  t y) ; 

v 	v16 	 , C' 	 8 + 2W) + —p (wt 1117) + — 
2)2 

p w 8  ; 

-% [211( w 2  t w 7) + v w] 

	

-2sin2 	at + b'E + 0'E 2  + 

- ,, ______ 
.. 

 

Polarisation P = 	
+ w1s1n + 2W3 	sinJE-C 	20 

or 	
c12 6 =  - 	

sin 	 (5.20) 
dqd 	 MNIC  

This gives 

[pV dq2dv + _ 
	G2 	

G 

= - - - 
V dq2dv 1 	 M 	

(q2/2(Wv  *- 

+ E;; 
 [V(WV + 8 W121 + 

	___ 	___ 

2v y1' 
(5.21) 

	

V  d26 2  

• 
	12 + 

sin 2 0
f-q2/2(Wv6+W8) 

L dq d 	dq d j 	 ME
It 

v 	V 	2[ 

	

W
+ 	 + --7 w171 

	

,C 	16 	17) 	le 	16

• El 
3 (& w17 ) 	 (5.22) 

Analogously to case (ii), tour measurements of the polarisation 

are here required. From (5.21) one determines the toxu factors 

G1  = W 	'8/2) G2  V (v4 + 	) + MW 2  

G3  = w (1 + 
	+ 	

'12 	 = 	
l2 + 
	which

q2 	
lq2 



again overdetermines 74 , 
V'J and WV 

12 	while (5.22) yields 

	

' 	 I4M1 14 = 	+ N18  ; 	= - ? 	+ MW 7  ; 	= 	16 + -r W17 16 

and G 
=W17  which also overdetermines W6, W 7  and 1,718 

	

Note in the high energy limit, E&— 	, (5.21) and (5,22) 

reduce to 

	

+ ._ d6 1 	= - 	 + vW) ; L TdQd 	Vd2dvj 

fT 	d6 - 	d261 = 	.- LI.BIII2 	V 

L dq dv 	dqd1 	 2 !17 
7' 

(v) Targe nucleon polarised perpendicular to final lepton momentum. 

i.e. SA.kl = 	 ' 	SA.k2 = 0 	•'. M3 	f sin 9 (A) 
from (5.9) 

80 	
(E) sin 9 	+ a2  E6  + a3  

E +E' 
[v 	+ 2W sin 2  ; 2W;(_ M  )sin 2  

or P d26 	= G sin 9 	I 	
(5.23) 

dc1d 

This gives 
Lpv d  2  9 

dq2 th + 	
d 1 	G2  sin 9 ( 2 v — 	- q (w + (w81 ) -2MyW 2  - .? 	K/p 

dqdQ,t 	L 	ME 	L 

+ 12) + 2"4 8  (5.2L1.) 

- _d 	
-(W1  6  + w 8 ) q2 - 2M 	- 18 2 d i 	dq 2  dv 	Z41 

+ 2E& ['8 + MW 1\ 
	

(5.25) 
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As for case (iii), only three meafturements of p for (5.24) 

and two for (5.25) are here required. The former yield the form 
factors G= q2(w' 	- 	12' 2  =VN8 + MW 12 

3 	8= WV whence W, W and 	are separately fixed. (5.25) 

however yields only a1  = - ( w16  + W18)q - 2 ,v (MY 17 + 
and G2 V v 	v  +MW, which does not individually determine 

W 16P 	17 and W 8 . Both cases (iv) and (v) possess the dis- 

advantage that the orientation of the nucleon polarisation has to 

be changed as the lepton scattering angle 0 varies. 

The general discussion above applies to in1astjc neutrino 

reactions. Although such processes are undoubtedly of great 

interest, there is at present little theoretical knowledge of 

the form factors defined in (5.8). on the other hand the above 
discussion is immediately applicable to elastic reactions also, 

where the theoretical groundwork to much firmer, As the latter 
processes will unquestionably be thoroughly explored once 

polarisation techniques are feasible experimentally, we conclude 

with a discussion on the iicr.tjon extractable from them with 

a polarised target. 

Elastic neutrLno reactions 

By this we mean reactions of the type v(v) + N - &(&) + yo 

where Y Is a baryon state, i.e. N, A or 2 • Summing over the 

lepton spin, the lepton-neutrino vertex is again given by eq. (5.1). 
For the hadron vertex we now have, as a general consequence 

of Lorent invarianoe ( 52) : 

.2.. 	(p2  fr1 r + i- 6 	+ - q + g1T 1 Y5
11  It I-W (2

92  + 1 T 	v' (LY5  + 	gT5 (P) 	(5.26)  1. 
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where u.(P1)  is the free-field Dirac epinor for a particle of 

momentum P 2 , etc. and P2  is the momentum of the T baryon 

(spin ). (5.26) is the general extension of eq. (2.2) for parity-

violating reactions, and the form factors f 1 , f'...* g1 ....93  

are each functions of 	only, where q/ = four-momentum 

transfer = it1  - k  = P2 - P1 . (M is the nucleon mass). 0 

is as defined in (5.)). 

Using the Dirac equation (5.26) may be rewritten as 

f 
<P2 IJJ Pi> = 	u'2) 	- 2P1, 	+ C11, 

( hr_f,)  + 

U 	M 	
r5 

2P 	AL + QY5 	- 	 (5.27) 

where we have 

g11 = f1+(l+I)f2; fv=t2  h=f3; 
U 

• 

This form is simpler for ooiputational work. My  here denotes 

the baryon Y mass. 

From (5.27) sununing over the final baryon spin yields 

3 P1")2 of the form in (5.8) with the form factors 

WV  see W v 1 	21 as given in Appendix 6. 

'ie see immediately the oonfigiiati on (5.9)  with the target 

polarised normal to the scattering plane determines the form factors 

= U fN In gg ' ) + (M. + 	- q2)tg  Im( gAfV- çf )} 



 It 4, 	* W5 (M+M2_ q2 )/ { m(ghu.gh  
VA 	AV gAf  

W19 = 	 - gf) 	where Im denotes the 

imaginary part of, 

Time reversal invariance demands that each of the form factors 

.,., h, h. be 	 and hence measurement of the 

normal polarisation is of prime interest. ?urther if the ccgserved 

vector current hypothesis (cvc)' 	holds good, g v and f are 
both real so in the high energy limit 	Co one determines 

w ig  De Im 

For polarisations lying in the scattering plane, cases (ii) 

to (v), enables one to extract the fonn factors 

= 	2 Re(g, g; ) : 	= 	2 12R0( f;) - Re( gf; ) 

W12 	2 [2Re(g) + 
 vgA 

+ Re(gf, 
- 

I 	
Re(gf 	- 

' 
2M 

W16..,M 

W 7  M[(M_M) 	- (Mi +M)gWY  =
2M2Re(...gf +

gA f)] 

where Re denotes the real part of 

46 and W 	plus 	determine the g and 	form factors. 

The former can then be ccinpared with the predictions of CVC when 

the final baryon state is a nucleon too, i.e. reactions 

V + fl- 4 + P, V + p 	+ n 	where n(p) denotes a neutron 
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(proton), CVC implies that 

= o : g 	+ (p - ) F (i +?4 

.22 ) 
COB 

	

- 	= PP - PW ) 2M ( 1 	 0 

(5.28) 

where A. end P. denotes the anomalous magnetic moment of the 

proton and neutron respectively, 9 is the Cabbibo angle, and 

are the isovector electric and magnetic form factors 

normalised to P (o) = 	(o) = 2. 	The factor (1 + 

takes account of the possible existence of an intermediate vector 

boson of mass MW 0 

Determination of the 9A  form-factor will serve to test the 

theoretical estimates based on dispersion relation methodJ 6) 0  

In particular it will be interesting to see if gA  has a similar 

fall-off for large q as the dipole fit for the electro-

magnetic form factors 

In the limit q2 O Su(3) symmetry predicts the g and 

form factors for the reactions v(V) + N -+ &(&) + Y(y) given 
their values for the non-strajigern,as changing 	A S = 0 reactions 

V(";)+ n(p) — ,C(&) + p(n) 	This is in fact the inverse of 

the decay processes Y(P) -N + e(Z) + ( v) where such an 

analysis has been made, and will serve as a separate test of 

the Cabbibo theory and determination of the angle 0., It must be 

pointed out however that the strangeness changing 4 S = 1 processes 
are suppressed by a factor sin 	(20 - 30) and will therefore 

require much more data for analysis than the AS = 0 reactions. 

	

The form factors W , 	and 	fix the values of f and fA 
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its being presumed g and g  are known from W, W 6  and W 7 . 

Besides testing CVC for f, in S = 0 reactions, the determina-

tion of the fA  form factor will be of great interest, The 

AI = 1 rule, that the weak current J and its conjugate 

are isoveotor components belonging to the same isotriplet, implies 

(up to common phase) that g,  gA ., f, h are real and fA' 

are iinaginary. Thus in conjunction with time-reversal in-

variance, which implies all form factors are real, leads to 

= h = 0. This has been elegantly expressed by •einberg O) 

in terms of the 0-parity transformation properties of the cur-

rents; g, gA p f, h are termed first class form factors, 

while f and h are the second class form factors. Thus 

polarisation measurements in the scattering plane are especially 

well suited to establish whether there exists such a real second 

class axial form factor f
A' a feat otherwise not at all easy to 

establish (61). The existence of h servej as a test for CVC 

and second class currents, while knowledge of h  would indicate 

if a generalised Goldberger-Trejman type relation held true ( 62 ), 

Finally there arises the question of the form factors h and 

h . These form factors appear in W, W 0 , W and W ; how-
ever in each case they are multiplied by a factorm and there-

fore their determination will be correspondingly difficult. This 

is a problem inherent in all attempts to determine these form 

factors 63) 

'ith this final discussion we conclude our investigation 
of Polarisation phenomena in high energy weak and electromagnetic 
interactions, it is clear that this is a rich field of study, 
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whose dividends should certainly repay the effort required to 

initiate these difficult and taxing experiments. ith the 

production of a polarised target and polarised beams now very 

much a reality, such data should be forthcoming in the very 

near future. 
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Appendix 

Throughout this thesis, we adhere to the metric and gamma 

matrix conventions used by J. Bjorken and S. Drell in their book, 
tj 

Relativistic uantuiu Mechanics "(McGraw--Hill, New York, 1964 

especially Appendix A. p. 281.) 

Metric 

Space-time coordinates (t,x,y,z)  are denoted by the contra-

variant four vector 

x=(° 1 2 3 ,X, 	 - 

- 	 X,x j 	(t,x,y,z) = (t,x) 

N.B. Natural wilts ($ = a = 1) are used, where $ = Planck's 
constant)/2,t and o a velocity of light. fhe covariant four-
vector x1  e (x0 , x1 , z2 , x3) Z (t,-x,-y,-z) = g,x' in vacuo 

where metric tensor g, = g '  is given by 

= (1 	0 	0 	0 

1 0 -1 	0 	0 
0 	0 	i1 	0 

0 	0 -1 

The four-momentum of a particle of mass m '.s defined by 

PA 	' '' p, 	) = 
[( 7;

2 
+ 	

] so that p2 = pPp 

Scalar product of two tour-momenta is 

= 
- 1•2 	and similarly for any 

two four-vectors. 
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iJ.rac 	trice anc jj2illors  

The Y matrices in the Dirac equation satisfy the anti-

oxmnutation relations 
y J yV + V .4 = 2gMV and are related to the 

Dirac matrices o. and 0 by 

r 	r 	 o = 	a. 	(r = 1,2,3) 	Y 	= 

A standard representation is as follows: let 1 and 61' (r = 1,20) 

denote the 2 x 2 unit and Pauli spin matrices 

1 	= /ti 0 \ 0 62  / 0 -i / 1 0 \ 6 6 
i 0) i o) (o -) 

Then 

•r 	 I 	 I 

	

(0 6\ 	o 	(1 0\ 
6r 	

0 -1) 

V Frequently used combinations are 64v=  I 	
- i Y") and 

O.rlYy 	Y5 . In this representation 

	

= ( 	O \ with i,j,k = 19293 in cyclic order; 

	

\.o 	6 ) 

	

60  = i C 	6\ 
,) 	

Y5T 	(0 l 
6 0 	 i o/ 

Also common is the product oi 	T matrix with an ordinary four- 

vector A. 

	

TJLA = 	= YA - 

The positive energy spinor for a particle of physical four momentum 

P and spin variable a is denoted. by L(P,a) and satisfies the 

free field Dirac equation. 

A bar over a letter always denotes the three vector, except when 
denoting the adjoint spinor '.(p,a). 



OF - m)(p,$) = 0 . 

The adjoint spinor 	(s) = 	L?,$)y° 	( ere + denotes 

hermitean conjugate) satisfies 

- m) z 0. 

The positive energy epinor is normalised according to Peynnan's 

convention (R.P. Peynman, "Quantum Electrodynamics", New York, 

Y.A. Benjamin, Inc., 1962) 

= 

and the positive energy projection operator is given by 

A) = 	j(p,$)Z(,$) = 	+ m 

Similar corresponding formulas for negative-energy spinore are 

given in the Appendix of Bjorken and Droll's book. 

Note the following properties of the y matrioees 

(T
O+  =Y0 , 	( I' )+  = - rr, (10)219 	(r)2_1, 

(5)+ = 	(5)2 = - 	,Y,,y5+ 	= 
00 

Trace theorems 

The trace or an odd number of 	matrices vanishes. 

Tr 
Y5 • 0, 
	

Trl = Ii, 	TI' % = li(a,b) 

Tr 1i2 4 = ( a1 .a2 ) Tr ji 3"n - (a1 .a3 ) Tr OV4...j +... 

+ (a1 .a) Tr 

In particular Tr 	= LI.L(ai.a2)(a3.a) - (a1 .a3 )(a2 .a) 

+ (a1 .a 1 )(a2 .a3 )1 
TI' y 5 an 0 Tr y 

5000= 	Lii emoya  a%cd' 
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where a 	 is fourth-order antieyaietrio tensor, equal to 

+1 for (u.,3,y,ô) and an even permutation of (0,1,2,3); in -1 

for in odd permutation, and is 0 if two indices are the same. 

Although not traoe theorems the following relations are 

often required: 

= L1, gQv  = 

tcLyè £apqr  = - gpgpq g]% 

gyp gyq Lrr 
gh 5q  

= 	pyq a - 

+ q (gypg6r -  

- rp óq  - m qp ) 

whence it follows 

Lyô £aqr = -2 gyq  g 	= 	yqgbr - yrq ) 

96q 96r , 
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Appendix 2 

Nucleon and Lepton Electromagnetic Vertices 

From Dirac's equation it follows that the interaction of 

the lepton with the electromagnetic cield gives a lepton current 

whose matrix elemeat betwsen initial and final states is 

given by the 4,-vector, 

<k2 J4 1 k> = e 7 (k2 ) T p(k1 ) 
	

(A.1) 

where L(k) is the positive energy, free field spinor for a 

particle of four-momentum k. This coupling is purely electro-

dynamic and takes no account of strong interaction Hence for 

the nucleon-photon vertex it has to be modified and a general 

analysis based on Lorentz invariance, parity and gauge invariance 

shows the most general form for such a vertex assumes the form: 

I 	P1'> = 	e 7N)  F1  (ca2  )r + F2  (q2) i61cL, i(p1) 

 

where P2  and P1  represent the final and initial four-

momentum, and F1  and P2  are form factors which are functions 

of q2  only. In the static limit q2 g  o, F1 (0) = 1, and 

F2 (0) - anomalous magnetic moment of the nucleon (in units of 

e/2M) 

Although F1  and P2  appear directly in (A.2) it has 

been generally accepted that they are not of fundamental signi-

ficance. In particular the linear combination of form factors 

given by 

= F1  + F 	
GE = F1  + t F2  where t - 
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appears to possess more physical significance and all data is 

now discussed in terms of them, It is with these form factors 

that we are concerned. 

Inverting (A.3) 	F2 a N 
 - GE),(l_ t) and 11,  = (GE- Z  GM)11-P e) 

and substituting these values of F1  and F2  in (A.2) gives 

eq. (22). 

Use is now made of the following identity 

(P2 )161, yL(P1 ) = 2M (P 2)y1  L(P1 ) 
- 

7(p2)[Plg +  P2411 ~L(Pl )v 

which yields eq. (23)0 

Evaluating 	2 

In coaputating the value of the square of the matrix element 

for the scattering process, we have to evaluate 

2I1 k]>2 and, similarly for the nucleon vertex, = 
 lepton  

 

spins 

is determined by inserting a positive energy projection 

operator A,(k) 	i L(k,$) (k,$) = (k + m), and then we 

have (see Feynman, "quantum Electrodyamicsp"Z) 

= Ti' [2 + m I cL 	+ a] y 

which when evaluated with the use of trace theorems in Appendix 1 

gives eq. 

This is $ special case of the general form: 

(r (i)J 2 	'L(f)' 
spins 

= 	Tr(Z+m) T 

Olt fiji L&t 
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where T =Y T+ •r 	 + denotes heraitean conjugate. 

In particular y 	y, 6 = 6,, 	• = - 	 ' 	 -
~Lv 

For the hadron vertex eq. (2.3) , when summing over nucleon 

spine this gives 

i 	Tr 	+ U 
) 

(A'r - BPJ 	+ M)( y, A - B 

spine 

Evaluation of this gives 	the term relevant to the 

Rosenbluth formula, whose value is given in eq. (2.6a). 

Men polarisation of the nucleons is involved, obviously 

one must not sum over all spin states. To effect this we intro-

duce spin projection operators (analogously to positive energy 

projection operators) which are discussed in Appendix 3. 
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Spin Projection Operators for Spinors 

In non-relativistic quantum mechanics, the spin projection 
/6 0 

operator is given by P = (:1 ± 6)/2 where 6 -i r' 6 and 
± 	 3 

63  is the Pauli matrix defined in Appendix 1. This projects out 

of an arbitrary state the spin-up (+) or spin-down (_) amplitude. 

For the Dirac equation we require the relativistic analogue to 

this, and this turns out to be 	(8) = (1 - % r5 )/2 where a 

is general spin vector normalised to S = -1. 

The following property of S immediately ensues. Since 

i(S) and A(p)p the spin and energy projection operators must 

commute, being independent generators, we have 

- 	= - 	= + $r5  using the anti-commutative 

property of 

Thus %I + 	= 0 or, since in general % + $1 = 2(a,b) 

from the basic anti-commutation relation of the y  matrices, it 

follows (s.p) = 0. 

We can now immediately verify in the rest frame of the 

particle, the covariant operator i(S) reduces to the familiar 

non-relativistic one 
	

(1±6 )/2. In the rest frame F = 0 
80 it follows from S.P = 0 that S 0  = 0 and 

= 2 	2 =  - 	=-l. Therefore we choose S a 

unit vector along the 3(z) direction, i.e. 	= (O,O,± i), 

0-7.=+y3 amd (1-%15 )/2= (1±y3y5 )/2= (16 )/2. 

Clearly for the general case, 5(S)  is the covariant 

generalisation of the non-relativistic case. It possesses the 

following properties: 
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:(s) +2(—s) = 1, 	Z(s' 71(—s) = 0 

lz(50= 2I(s) . 

Using the spin projection operator, we may proceed 

similarly to Appendix 2 to evaluate ltZ(f)Tii(if when spine are 

not summed over. This introduces Z(S) for initial and final 

particles and leads to the general expression: 

i(f)T(i )f2 = Ti' (f+ni - T% + - 
2 	 2 

Applying this to the hadron vertex of eq. (2.3) gives immediately 

(2.5). When only one of the spin correlations is involved we 

sum over the unobserved spin; thus i.e. for polarised initial 

particle, final polarisation summed over, 

2 	(f )T)1 2 	 2 s,...8 

1 - 
= Tr(f+mTL%+m) 

2 

The two properties S 2  = -1 9  E.P = 0 determine the general 

value of S for arbitrary configurations of S. Written out in 

terms of components, 

= s— 	2_1 and S.P =S 0 F 
	 0 

The second property may be rewritten 3 =s.7 where  

Combining this with s2= -1 gives 	= [i 

Consider two specific oases nor: 

a) '.f = 0 i.e* transverse polarisation of the particle. This 

	

Immediately gives S0  - 0 since E 4 0 and 	) = 1. 

.. • s = ( 0, 1) in component form. 
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b) 'gj = W i.e. longltud.inlLl particle polarisation, spin 

vector parallel to the momentum (right handed particle). Then 

Ll  - (-p)2 I-Ib= E/m and 60 	Similarly for the 

spin polarisation antiparallel to the momentum (left-handed 

particle), we have 7.W = - 	giving 171 = E/m and S0  = - 7P1/a. 
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Appendix L 

We consider the kinematics of lepton-

nucleon elastic scattering as shown in 
k the figure. 

k1 ) = four-momentum of incoming lepton (We take 

lepton mass - 0) 

P1 	(Ii, 0) 	 If 	If " target nucleon 

(ri, E 12) 	
If 	

" scattered lepton 

P2 	B p2 ) = 	 " recoil nucleon. 

Energy-momentum conservation gives P1, + ki
= p2  + k2; the 

It-momentum transfer q = ki -  k = P2 
- 

P. 'hese yield the 

following terms: P 1k1  = ME 1  , P1k2  ME 	P1.(k1.-q) of ME  + q2/2. 

-2k1k2 a -2E 1E(1 - cos Q). Also q2  = 2M2  - 2P1?9 = 2M(11u.) 

i.e. E  a u-q2,2M + M a u(i - 2t) where t q2/j2 . The last 

term leads to V
2

= 4 - 	 = q2(t' ...i). 

Explicitly writing out the energy-momentum eqs. E 1  + M E + EB 

= EcosQ+Bcoa; EsinQ = '!B sin  s. 

Eliminating B and $ these equations may be solved to give 
El  

Et /f,  -~ V (1 - Cos 4 

Hence E - E'oos Q = E 1]. - Cos 
I 	£ 	 1 

E 1 (1 - ooe Q)(l +(E1/M)) 
= 

c i + - (1 - 008 

and q2=_2E1g(l_ooeQ)=_2E(l_  Cos  Q)//[l+t(l_0o8 
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whence we note we can express (Et - 	cos Q = -q (l + —M:l)/,2E,. 

Similarly we find ( cos - 	 --t oos a)/aE 1 . 	Prom 

the expression for q2  in terms of R and cos Q, we may 

invert it to obtain B 1  in terms of q and cos 	the 

solution of the quadratic equation 

2 	2 

	

q + q 	0, 	with solution 

= - 	+ 3D4 (t_. oosec2 )' 	•t + 	[t( t- oosec2)]i . .M 	 12 

where the positive value in front of the square root has been 
B1  

taken as (t+ y)>  O. 

From the relations q2  = -2E 1B (1 - 008 

ht sin Q =sin 4', eliminating E I yields the connection 

2  between 49 and 4' , namely TB  sin 4,  = -qcot 
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1PPNLIX 5 

tics of Nucleon-antinuc].eon annihilation into lep tons. 

and £2  denote the four-momentum of the lepton and anti].epton 

respectively. EB  is the incoming laboratory energy of the anti-

nucleon and p its 3-momentum, i.e. 	= 	2 + M2 . The four- 

momentum transfer q. = &l+&2 = t1+t2, where tt2) is the 

nucleon (antinucleon) four-momentum. (Lepton mass terms are here 

neglected). It follows immediately that 

= 2.6104 2 = 2EE(l - cos Q) = 2M(M + EB). E 6(E) repre-

sents the lepton (antilepton) laboratory energy, and 0 is 

depicted above. 

Energy conservation gives M += 	+ 	 (i) 

Momentum U 	
ft 	p = E600se0  + Ecos(9 - )(ii) 

sin 	= E sin( &-&)  ) 	(iii) 

Solving for E, we find 
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Alternatively eliminating 409  
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Note also the relations 

11 Cos 0o = 	+ 	COB 	 P1 sin 	= 	sin 9 

/p) 008(9 - 	= Eoos 9 + s. 
)) 

sin(9 - 	= 	Bin 9 

whence we have tan 9 = 17P Bin / Ip/oos 40  - 

and from q = 2M(M + 	it follows E  = M(2t-1) and 

2 = q2(t-1). 

Inverting the expression for E gives (E&)q2 = LsLt 	cos 211 
and similarly for 
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The expression for the 	W (eq.. (5.8)) are given here for 

the elastic case in terms of the gV P  gA etc. form factors 

defined in (5.27). 
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