ABSTRACT OF THESIS

Patrick Joseph Peters

Name of Candidate
Address DePartment of Mathematical Physics, 1 Roxburgh Street, Hdinburgh, 8.
Degree.. DOCtor of Philosophy Date.. 29th July, 1970

Title of Thesis Polarisation Phenomena in High Energy Weak and Electromagnetic

Interactions.

High energy lepton-hadron scattering experiments have aerved‘
as a source of rich data in the investigation of elementary
particle physics. Whether 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 dynamicse aﬁd 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 technigues have now
brought into reality the feasibility of polarisation measurements
in such reactions and so in this theesis we examine in detail the
information extractable with polarisation techniques from these
processes,

WWe commence in Chapter 1 with a brief survey of high energy
electromagnetic scattering and the motivation for studying
polarisation phenomenas The detailed analysies is then first
applied in Chapter 2 to elastic lepton-nucleocn 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-antinuecleon
annihilation into lepton palrs, It 1s seen these permit evaluation
of the au. EE form factors, which are an analytic continuation
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of the form factors in lepton-nucleon scattering and concerning
which little is known at present, experimentally or theoretically.
Tests for electron-muon universality are again discussed here.
The restriction to elastic reactions is lifted in Chapter L,
where polarisation effects in inelastic scattering and collidiug
beam reactions are analysed. Besides permitting extraction of
the Wl form factor at emall angles, not possible in unpolarised
experiments, a sum rule 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
applied to the elastic case; with suitable configurations, four
of the gix form factors in the latter reaction may be determined.
In particular it 1s possible to readily test for the presence of
second class currents and also the validity of time-reversal
invarience in week interactions on which much attention is
presently focused. The richness of polarisation studies is

here quite clearly revealed.
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CHAPTER I
INTRODUCTION

After the successful breakthrough in quantum electrodynamics
at the end of the 1940's when the introduction of renormalisation
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, We 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 Masa)-1f~ 2 x lo-lh cms, surrounded by a pion cloud
extending over a distance (Pion Mass)-l-mlo-l3 cms, Now a
lepton of 1 GeV energy has a de Broglie wavelength of — 10”14
cms, and so it may be used as a sensitive probe of the nucleon,
since 1t 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(l) at Stanford,
initiated a vast experimental effort continuing up to the

present time and has provided a wealth of details on the subject.

# By lepton we mean electron or muon,
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Yo appreciate the interpretation of these experiments, we review
briefly the theoretical basis of lepton-nucleon scattering,

Rosenbluth Formula

The basic process of lepton-nucleon scattering is believed

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

‘.»“,Q ’(2\ & P;_
4 &
Fig. 1.
kl = four momentum of initial lepton
k2 = " g " scattered lepton
P, = . " " target nucleon
Py = " " " recoil nucleon,

It is assumed only one-photon exchange term is important. Within
such an assumption, the differential cross-section for lepton=-
nucleon scattering is given by the Rosenbluth fonnula(z) H
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@ 1is the fine-structure constant,

E, = 1initial lepton energy in the laboratory frame, Eé =
scattered lepton energy.

@ = lepton-scattering angle in the laboratory frame,

Q@ = Four-momentum transfer of lepton = k,-k, = Pz-Pl.

The lepton mass has been put equal to zero which is Adequate when
in the range Egz.l GeV, Note that in our metric (see Appendix
1) q2 is negative,

GE(qa) and Gu(qz) are so-called form factors, scalar
functions of q2 only, which measure the longitudinal (coulomb)
and transverse (magnetic) couplings respectively of the virtual
photon to the nucleon. In some respect they are (in conf'iguration
space) a measure of the fourier transform of the electric and
magnetic charge distributions in the nucleon (although this inter
pretation is not unambiguous(j)), 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 Rutherglen at the Daresbury
Canerence(u). The behaviour of the form factors is closely
approximated by the "scaling law" and dipole fit:

%)

0g.(a®) = o (®)p, = GMN(QZ))’N = Gy 6 =0 (L.2)
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where G, = 2 (pipole formala), q2 here being

(1 = 02/0.71)2
measured in units of (952)2. The P and N . indices on the

G's refer to proton and neutron, and Polpy) 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(9%!)2 and up to =15% at-zo(gﬁl)z. The
latest experimental results on electron-proton scattering(5) at
values of Q> wup to - 3.75 (g%!)z
Gnng) = Gnsqa)/pp within the experimental errors,

Clearly an accurate knowledge of G. and GH’ to as large

E
values of q2 as possible, is highly desirable, A number of

are compatible with scaling,

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 qa. In particular the status
of the scaling law (which is predicted by SU(G)(G)) demands
closer scrutiny,

However an examination of the Rosenbluth formula eq. (1.1),
reveals the problems attendant in attempting to extract such data,
The magnetic form factor Gi is multiplied by u factor © which

2

increases in proportion to g“ 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 Gg(q?) to the (Gg -zranz) term is 31% at
q?-: -l(Gev/c)z, 15% at q? = =2,5 (G-e'V/o)2 and 10% at

o® = -4(aev/e)?, At o2 = -20 (Gev/c)2 it 1s less than ‘2%, The
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The extraction of the GE form factor thus becomes increasingly
difficult as the momentum transfer increases and is inherent in
the form of the Rosenbluth formula,

An elternative (and possibly superior) plot of the data has
been recently employed, Using new form factore defined as

2 2 G q2 5

gy =03 (1= % /0,71)% g = L (1-2/.71)% ana the kine-
matic factor A = e/u2 where ¢ = [1 + 2(1+v:)tan - ]'1

the Rosenbluth formula now assumes the form:
R, = (1+a) %/ (&, = g5 +AQ
dipole

where ( ) is obtained by substituting the dipole form
Dipole

factors Zq. (1.2) into Eq, (1.1).

As & 1s limited to values between O and 1, A varies
from 0 to l/u2r

Plotting R2 against A therefore gives a straight line
of slope -gé and extrapolated intercept gﬁ. If scaling is true,
the slope and intercept will be equal; if the dipole relation
also helds, both will equal unity. In this representation the
statistical correlation between GE and Gl is more easily seen,
However at high qz; the range of values of A drops sharply,
l.es for T =-1, 0< A< 0,133 T =-5, 0< A< 0.,025;3 and
therefore measurement of the slope is very sensitive to small
errors in (da6/da«.),

The problem in obtaining accurate values of & (q ) at high
q2 is due basically to the existence of only Gg and G& terms
appearing separately in the Rosenbluth formula Eq. (1.1). The

appearance of a cross term in (GE Gi> would resolve this difficulty
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as measurement of it would yield directly both the magnitude and
sign (relative to Oh) of Gg, it being presumed that G, is
already known from the slope of the Rosenbluth plot, Such a
cross~-term cannot arise in unpolarised lepton-nucleon scattering,
where there is no interference between electric and magnetic
scattering, but it gcan arise in polarisation experiments,

Up to now all scattering experiments have been pertormed
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 tumm
implies large flux of muon beams and enhances their suitability
for scattering experiments which have been rather limited as yet.
The muon appears 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 electroni-
1) Because of its heavier mass, the magnitude of radiative core
rections ie considerably lowered and although computation of these
corrections is a well understood (if tiresome) proceas(7), it is

naturally advantageous for them to be reduced to a minimum,



o -

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, &Lven a cursory glance
indicates that they are a rich source of data which will add
very considerably to our present state of knéwledge on hadrons,
Although motivation for such studies arose originally from the
proﬁlem of determining the electric form factor GE 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(e). 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
feaslible 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 experi-

mental realisation is not yet in sight,



We commence with an investigation involving polarised nucleons,
either as a target or in recoil, As first pointed out by Akhiezer
et aL,(g) in the Born approximation (i.e. one photon exchange)
the final lepton or nucleon is not polarised if the initial par-
ticles 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, wWhat 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. rised Nucleon T e il Nucleon Po
Degegg;gedﬁlo)

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

matrix element for scattering, m, is proportional to the term:
m« <Py |3, | Py) fg (kg 13,1 k)

The term <<k2 ’Ju' ki§ represents the matrix element (up to
kinematic terms) for a lepton with four-momentum kl interacting
with a photon and being scattered with momentum k2. Similarly

)J

for the nucleon term <fP2| Jﬁ! Pi», J_ and J

}1

are operators



describing the nucleon and lepton currents respectively and J%

‘ q
denotes the photon propagator where q 1is, as before, the four-
momentum transfer = kl - k2 = p2 - Pl'
The lepton current having no structure

<k, IJ}1 | k> = e u(k,) ¥y 9(ky) (2.1)

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

The nuuleon, electromagnetic veptex in its most general form
is taken as

&pylagie)y = 6y L (o -zapy,
16 "

where % = q?/umz and M 4is the nucleon mass, (For notation of
the Dirac matrices, and Eq, (2.2), see Appendix 2), For ease of

computation 7q, (2,2) may be re-written with the aid of the Dirac
equation in the following form:

{(Py |3, Py = (p,) {Ayu - BPu} u(p,) (2.3)

-

where A = Gy B = (c;M - GE)/au(l -T ) P, = (p1u+ qu)

Summing over the lepton spins, (see Appendix 2)

= > k k 2
T i< B R o ety 4w, 4
“ % [kzu kg + kg Kgy = (kgky = i)"xu] (2.4)
m = lepton mass j K = VuAu Tr = traée.

For the hadron term in the matrix element, we introduce

projection operators to project out the required nucleon polarie

sations, and give
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Hy = (Pp |3 1P)2 = oo (Bem) (18 g VsV ABRy ) (Fy+)

(if%-yj)(yi A'=B Pl\) (2.5)

where ¥ denotes complex conjugate, and SA and SB denote the

operators for target and recoil nucleon respectively. A discussion

of the properties of SA and SB is contained in Appendix 3.
Hermiticity (and/or time reversal invariance also) demands

A and B %o be purely real, i.6. A=A, BapB ‘32

Straightforward evaluation of Hul using trace theorems of

Appendix 1 gives the folliwing result,
Hy = R (8, 8,) {P + P3P, = (PP -uz)o +
B A 1A 27" 1u & 2 Au
o
+ (PP )88, + O sAuX S5+Py {8,P2n * S Poy

- SA.P S, P+ S P

2 15ad1a* Sm lu} + 8 PI(SA'PZ)olu]

: ;
+B%p PK[ Sge8, (P P+l ) + SB.PI(SA.PZ)]
+ MAB [sB.s 2 {Pupn*PAPm*PuP ax“Pxqul -

85+Py {Pu ot Aupll = 8,.P, (P Sy + szmu (2.6)

R represents non-spin part of uHuh’ as in the Rosenbluth
formula, and equals

Ry = Oy [%’ : J + 2P1P1y [(A'm)a %) = b, %%+

20t o) s

+ P, P
1A 1u g

Contracting (2,6) with eq. (2.,4) yields the required result for
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m 2. The actual form of this may be deduced 3 priori from

symmetry arguments and is perhaps instructive,
2 _
m must depend on the variables Sy SB’ Py P2, k]. an.d kz.
By definition SB.P =0 and B A'Pf" 0, while from four-momentum
conservation P1+k1 =P _+k, yleldss- S8_P

2 72 B
Hence for S A(SB) contracted with the

1 s S klg SB.kz and

A'kl = 8 .k2 + SA'PZ‘

four-momentum terms, there are only two independent terms: it
turns out convenient to mske the following choice, For 8y (SA.kl)

and (Sn‘kz)‘ for S (SB.PI') - and (SB.kl). There exists 1

B’

further independent term namely (S Since S, and §_ appear

A*58) A B
linearly in Eq, (2.5) they must do so in m . and parity cone-
servation demands they appear as a product, i.e, (SB.PI)(SA.kl)

ete, Therefore the most general form for m_2 is as follows:

2 4
+ e(SB'kl)SA'kl) + f(SB.kIXSA.kz) (2.7)
where a, b, ¢ ,,. f are scalar functions of PlPa, kl and k2
but independent of SA and SB'

Direct evaluation of m_z yields such a form with the follow=
ing values for the coefficients a, b, ¢, ... T,

w=8/4k = as for Rosenbluth = o2 2'

e _qauz[i—(-}! cot” & -2ecﬂ

Rylef. eq, (2.6a)), L 1 =0

E
= (-g%) ;15 q“ll2 (E:Tr) from eq, (1.1)

b/h = =2 ['“’(Plk1)(P ) M (kl 2)}[A2+2B (pl +M ) - huAB]

o/ = 2{'42[-1’1?2- M2 - Pl'kriblkz]-b 2132[21’11!1(?11!2) - llzkllzz]

=~ 2ARM [Plkl + Pk, =k “2]}
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¥4 = =43 B[Pk (p1ky) - WA(kyk,)] + MACK, k)
e/b = =2 {A [PiP, - M2 - Pk, - Pik,| + 2uB [Pyky + plkzﬂ
£/h = = 2A {A[Plpz - ¥% 4 Pk, 4 Piky| = 2MB [Pyky + P1“2]}
with A and B as given in eq, (2.3).

Collecting up terms (2.7) may be simplified to give(ls)

# 2 2
B = o+ 050® [5Py(s,0k)) + (5,k) + Spek (8, k,)]

[GH(G"-GE)qz/ﬂ -z)J [-SB.P]_(S A.kl) + SB.Pl(SA.kz)J

4

=

f%u(GE- TGy ) /A -'c)J (Pyky + Pik,) [SB.kl(sA,k1)+ SpePy (8, k-

- Sp.k,(8 A.1:?_)]

o '
2[2pyky (Pyk,) = u2k1k2] [~85 8, (gif-.i:}-l} + 285.P4(8, ok, )B°

- 28%(5.p, Jo avka)]

E

= W+ M (2.8)

S -
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

- SR
b ) h_y =Sp ~ Spin-part of eg, (2.8) (sfg_)
2 2
+ g Non-spin part (=
n m(SB7 SB) P b (= w)

(2.9)

We now apply eq. (2.9) to specific configurations
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Fig. 2, Lepton-nucleon scattering in the laboratory frame,
h-momentum notation as for Pig, 1.

We wdrk in the laboratory frame as depicted in Fig, 2; the

k inematics and notation in this frame are discussed in Appendix U4,
i) Target nucleon polarised along El’ dircetion of incoming
lepton, recoil nucleon transversely polarised, i.e, perpendicular
to ?2. In terms of right-handed axes of Fig, -2, this means §A
along the x-axis and §; along y' axis, (Both the z and 3z’
axes are coming out of the paper), ,

Since the target nucleon is at rest, §i = 0, whence it

immediately follows from SA.P1 = 0 that SAOPIO =0, 1i,e,

2 2 =2 -
SAo = 0,as Plo = M, Thus as‘ 8" = 80 =Sy = f; » S, =1 and
in component form 'SA = (0,x) where for any L-vector A = (Ao, ).
- "
A2 = Ag - A 2; X denotes a unit vector along the x-axis., (Similare
A

ly y denotes a unit vector along the y axis, and in general
A' denotes a unit vector along 4).
As 8, 1is transversely polarised, i.e. §£.P2 =0 it like-
A
wise follows S, =0 and 8y = (0, ¥).

Writing out the 4-momenta in component form
ky = (B 5, %), Xk, = (B}, 8, k), » = (x,0)
— A
B, = (Bg,IPyl x') (2.10)

Direct contraction then yields the fellowing results:
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SB'Pl =0 SB'kl = -E& sin ¥ sAkl = -E&
- E! -
Sa k2 = }":45 cos & sA‘SB = sin ¢
A Ay A A
vhere we have used x,y = s8in ¢y and x.k2 = (OB e,

Substituting these values into (2.8) and (2.9) then determines the
polarisation P, Since the actual evaluation of (2,8) requires
some involved Juggling of kinematics, we present details of the
algebra as an illustration of the techniques employed,

Direct substitution in (2.8) gives:

llS(a:[Il 2/’4}-9,) = Gﬁqai-E& siny (= E& - Eé cos O)}

p w ( 2ME, + qz/g)(-m ‘simp) (-n &+E20030)

Liw. T
2 2 a2= 62
+ 2[&&2 %‘- +2ME‘(MEL+ %—)) siny -(-E—t—ol)-

Yw Tt

where plkl, p1k2 and k1k2 are expressed in terms of E& and

four-momentum transfer gq as given in Appendix L.,

M : <

Srar e E
+ oo =va) (s, + &) 3 (1 + 58

-[qua + amcqz + M?Eﬁ] (Gg -T’Gi) (2.11)

where we have written =5 = E",' cose = ZE& + E y - Eé cos® and used

B, = EL cos & = -q2(1 "’772)/234' (2,11) is clearly a quadratic
expression in E(. and simplifies to
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. 2
i s A o] ¢ 20t ol o0, + 0,00,
* WZEE. [Gg +xa (e, - ZGE)J
s P= /7; = Sin QT L0 vlor (6 -26)) +3¢ 5 (GG Gy + oo Gy Gis)] {H)L[&‘nay{e,-eaeﬂl
=it {/"V){ b C_rza-coglg—a&(;,“} ‘
1= s

(2.12)

Alternatively noting from eq, (1,1) that the curly bracket in the
denominator in (2,12) is equal to ( ( )(4) where d6/dn

is the differential cross-section summe d over spins, we may rewrite
(2.12) as

E'
P g - a2<gf)2{ } /() 1-7)  (2.13)

where { } denotes the expression in such brackets in the numerator
of eq, (2.12).

For fixed q2 i.e, fixed * , the expression in curly brackets
in egs. (2.12) and (2.13) is a polynomial of second order in the
energy, Eé. Therefore measurement of the transverse nucleon
polarisation for three different values of the initial energy (Eg)
corresponding to a fixed value of q? is necessary and permits one

to extract the following combination of form factors:

2 2
6, = Op +v0,(a-20) 0, =[of - a0, +va(q, - GE)}
(2.13a)
From these, we note G, - G, = Lft'+;] G, and so the value of

the cross-term is determined, whence GE may be found,
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— A
i1) Target nucleon polarised perpendicular to ky (i.e, along y)
recoil nucleon longitudinally polariseg i,e, along x .

Here we have = (0, y), 8y = (—L s 5& x'), giving
-it?
the following terms A’kl = 0, SA.k2 = E‘& gin o, SB'PI = PB’
8 =R, (P, =E_ cos ¢)/M, S, .8, = =p.siay Substituting
peXy = B Py = E, » Sye3g W .

in eq, (2.8), multiplying throughout by FB, using FBninv = E}sin8
and extracting the latter as a common factor throughout gives:

Ms .= =Gy 7*&{ (1) Tﬂ(!—n)g- (/ré)] + 67(071’6!)79?35 G"[@f 3'6")(2 fj/ ){WT”)*”["Z‘??‘Q”

t [+ e+ 4rrE g1y ~Ue)CR ) ~ (62 62 -20el)y }

} =T ‘2,71

(2,14)

where we have used Fg = qz(t -1), By = M(1=27) and
E

Py cos § =B, = E} cos & = =q°(1 + 5 )/ZE&. (see Appendix 4),

This simplifies to:

E'la—-L(l-’«”) ={ 22[—(} + 20,6 + vG7 - 2&23“;"]

£} sine WE

+2q2m=.’.[ GG +tGG-cGu]

+ thEf [-Gg +2: 00, = Gﬁ)} (2.15)
= Elany .{ﬁf- ez + 0 6RR0 V] + 3 (Bn) b e+l iz T b7 1t (i) [t el 2%
A 90 [(@3 b cotie — RLGﬁJ
I-T

(2.16)
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2

- '
i cot % 1 il bt o P'ﬁ' it (%)ZQPX

Similarly to eq. (2.12) this is a quadratic expression in E,» 80

again three measurements of P for different values of E¢ but

fixed q2 are necessary to extract the following combination of

form fnctorn(lh):
2 2 2 .2
01 = -GE+2'L~GI‘GE+’cGu-2t Gll H
2 2
G = <=0+ 00p + Q0 -0y 3
G} = 'Gg + 2 C’GIGE - 'CGﬁ eeee (2016.)

Note G, and G; are the same (apart from a sign change) as
G, and G, in eq. (2.13a) and therefore the cross-term is again
determined by Gy - G5 = (1 - T)GHGE'

(111) Target nmucleon polarised along y, recoil nucleon trans=-

versely polarised, i.e. along y'.
8, = (0, Y), 83=1(0,y') giving:

SA.kl = 0' SAokz = -E; sin 0. SB.P]- = 0, SB.kl = ‘-E‘ sin "

8,.8 ‘-00'*.

A*"B
Substituting in (2.8) and multiplying through by ’FB yields?
Gp =@ ) R
.‘5 { lfgi.n.l_ 1+ 'i' .(——Iﬁ_—;-} -f—_‘-.-{{ciqz(l- c)E;unao
- ay(0g - v0y)(a® + e, )E} sin’e

2 2
s oo R
2,



«] Qe

o Mg 'P'E
)

-0 «Q /2E&(l-

= “2( 1+§u£)( Gé—mi) + {QMG Q, + 4\ (14'00*)

2 1-0050)

-’(1.;"-) uu2 (GE+'E‘G cos 0)}

= (1 .i) .(3-.‘."39_32).{_“ fG ...'tq _._Li l

1l - cose

-
+

E 2 -
end P = (1 + _iﬁ) cot %F_L—-BE‘(I-t) {

(/»—)
Q
(o]
c*
l
n
b |
=

From (2,17) we see now only two measurements of P for

2

different values of E but fixed g~ are necessary to extract

£
the following form factors:

2 2
G, = Gc+TOL , G, = 006 ,

Hence determination of 02 immediately gives the required cross=-

term,

(iv) Both target and recoil nucleon polarised perpendicular to the
A ~
scattering plene, i,e, along z and z' respectively. Then
A A x
s, = (0, 2), 85 =1(0, 2') and all vector products vanish

except 8S,.5, = =1,

A" "B
From (2,8) it immediately follows

Mg = M2q2 + 2\13,}12 + lmazzj (02 - z—oﬁ)/a )
82 -v@2) 2=z 62) o
and P =1 {cafzc(-_g,)*(x(/u)z} {—%—;—rc-ﬂ}/(—zi—_-il- cot® 5 - 2¢ 02

(2.18)
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' ; o = R

Although only one measurement of P 1is here necessary to deter-
mine the form factor Gl = Gg - 7:03, the latter is domihated by'
Gf for t»1 and so is unsuitable for determining G; (8, in

fact occurs directly in the Rosenbluth formula,. eq, (1.1)).

(¥) Target nucleon polarised along direction of recoil nucleon,
-
recoil nucleon transversely polarised, i.,e, © AT (0,x'),
A
SB ot (oiy' )'
We now have Sk, = ~E, cos ¥, 8, eky = -Eéoos(o + ¥) =
PB - EG cos *’ SB.PI = 0, SBokl == -E& sin *’ SAQSB =0,

Substituting in (2,8) gives:

P
-;'-‘-:;*-’3 = o2e? [ Qr-1)eaX 18,/M)] + 20,0050, ) faum o] o
e

. M 2 2 ] 2
e = q (MlEyq )(--}3‘44513:6 )sin & GMGE/Q (T =1)

" {(m& + 32)q® (oot 2)/2(x -1)} G0

B o j 2 ooi%i’t + Eﬂ] ?!!GE (57
(l-t)[gt}g -R’iﬁ)cotz g/( l-t)} ~ 2rG§}

2 E! +E,/M
or p.%% = "iz (-E-f)e 2 cot% [l;-%/;] a0, &

(2.19)

Clearly from eq, (2.,19) a single measurement of' the recoil
polarisation is sufficient to determine the cross-term, and thus

GE‘ A dlsadvantage of this configuration is that the direction



D]

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? by altering the
energy of the initial lepton beam, Such a technigue is applicable
whenever the target polarisation is correlated to the recoil
direction and a similar analysis when correlated to the scattered

lepton direction,

(vi) Target nucleon polarised perpendimular to the direction of

the recoil nucleon, recoil nucleon longiﬁudinally polarised,

i.e, SA = (09 }')9 SB = (li;B‘/Ena ;')D giving

§,k, = =E, siny,. sA;:kz = -Ez gin(e+y) = -E,8in ¥,
SyePy = Ppe Sy = of(Pp - By cos ¥), §,.8; = O,
Substituting in eq, (2.8) yields:

M_ %P oF, , 2 E
22 . o [qz(t-l) +—M€{q2(e-1)+n(1-at)gi-(1yi)}]
-Ecain ¥ ‘ <

- 26,(G;~ va,) (M8, +a%/a] o>

Oyl O~ T0 et /e q
= - z(hHE + 2) G, )
¢t 100 .

This is exactly the same as for the previous case, except for the
change in sign, and so the polarisation = -PJ where P 1is as
given in eq, (2,19). Although this configuration also directly
measures GEGN’ it has the defect of having to measure the
longitudinal polarisation of the recoil nucleon,

(vii) Target nucleon polarised perpendicular to recoil nucleon

direction, recoil nucleon transversely polarised,



-2
A . A
1.3. SA = (O’Y')’ SB = (OD y')

Hence SA.kl = SA'kc = -E¢ainv, SB‘Pl =0, SB.kl = -E‘sin Vs

SA.SB = "1.
. R AR R B2, 8 (02 2 2] 20 n2_ a2
o ua X PB = Guq 2E§E4 sin“e LM q + am&q - MZEGJQ (GE 'LTGI)

2
= Gﬁ -92- q’"co‘b2 % - [-Maqzcot2 %] qz( 052; - ’L'G:)

= g* u? cot? % (af + Gﬁ) 24
(a2 +:02) /(a2 =ra?) . vt
and P acotzg—-&——!-/—-g——-gx- cotag-Zt‘G‘z‘.(Q.?O)
l =T 3T
2

One measurement of P at fixed q° determines (Gg +thl');

however as this is dominated by the Gy term for ©3) 1, this
configuration is unsuitable,

(viii) Target nucleon polarised perpendicular to direction of
scattered lepton, recoil nucleon longitudinally polarised,

‘ -
t.e. 8, = (0, ky), S5 = (P’B\,? ¥y
e E o
avky = E,8ing, §,.k, =0, 85.P, =Py, sk, = iﬁ(PB - Eqcosy)

and substituting in (2.8)

Then S

P 2
M_xP E g2 £
E, sIn'Ee n 93‘12 [qa(t’ « 1)« -i{’- -{qa(t-l) + U(1=-2%) 234( 1+ -%)H
- GM(GI - GE)qz.q2= 6#7”[ TR Gy (G~ )27, +9%) + [ng’;qhﬁ?';yn’gj[—?@-
I~v =
=9/ (e

= MY LG b -2t bl =20 ] 20 G- G =ty 43l 47 [ - w2 ]

and P = 5sib T (-Erbi P UG )R B e T eie) +(5) [ &l rar b
Fo (=9) @;ez‘—z’&")wt-’\% - 37 GR

=T




2 B! E, sin &
or p,éé. L '2-.5 (?.;,'{‘)2 _.:LB_!L- 1 " [2,;,)
ax Q® ¢ By (=7)

Eqe (2.21) being quadratic in Eps ‘again three measurements of P
for different kc' but fixed q2 are necessary to extract the
following form factors:

2 2 2 e 2
Gy = E*'UGM-2TGMGE+A?_ GnGE-2tGM3

2 2 2 2
G, = =G = GHGE =-cQy + BrGMGE} G3 = =G, -tGu + ZVG“GE .

We note (}3 -G, = (1 - ?)GMGE,, whence the crosse-term is
detmrmined,

It may be remarked that all correlations involving target and
nucleon polarisations in orthogorsl planes vanish, i.,e, for
8, = (Q,;) and Sy 1in the scattering plane, or Sg = (o, ;')
and BA in the scattering plane, As pointed out by Hey and
Kaﬁir(lo) this is a consequence of parity invariance, Moreover
for the case when both podarisations are normal to the plane of
scattering, the recoil nucleon polarisation does npt involve
G0y (see e.gs (2,18), and therefore in practice one will only
be concerned with polarisation lying in the scattering plane,

Up to now it has 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,
Mg - (“a with 8, -GA) yith Mg given by eq. (2,8), then
the polarisation effect is doubled, a considerable bonus to

experimentalists, . 4
NB o Al cheplE | Mk 6 Comidbimbh  overlep  wuth  otis  palliokel
Ul Whae o sl hoe dun prvicnsly  ofged, Vi apprpunts
W G gwen . 00Ty, and  Oougpot G st of M
(Foos | G bsenty nf an W &J[benu_ ol G PRty
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2, Polarised Nucleon Target, Polarised Lepton Beg(ls)

Summing over final lepton spin now we have:

1- 4.y
= ZCealy) K® = 12 (K ¢ my)yy(tym) —2
= alkat: o a = (kgkpmm?)6 o + im ®aras %% ] (2.22)

The notation is as for Fig, 1; nn6 denotes the lepton mass and

8, the spin projection operator for the initial lepton, This

operator is analogous to that for the nucleon, and determined by
2 . !

S-B =1 and 86°k1 = 0,

Summing over ﬁhe final nucleon spin gives:
‘ ‘ 18 7
2
Hp = 2<PalTy |P)° = Tr (Pplt) ¥ A = BR)(#, + X) —55-5- ]
* s

i 2
e Hp = Ry +deg e MAT(=q )8, -1 [euswpa - ‘hswpu:“

2L
« Ppg Py S, AB (2.23)

with A and B as defined in eg. (2.3), R, 88 given in eq,
(2.6a), P = Py + P, and 8, is the spin-projection operator
for the nucleon, M denotes the nucleon mass and e aBYd is the
fourth-order antisymmetric tensor, defined in Appandix l, Con=
tracting (2,22) with (2,23) yieldss

2 %
Pz w4 mc(sx.sb)eu(-uq,aoE) + om,(S,.a)(8 ok, )(=HGy )L-L&]
.
- bm, "Y(SA‘Q)(“a‘Pl)_l-%::*E‘

where © 1is as given in eq, (2.7).

(2.24)
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We now apply (2.24) to specific configurations,
(1) Target nucleon polarised along direction of lepton beam,
A
initial lepton longitudinally polarised, i.e. s, = (0, x),

3 B
SL = (#;if‘)-

B
_ B 2. '
Therefore, 8,4 = 6, .k) =8,.k, = = E, + E} cos 8, 5,P; = MEE’

' EJ E‘
SL.k2 = Ec mo (1 - 0089), SASL = -m—6 B
substituting in (2,24) gives

M (spin part of 2,24) = Q* s (1_t) [ Gy Gy 1’0“) t

E
v 3 ol 20garian g a0, m,)]
end P = MJ/0 (2.25)

This configuration is not useful however, as each of the three
combinations of form factors in (2.25) is dominated by the GS

term for t©d) 1.

A
(11) Target nucleon polarised along k, as before, lepton beam
' A i A
transversely polarised, i.e. B, = (0, x), 8 =0, ¥)
]
This gives SL'Pl 0, SL’kz = -E‘& sin &, SA.S" =0 and from

(2.24) we have

E, (o, =)
Mg = qh cot % l_x% (1 + -ié) JILGLGH and polarisation

-T
2E,
P= Ms/w .
Again this is unsuitable as the Gl( term dominates for =) 1,

z 2z

F w dL/vu.eL 5y fz M- /7{&_'7_&)

A <
Hort Apdeiis)
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A
(i1i) Target nucleon polarised perpendicular to kq in the
gcattering plane, lepton beam longitudinally polarised, i.e,

SA = (0, Y)’ SL - (4’

o - ]
. . Sq.aSA.kl 8,.k, = +E, sin 8, SLPlsE"j_

A A < m. °?
2 ¢
840k, = B} T-f (1-cos 8), 8,.8 = o,
(2.,24) then gives My = E' gin & Mq2{ -l = -GE)}A -r)
and the polariaation
2.+ 2
Lot 3 ‘o!! i;o”-oa)] 2!!&
2ME, (1-'-) ( Gy )eot 5—/—« - 2»GM
2 E,'
o 8. = (282 vk T (2.26)
aqa oME, g

<
Measurement of P for two values of initial energy E‘ , corres=
ponding to fixed q2, then determines the form factorsj

¢, = (GE -zou)::fu and G, = (“u - GE)GH whence from G,, G

2 "B

may be found,

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

versely polarised in the plane, i.e. 8, = {0, .7), 8, = (0, ¥)

= ' -
which leads to 8LP1 =0, BL k2 = E& gin o, SASL = -1,
From equation (2.24) we have thus

2
us = m M q G“ {(l-t)G +t§~2 «sot -LQ"% -'c) and polariza-
<

il ® SN SR {[(1'*)0 s /Eﬁwt ‘(GE-‘;H)]} ke

(( g =iy )cot2 e /1-r) ~210g

» 2
<28 . 28 T, m
a0 2 2({‘)(%)2{ }/(1 “t) (2.27)
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Therefore determination of P for two values of cot%/EL
corresponding to fixed q2 yields the two form factors

: 2
G = (J.--Z’)(}EGll and @, = (GEGI - t-Gu), G, being the required

term,

(v) Both target nucleon and leption beam polarised perpendicular
to the scattering planes 80 8, = (0, ;), SL(O, ;) and hence
SA'AL = =1 with all other terms vanishing, This gives

g = 2m, qo’e, G. and

P = -2(m6/M)G“GE/LG§ - t:(}la‘)c;ot;2 %/ll-t) - 21:0‘2J or
Pﬁ%" az(fﬁ) T “u“ o (2.28)

qQ <

Thus one measurement of the polarisation suffices to determine
GM G.. However this configuration has the disadvantage that the
value of P 1is reduced by a factor (m‘/ll) compared to the
vase (1ii) for longitudinally polarised leptons,

(vi) Target nucleon polarised along the direction of recoil
nucleon, lepton beam longitudinally polarised, i.e. = (0, x! Yo
= (4’ )’ 'hence S q = + SA.PZ = g B’ SL.Pl = M _g

SL.kz = E' m“ (1 - cos ) ana SA'SL = - —ﬁ cos ¢, Thererore
6

(2.24) gives HS.PB = -uq G“(t’ + 4) and P = Is/u with @ given
by ed. (2.7). One measurement of P here directly determines Gyyo

(vii) Target nucleon polarised as in (vi), lepton beam transe
A A
versely polarised, i.e. 8, = (0, x'), 37(0, ¥) giving
it i
SL‘PI = 0, SL.k2 = E‘L sin @ and SA'SI. = 8in §, Substituting

in (2.24) yields
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P. = b Eli‘-l- cot g’::‘(}2 and P= M /w, Again this
e TR 2 T Oy g/ @
directly measures G,..

(viii) Target nucleon polarised perpendicular to reecoil nucleon
direction, longitudinally polarised lepton., Now we have

A i E, &
8, = (0, ¥'), 8, =(=%, =£x) whence 1t follows, 8,4 = S Py= 0
and SASL = —m-i‘ gin ¢y giving lls = 2E& sin ¢ Mq GHGE
. [—uq“ cot £ / ?B] o, @
2 2
2B (@ -vay) ,
< E 2 2

and P =—TBMVG.GE/[—-;-:-;-—GO'5 %-21:0“]

2 2B E' l?)
or P%%- ;—:! —“—Q sin ¥ (Ef)z GIIGE( (2.,29)

Thus one measurement of P here immediately yields the cross-term
GEG ®

(ix) Target nucleon polarised as in (viii) but lepton beam

L)
transversely polarised, Therefors 8, = {0, ), 8; = (0, ;) and
we have 8,98, = = cos §, whence (2.24) gives |

E
My = 2m, q%cos ¥ GGy = [— mqu(l + -‘-‘i) m‘/li:‘ '1;3} 6, 0p
2 2
and P = _3:;& cos § %GE/[SEET—:%l ootQ%_ 2‘((}:]
' 2 5 | | |
orlP%?l- i-g 2(;‘)003 v (-,;";‘)"2 Gy Gy, (2.30)

Again only one measurement of P suffices to determine GHGE but
the magnitude of P 4is reduced by a factor (m‘/na) compared
with case (viii),
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(x) Target nucleon polarised along direction of scattered
lepton, transversely polarised lepton, i,e, s = (0, iz),

A
8, = (0y ¥) and hence 8,02 =54 -Gi= =E cos © + EG, 8; Py =0,

L
8; ek, = =E} 8in 8, 85,5, = = sin B, Eq. (2. 214) thus ves

< AL
- (Eé/ll cos 9)
2
usazm&lqsinol% +t!!-(11-0036 1’?J.. Gy

and

P = -Z(M(/M)Bin - { 2Oy * 't-*- (2 -J o Gw@g~t )}

(1~cos ©)(1=9)

2 2 L
[(EE,_j_u_” cot” § = 2rag} (2.31)
2 -m B
or p%% - isz 2(-1‘{4)(-3,7%)2 sin { } j

Two measurements of P for different E& but fixed q2 permit

2
one to extract the formm factors G, = 6,0, and G, = (GIGE'tGll)‘

(xi) Target nucleon polarised perpendicular to direction of

scattered lepton, longitudinally polarised lepton beam,
E

4 x
i.e. -(o,k ), 8 -(-im),mdso S.qnsk]--EsinO,
% 24 L m, A A

(2.2u) gives M, = qzuE sin® | -26,G, wa"(GE-GI) *‘iﬁ("u )GJ/"”

and P = = (E(/h’.)sin - [_ ] /(l-r [(—Gg-—!-al—cotzg -2t ]

2 E, E! el
or P-&% = -tz (-f)(k-i‘)z sing [ 1%

Two measurements ¢f P as in the previous case determine the form
factors Gy =7G (G, - G,) - 26,8,, Oy = Gy(G, - G;), whence

GE may be found,
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(xi1) Target polarised as in (xi), transversely polarised
lepton beam. Here S, = (0, k2L)' 8y, = (0, ¥) whenece

8y oP) = 0, B;.ky =-E, sin 8, 85,,8, = - cos §, and (2.24)

L
yields 2 ( )
E 2, (G.=-10,)
2 ! si E
l(s = 2lh¢q cos & [GB - ;! :OB —r.—t-!—JGu
and R iR

: 2 (6.-:G, )G Go=1C
| E 2, \Gg~xy !}/ o
31 Ry 20
- 2toﬁJ (2.33)
Again two measurements of P for different E

L
2
Q" determine the form factors Gy = G,G,, Gy= GI(GE -t:Gu).

and & but fixed

As with both target and nucleon polarisations measured, so
A and SL lying in

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

here also all correlations involving S

pendicular to it, vanish because of parity invariance. Note all
effects due to transverse polarisation of the lepton beam are a

factor (nz/h) or (nt/E‘) smaller than those with longitudinal
polariaation(lg). This is a general result for polarised leptons

and implies in practice only ruons will contribute significantly
to the transverse polarisation. Again by reversing the target
polarisation and measuring the change in polarisation P (i.e.

- the total effect is doubled.
s = ¥s(with 5, -8,)
3 is eon Target, Recoil Lepton ed

Summing over the initiel lepton spin,
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l-gdy
2 : :
Lo = 2k [dy)k)° = Tr (Kyem)) e (Ky4m,) ¥y, (2022)
where SL now refers to the final lepton. Summing over the final

nucleon spin gives again eq. (2.23). Therefore on contracting we

find

-}2- ® + 2m,(S, .5, )¢ [—uqzo]+2m (8,.0) (5, ok ) @, (Gp=rCy)
¢\5,°51 8y E ¢\8,°2)(8pky e

¢, (6, - G.)

= 4t (8,00) (8 Py ) wiplommi (2.34)

This is precisely the same as eq. (2.24) except for (SL.kz)-) -(SL.klf
The following configurations are of interests
(1) Target nucleon polarised along direction of initial lepton

beam, scattered lepton transversely polarised, 1i.e. SA = (0, ’i).

A v
8y, = (o, km) leading to 5,.q = 80k = 8,k --El«vE;oos 8,
SL.P]- = 0. SL.kl = E‘ !1!10, 5,8, = 8in e,

AL
EQe (2.34) then gives

Mg = untqa sin & EGE +v(2oE - ll) + %‘- (GE-rGule/ L =)

and

E
« -(ntll)sin 8 /=G G +r0!(2GE-(Z!) + -ioos(GE- 'C’G!)-}

s ¢ P =
(1=-2) [(Gg-taﬁ)cota g /(1-2:) - 2T 012‘]

2 rY
or Pﬁ% 5 i-z(i-f)z:éﬁ%%y{ } (2.35)

2

Two measurements of P at fixed q~ but different Et suffice to

. 2
extract the form factors: G, = -G,G, + 'L-(ZGEGr Gu)’

g

Note Gy =G, = 2(1-17) G,G, which determines the cross-term.
* £ a&]loml, hart anntojm!j s h  [fEAF)
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(11) Target nucleon polarised transverse to ﬁl' longitudinally
polariaed reooil lepton. Hence §, = (o, Qn) = (0, §),
.(-i -i 1:2) which gives §,.q = 5,.k) = 5,.k; = E} sin &,
L'Pl = l(Etlnl, Speky = E Et(l-ucos 0)/!1,
and (2.34) yields
My = llan; sin & [GE-& r(cu-zeE) + T !; cosec> g(Gu’GE )} G"/l-t
and

SA’SL = -E; sino/n‘.

2 g— cot g{GE-o»t(Gu-mE)-o- "c-E'z umlecs2 g(aﬂ-en)} Gy

P
(1-7) [(Gg-raﬁ\cotz g //(l-ﬁ - 8¢ GlzlJ
: o
or P ﬁ%_ o - %;E-‘-(;f)a -z-?;-?- { } i (2.36)

Again two measurements of P are necessary to yield the form
factors G, = GG, + v(y~ 26,)8, Gy = @, (G, = G,) whence

G nay be found.

E

(1i1) Target nueleon polarised as for (ii), transversely
polarised recoil lepton. 1.e. 5, = (o, f‘z l) and hence
SL'Pl = 0, SL.kl = Etain - SA'SL = - cos 8. This gives

N = Ilntq -Gy +~cG +coso[0 +?(G -AGE)]} /l-t

and polarisation

_ =(my/u){ ~Gpacay + c0sd (g + = (oy-20; )]} oy
(1- ) (63 -z afleot? B0 = 200y | (2.37)

Measuring P for two values of @ corresponding to fixed q2

determines the form factors G, = (=G, + rGu)Gn o
Gy = G 0, +r€r{\0u - 26,). Note these also arise in case (1)



e

(iv) Target nueleon and recoil lepton both polarised transverse
to the scattering planei S, = 8, = (0, ) and 5,8, = =1 with

all other terms zero.

« e us = 2“:12 GIIGE and
P = ‘2("‘/“)“1(%/ [(og - mﬁ)cotz g/l—t' - 21’G|2!J. (2.38)

A measurement of P thus directly determines GEGH but is reduced
in magnitude by (-/u) factor compared to case (ii) with
longitudinally polarised leptons,

(v) Target nucleon polarised along recoil nucleon direction,
lonsitudinally polarised recoil lepton, i.e. 8§, = (o, x'),
Sy -(—‘ -4-1:2) and so s.q-s.Pz-s.pla-!

8,8, = -L' cos(0+v)/h‘.

AL
Thus we have
QPFE cosec zg <{t02 %L " Oé} 02} i
s * TR, 00 "[z'b Mg ety

P = ls/b « Hence this directly measures G,.

(vi) Target nucleon polarised as in (v), scattered lepton
transversely polarised.

s, = (0, x'), 8, = (0, ky ) giving 8,8, = sin(o+¥)
whence (2.34) yields

2 5y 2
g = 2im,q 5 sin 0(-1:Gu) and P = M /w, Again this

B
directly measures Gu.

(vii) Target nucleon polarised transverse to recoil nucleon

momentum, longitudinally polarised recoil lepton.



E
Here §,8, = - cos(® + §) and M, = [Hmcqh(l - -fuf- cose)/s 3]0 ¢

S ¢ Bl MN'E
" G, G
.o. P = -(mg/M) F (1 - — COBG) (—G!—-EE?—-E
B J—Ll_Lt cot? g - 267
a 2 E), E
or pﬁz . (-E-f-) m(l = -l-:-Z cos®) GyCGg (2.40)
E& B ¢t N

Again one measurement suffices to yield GHGE but the value of
P is smaller by a factor (ma/u) compared with case (vii),

(ix) Target nucleon polarised transverse to direction of recoil
~

leptan, latter longitudinally polarised, i.e. S, = (0, Koy s

L = (—ﬁ -ﬁrkz). Therefore, Aq = SA’kl - A.kz = Ec sin &

and SASL =0, (2,34) now gives

My = -¥ME,q’sine { Gy =70y + [E,/M + By l-co&)](on-cm}/( 1=2)
and

P = -Ei‘- sine @E-l’_?! +[E£/M+E:§( l-coso)J (@, =G ); o

(1=1 ) [GE 8y oot? & - 2v g2

—— 2 M
& enl.o %,
pl - %‘!(Ef)z sne [ fg (2.41)

Two measurements of P are required here to extract the form

factors:
@, = (GE q‘th)Gn 5 G, = (GH' GE)GM sy G Dbeing the

one of interest.

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

L)
versely polarised, i.e. S5 = (0, k5), Thus 8,5,
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and we have

My = .?xn‘,’uq2 {(}E - cos® % [1 + f:-li (1 - cose)] (GE- '?:Gu)/(l-t)} G

and P = 2(m /M) {_L EOOBZ?J 1+jf (1-0080)) (i l-t
[(G --~cc,“)cot2 %{1 - 2%6 J

2 |
or 8 = 5 (9?2 x4 ) (2.42)

This enables one to determine the form factors, G = GHG ’
ou(e -z-G) but P is reduced by (m /x ) in magnitude
conpared with that for longitudinally polarised leptons, case
(ix).
Again all correlations involving one particle polarised in
the scattering plane‘ and one polarised transverse to it vanish

due to parity invariance,

L. Polarised Lepton Beam, Recoil Nucleon golag;ggg(zo)

Summing over the lepton epins gives I‘uk & eqg, (2.,24),
Summing over the initial nucleon gpin,

-2 ; |
Hy, =2 <Pp|3y | P)% = 7(#y) 1_2_35 (V= B\ (Fy+i) (1 X =ER, )

2

Ha/2 = Ry, = 1A%\ ¢ QBpy + ABL [Pye o= Purstw|P2s 55t P1e
(2.43)
A and B as in (2, 3),/&“)‘ as in (2,6a), P = P,+P, and 8y now

refers to the recoil nucleon, Contracting yields +

= w+ 2m,(5,8 )g° Gy(=MGz) = 2m,(S5.a)(8,.k,)ua, = t((_}“;m :

G. - G
+ M‘Ht (SB.Q)({. P').ﬁ!._n) = w Y
le T

(2.44)
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with w© defined in (2.7). /oloronkion = [m . s.,)] / ﬁ_sg <My,
(1) Recoil nucleon longitudinally polarised, as is lepton beam,

E
i.e. 8§ =(-,—B-L,-£;'), 8, = (-i —x) giving
2 M ] L m,
E
8304 = =SpP) = =P, and § .8, = n, (p Boos ¥)
E "tG ‘ 28
o suq r+ JGS/?B and P:-q‘[-&f(}n/l?{ oV ¥

. zmﬁ} (2.45)

This directly measures G".

L%}
(ii) Recoil nucleon polarised in (i), transverse polarised lepton

~
and 8;.85 = E; sin ¥/M, (2,4%) then yields

n
Mg = -q cot Mm,, @ GH/EG P, and

T
P = -q2(m6/M)cot % ta‘%& ?B {:-Lt-(-}! cot? % - 27 ‘(5;7)2} .

T e catm ey o/ ¢
-2(m siny v
Again Gll is directly determined, » ‘/ll v -2

(111) Recoll nucleon transversely polarised, longitudinal polarised
lepton beam,

A a
8y = (0, ¥), 8, = (E,/m,, E,/m, x). Hence Sged = =8Py = 0

and S; .85 = =E, sin y/m, .

2
G
..M n-qku cot% GMGE/-B andl pgq_fﬁ _r;H_B

M F G -
B mcotzg-zmz

1l =7 M
2 kY
or P-(‘,}—ga T ff)a cot 3 GHGE (2.46)
B

Thus one measurement of P here immediately gives GIIGE'
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(iv) Recoil nucleon polarised transversely, transverse

A
polarised lepton beam, i.e, §; = (0, ¥).

= e I -L‘ l
Hence 8 .8, cos ¥ and N, = =q mz(l + E‘)GkGElss

‘e P = q2(:;/“)(1+3.!.)_;2t :‘L&

P 4 -ji::% cotzg - 21’63
2E' m : .
or g_n_= D%(if) -li (1 + %)GIGE (2.h7)
B

While this also determines GiGE' the magnitude of P is lower
by factor ( /M) compared to case (iii),

(v) Both lepton and nucleon polarised perpendicular to the

scattering plane, 8y = (o, ;), ﬂB = (0, ;') and SL'SB = =l
with all other terms zero,
. » MS = 2!!1‘”]!(,12 GMGE and P = =2(m /M) —'! G!j
2
ot -2
g $-2v0p
2 E" m
8 . £)2 5 &
or P2 ?(E&) 2 £ 0.0, (2.148)

Again the value of P is of order (mt/u) less compared with
case (iii).

S5e Both Final Particles Polarised

Summing over lepton spins gives Luh = eq. (2.,22),

Summing over the initial nucleon spin gives Huh = eq, (2.43),

e o« Contracting gives
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2 G, +(G, =2G_)
-f- =0+ 2"‘4(33'31;)‘12%("‘%) + 2m M(S5.9)(8; .k, )e, L-Lf;?!?%f]
 lm, Me(35,0)(8,oP)O(G, - G,)/0 =7) (2.9)

(1) Recoil nucleon longitudinally polarised, likewise for

secattered lepten, Here SB.q = "SB'PJ, = -PB

E —-—
SBSL Ef% (PB - EB cos(@+y) and (2.49) gives

Mg = Q6coee02 % Gﬁ [1 -t 4 UCOES = %ﬂ/&E‘ﬁB

2 %-ﬁ +TCos6 = j-t}
o.. P= ’t G
E"‘ B (-—Eiﬁ cot - 2rG§)

[»)

2 E!
or p48 - 5‘-:?; (597 o { ] (2.50)

which measures GM .

(11) Recoil nucleon as in (i), recoil lepton transversely polarised,
E
BB.q = - SB'PJ.' SB'SL = Tln sin(é + ¢), and

Mg = zquE sinOm(’t:GH)/PB and P =M /v,

Again this directly measures Gl’

(111i) Recoil nucleon transversely polarised, longitudinal

polarised recoil lepton,
A ' B! B .
1.8. Sn = (O’ 7'), SIA = (é » ]nia kz) 8171118 sB.q = .SBP]- = 0'

and sB.s‘L = -EL sin(e + ¢y)/m,.
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s (20’49) yields Ils = Zuqz E& gin ¢ GHGE g-uqh cot %/?B

o .
-2({E 3. t G
and polarisation P = (J—/M)s . *[! pohor %ﬁ"}lﬁu
| (G:-tGﬁ) cot? 32/11-'&) - 27 G;‘l’

B, B
or Pl - J(gf)? 2% itgl(; cot'(%)}ouc}l (2.51)
NP
B

Hence the cross-term is immediately extractable,

(iv) Recoil nucleon as in (iii) but recoil lepton transversely
polarised. Now Spe@ = 0 and § .55 = = cos(® + y),

LS My = [qhmc(M/Ec - cos 8)/ 5510“(}]; and

hz;'mi GG (M/E"_- cos )

P = —!-J—E!
53 G. =G 28 5
o S cot . P 2r(}M
l -t
[M/E cos &) ®!
or P%% = wa(=f) i = ) (i.‘f)z 6,0p (2.52)
B

The magnitude of P 4is here a factor (m&/ll) lower compared
with case (iii).

(v) Both final particles polarised perpendicular to the scattering

, 2
plane, 1i,e, SB.SLz 1l and lls =:2Mm¢ qQ GIGE or

P = =2 (m/u) zj& (2.53)

i, W § - 2e?

1l =)

Similar comment here applies as for (iv).
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There is one more possible configuration, namely that when
both initial and final leptons are polarised. Sinee both nucleon
spins are summed over, the factor H, = Zf(PalJJ Pl')2 is
exactly the same as for unpolarised nucleons, i.c. (2.6a) and
involves only the form factors Gi and (Gg -‘taﬁ). but no
cross term. Therefore such measurements add nothing new to
information obtainable from unpolarised scattering and are not
considered any further here(al).

As an 1llustration of the utility of polarisation measure-
ments, Figs. 3 and 4 represent plots of some of the most favour-
able cases, namely eq. (2.19) and egs. (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), and thus such measurements are definitely feasible,

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

Test of Electron-iuon Universality

All the formulae derived in the previous sections apply to
point leptons satisfying the Dirac equation. While 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
g0 far defied any theoretical explanation, prompts one to
examine if the muon possesses any difference in electromagnetic
structure.

From general Lorentz invariance considerations and gauge

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



19(22)

g liylky> = €l (ky) [ Hy(a®)y, + Hy(a®) 2uy Iy
ul® [1 u —%_I—-Juzkg (2.54)

where E(kl) is the positive energy free field spinor for a
particle of momentum kl ete. ﬂl and H2 are form factors,
functions of g? only, which describe any possible lepton
structure. The static value of i, (1.e. at q? = 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 agreement of the theoretical value
for a point lepton(23), we may take B2 = 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 Hl(qz).

There arises one further difference with luon;. namely
their mass. For electrons their mass has been neglected in
deriving all formulae so far, which is quite satisfactory since
m,/M £10"3,  For muons however m,/M =~ 0.1 and so mass effects
cannot be neglected g priori. It turns out that the inclusion
of the particle's mass gives risc to correction terms of the
form (-t/i)z, (nl/El)2 or (-%/iEl). For the high energy
region E‘ > 1 GeV, such terms amount to a correction of less
than 1°/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 Hl(qz) and since the muon-photon
verdex = {ky |J | k,) 1is squared to yield the total matrix
element, all formulae previously derived will have a factor
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[ﬁl(qz)]z 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 q>-dependent structure
sought in Puuon/relectron(zu)‘ Note that since all spins are
not summed over, polarisation measurements are more sensitive

to details of lepton structure than unpolarised experinentn(25).

which have already put quite stringent limits on muon structure.



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.

Lt + 7 N + N

~ 1'7
N

-

= 4

(o 4

Fig. 5 depicts the Feynman diagram
for lepton-antilepton annihilation
into a nuecleon, antinucleon pair.

This process is related to the elastie
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:

L + N -—=L+N

t+7T>N+X

kl = initisl lepton l-momentum - .!1 where ‘1 = initial L-momentum

k2-r1m1 -

Pl = initial nucleon

Palﬁ.nal "

of the lepton

Y-ty " ty = initial Y-momentum of
the antilepton

. -1t2 ” t2 = final l-momentum of
the antinuecleon

>t " ty = final 4-momentum of
the nucleon.

«'. Summing over all lepton spins

RCIEN )2 = by, lgy 4 Uy by, = (G ‘2)'5;,,1} (3.1)

on substitution from eq. (2.ir).
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Summing over all hadron spins,

Z(tltzl.‘l’u}o>2 = SMEQ 2/24»1; AT ?-[——!J (3.2)

- T

on substitution from (2,6a), where form factors EE(Q ) are
defined by

u(t,) 6; |
(tqty 1.1“)0} = ET-_%,[(EE --r?}'“);;u + (@, -G )1 -g}q-!] u(ty). (33

qQ = Tfour-momentum transfer, here = Lytly = ty+tpe

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 Fig. 6, leads to a differential cross-section

46 -3-2 8 [52(1 + cos Ql P = gin Ol (26) (3.%)
L AN where E is the incoming energy of
: ‘\? i either lepton in the c.m. framej
4 8 A8 ‘ p = Po/E when Py 1is nucleon momentum
t = (Ez-lz)%;andciathemgle
/4 between the lepton and nucleon directions
7 _
Fq. 6 as shown in Fig. 6.
t = ¢° and ¢ = (¢4 + ¢2)2 = 45 (3el8)
Since qa is independent of @, (3.4) may be immediately
integrated to give a total oros;;aect%gn
6 = 2xa°p [3?, + E—-—!J/ q (3.5)

THe expression in brackets [ | in (3.4) may be rewritten
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» sin?e(32 - 1152)
as Lzﬁﬁ + _I—l_r ]. Thus from measurement of the amgular
distribution, one may determine the form factors '6;'( and ('6% - t?}'ﬁ)
analogously to the Rosembluth plot (1.1). We see again however

for high q°

will not beeasy as the Eu terms dominate, and resort to

i.e. ©)1, the extraction of the EE form factor

polarisation measurements must be made to determine the cross-

tern EJE.

Before analysing the details of polarisation effects, the con-
nection between the form factors in (3.3) and those in elastic
scattering (eq. (2.2)) may be noted. In elastic scattering,the form
factors are functiomns of q2 which is there negative and lies
in the range - 00 ¢ qa Z Oe In colliding beams, on the other
hand, q° 1is positive and lies in the range q- > Uu°. It turns
out that G(qz) and E(qz) are essentially the same complex
function G(z) (s 1is a complex variable) with the property
a(z) = @(¢®) for q®¢ 0 end o(z) = G(q?) for g¢°) O
In other words, the EE(qz), Eu(q:z) form factors are the
analytic continuation of the GE(q:Z), Gu(qz) form factors into
the region q2 2l|.ll2 (27).

There is one notable difference between the two sets of
form-factors, however, The hermiticity condition which demanded
that G, and G, De real, falls for the colliding beam case
since 1t merely gives (tyt, |3 0> =03 tyt,5 end
the process (tlta )Ju[ 0) (ecreation of NN) is different
from /O |:uy t;t,) (amnihilation of NN pair). Time-reversal
arguments also fail nere(28),  mhug G, and G; are in general
complex, which leads to a distinet polarisation effect, as will

be shown below.
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1) [Relarised Antinucleon Produced, Polarised Lepton Beam
Meking the appropriate substitutions, given sbove (3.1), in
egs. (2.22) and in (2.23), gives

2

+ imy Enap % SLB] (3.6)

where q = ‘1 + ¢2 = tl + t2 and SL the spin projection
operator for the initial lepton and

2
%Z@ltz }Jp.'o> = Ra +1 ‘p.lst“A ('qss )'i[u.sw . %
“Asve tul tastiy s Re (AB")

* [‘uathl b ‘umtu) tZstlvsg In(AB*)
(3.7)

tl = tl + tz, SF denotes the spin-projection operator for the
antinucleon, and Re and Im refer to the real and imaginary
parts of (AB ). The last term in (3.7) vanishes in the elastic
scattering case but for this process is g priori, unknown. On
contraction with (3.6) it contributes to the matrix element
squared .tlla an amount l;IB. vhere I,

I, = =h In(aB") [(‘!tl)‘usw‘a'u " (tlla)'uaw) 1"2t;tlvsg
+ byt [=5(T,.EpB) 4 B(T .tlxgﬂ)]} (3.8)
For a polarisation lying in the scattering plane eq. (3.8)

vanishes; however for polarisation normal to the scattering

plane



wi
I, = MI[MQJB%E sin 20/M (3.9)

l=-1T

-2 2
Noting that ®w = RM Lul/z = hEh[Gu(l + coe” 3) + '62 t;1n20/t

E
6
“ (%%)% from (3.4)

we see then that the antinucleon has a polarisation normal to
the scattering plane (unit normsl in the direction 71" 'El)

-1} %
of amount f:[m, —”L(Sﬁwsﬁ)] ”’-1*'2‘7';9.7_5,\7 , Aem = Ty

/. /)‘ ?Es. = ié @2 azgz (%) sin 28 (29) (3010)

This is independent of the initial lepton being polarised.
Measurement of P thus immediately determines In(G.Gg Yo

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

2
..!r = mznt(sﬁ.sL)(-uqz)Re('éuﬁg) + 2n¢(SR.q)(SL.t2)§‘_'I

. {-‘CE‘Z‘ + (2v =1)Re (G, 5, )] + MC(SE'Q)(SL’tl) ";%I

. [‘5,2‘ - Re(ﬁuag )}

3 ® + Mg (3.11)

We now apply (3.11) to speecific configurations.

(1) Longitudinally polarised lepton, antinucleon likewise

A A
polarised. i.e. 8, = (-g-%, ;E; %), sR = % [lpfl : E(-x')}
S:.q = $f 2E/“’ SLQtz =2 2E2/lll, SL.tl = E(E - Pr cos 0)/Ilt.
8 8, = E(Pr + E cos o)/unl.

N IS = -BE!‘ cos Oaﬁ » and the polarisation P = lls/eo. =
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-2 2 2
-2 cos @ G , ~a“B.cosd(C.)

= | 8 or P%% = M (3.12)
=2 241, 8251n2 2
G“(1+cos“®) Fgsin &8/ 8E

(11) Longitudinally polarised lepton, antinucleon tranaveraely
polarised in the plane, i.e. g, = ('i ’ E— x), S = (0,-y )e
Thus N.q =0 and SN.SL = -(I./n )sin & and (3.11) gives
“S = 2Enq sin & Re(-“aE

Hence polarisaticn

— e
Re (GG, )

P = 2(%):111 - e or
aﬁ(lwosze)ﬁ%sinzolv

i - T(-)sin e -12 B Re(T, 3, ) (3.13)

Hence or= measurement of P 1in cases (i) and (ii) suffices to

yield the value of 5‘2‘ and Re(ﬁuﬁg) respectively.

(111) Trensversely polarised lepton, longitudinally polarised
antinuecleon. i.e. S, = (o, ?). SF -% (\?ﬂ}- E 2') and

o e SLolz = 0, sLntl = - Ff sin e, SnoSL = (E/u)ﬂin e, gi?ing

My = -2nlEq2 siné 3: and P = —(m /E)sl'.aé:/[éﬁ(l-moszo)%unae,’t]

(3.14)
Again this measured '6,27.

(iv) Transverse polarised lepton, transverse polarised N.

i.0. SE.SLsoosO .’.ll —ﬂh’/zcosone("ﬁ ) and

-
P = -2(!)(-%)00: - Re(_lar: )/ (1+cos 0) + %— s1n29
or 78 = -‘-%Eg #)(5) cos @ Re(T,T; ) (3.15)

Note that whilst this also measures Re(B 'G ) it is smaller by
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a factor (n‘/E) compared with (3.13).

(v) Both lepton and antinucleon polarised transverse to the
scattering plaﬁe, i.e, si.sL =<l and Ny = 2m¢q2 Re(b‘"ﬁ;).
P= Is/m. We recall there is also the contribution from eq.
(3.10), but as this is independent of S;» 1t may be separately
determined. Note all contributions with T, transverse to the
scattering plane and §-ﬁ in the plane vanish due to parity

invariance.

2,

H ., 1s again given by eq. (3.7) and I

" is given also by

| HA
eq. (3.6. On contraction they yield

ma/h = w4+ at(sﬁ.sL)(-uqa)Re(ﬁnﬁE')
+ 2m,(N2q) (s £y )y [-T20(20-1 )Re (B8,

+ bm,(sVaq) (8t o [ 2 - Re(B,3; ) (3.16)
where SL now refers to the antllepton.

(1) Antilepton longitudinally polarised, antinucleon likewise

A
polarised, i.e. SL = (%, - %t x)e

P SL.Q’]. = 2E2/m" SLotl = ‘%(E + Pf cos O)’
SLQSﬁ = ;Il'g'; %( ﬁf - £ cos O).
(3.16) then gives Mg ® malh -w = BEh' cos 8 G 2

Ma,m),

Polarsakion P @ = oqe (3612)s (# clfeisd a5 abowe (319 = %/w)
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(i1) Antilepton longitudinally polarised, antinucleon trans-
A
versely polarised in the plane, i.e. SL = (0,-¥), §ﬂ.q = 0,

SL.Sﬁ = (E/‘t) sin @ and (3.16) Mg = ~8ME° sin @ Re(ﬁnﬁg )

.". Polarisation P = = (eq. 3.13)).
Similarly for the other cases, i.e.

For transversepolarised antilepton, antinueleon longitudinally

polarised P = — (eq. (3.14))
For traneverse polarised antilepton, antinucleon transversely
polarised P = - (eqs (3.15))

but for both 7 and T transverse to the plane

P= + 2un¢q2 Re(E"'E;) /0.

The difference in sign srises 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. Polarised Nucleon Produced, Polarised Leptom Beam
Making the appropriate substitutions in egs. (2.43) and (2.23)
gives LM = eqe. (3.6) and Hm\ = eqs (3.7) where in the latter

b} N

g§" — 8", the spin projection operator for the nucleon. On con=-

traction we have
m2/ = 0+ 2, (s ) (~ug®Re (TTy) + 2m,(s"eq)(Spetp)[CF
- Re (B, By )JE'!T = tm, (s"0ty )‘!'5-'1'[35 - Re(T,T )J
- Ig(defined in eq. (3.8) (3.17)

On evaluating (3.17) for the various configurations, we find the
polarisation P,s - P for polarised leptons and antinucleon
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set=up egs. (3.12) = (3.14) {ydf<”1{,mt )/nf.*”# J

sV -s¥) My SV

= +P for polarised antileptcn and antinucleon set-up eqe. (3.16)
The equality for P for the cases 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 polariced normal to the scattering plane (in the sense Ea x Fi
is normal direction) is P =P for eq. (3.15)s Again due to
the form factors being complex, there is a polarisation of the
nucleon normal to the scattering plane = - polarisation for anti=-
nucleon case eq. (3.10). This relation is a consequence of

CePeTe 1n7‘r1.n03(29 ) °

L. is c t

The transition from lepton to antilepton beam introduces a
minus sign in the value of P (compare cases (1) and (2), except
of course for polarisations normal to the scattering plane.,

Thus this ecase is equivalent to that for polarised antinucleons
and leptons case (i), as follows,also from charge conuugation

1nwariance(3°).

st e 8

The most direct test as such is obviously to employ col=
liding muon beams and seek a q?udepandent structure in
Pmuon/relectron’ analogously to the elastic scattering case.

Proposals for such beams are indeed being considered and may

be realised in the near ruture(sl). However there is also

another means of testing universality, and that is in the rwclam




¢ + €& —p (mon) + p (entimuon), The vertex up IJ“} O>
is related to that for NN J, O by putting Eu( o Ex(qz)
= B(a®) tee G 17,1 0> =  Wt)p0(t,) Hyla®). (see
rq, (3.31) and (2.54).

Thus all the formulae derived previously for ¢ + € >N + N
will apply for ¢ + ¢ i + & , with the substitution
Eu(qz) = an(qz) = 'ﬁl(qz) and M ->m , mon mass, This gives for

the ratio P (for ¢ + % —9p + §)/P(fr¢ + ¢ e (electron) + 8
(positron)) = [(ﬁ‘l(qaij 2 and deviations of H from unity for
q2 > lu:ﬁ will be an indication of muon structure, Again the muon
mass has been neglected here, which is Justified for E > 1 GeV
since it introduces an error of less than 1%,

Determination of the form factors G, and T, 1is of great
interest since at present their behaviour is terra incognita,
Theoretical models relying oh extrapolation of the G\l' GE form
factors, are very speculative and no reliable results have been
established( 32). One property that ig believed to be true
concerns the threshold value of the form factors and states
G, (+tu%) = En(uu’-)(”); the 'dipole’ fit for the elastic
scattering form factors violates this condition when extrapolated
into the q2 >0 region (it predicts Kn(un"’) = (Total magnetic
moment of particle)x G (44°)) and 1t will be very interesting
to see if in fact the dipole behaviour is not obeyed and the
threshold condition confirmedl ™)

Experimental measurements of polarisation phenomena are again
favoured by the very appreciable values of P possible, This is
illustrated in Pigs. 7 and 8 depicting egs. (3.12) and (3.13)

respectively for reasonable values of the form factors, Gnly if
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‘EM decreases much more rapidly than ax will the situation be

experimentally unfavourable, though not impossible,

(B) ucleon-antinuc hilation + R4+ 2

\L\'\ n/ L This is the reverse of lepton-antilepton
annihilation and proceeds via the
Feynman diagram of Fig, 9. From
erossing it is connected to elastic

,/ >'

scattering by the following substitutions

vﬂN '\'\N

' Figo 90
¢ +N ¢ + N N+N—¢4+2¢
k1 iy —62 where 42 = Pfinal antilepton L-momentum
k, —= 4y - ¢ = " Lepton ”
Py bty tl . tl = initisl nucleon .

= " " "

P, - =%, S = antinucleon

leading to a differential cross-scction

2 a2
%% = J—‘—z %[Eﬁ (1 + cos2®) + -tx sinaoj i (3.18)

168 o

where Ec is the incoming energy of

At either nucleon in the (e.m.) centre
of mass frame; B = §/E, where Pe
is the nucleon momentum = (1!?3 _“2)1}
and © 1is the angle between the nucleon
and lepton in the c¢.,m, frame (see Fig, 10
,f"{- In the laboratory frame, with the

F;g_/o nucleon at rest and an incoming antie

nucleon beam of energy EB ’
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the differential crosse-section becomes

L
Al A) ‘,\ (’35‘)
il 2 2 _ =2
2E G5 -G
¥ L_.a \Qs : an, q 2t( t=1)
3 o S (3.19)
N  where dn, = 2xd(cos &,); £, 1is the
' final lepton energy = q2/2(ll+EB - |P| cos EAH

P = antinucleon momentum & ,(Eg - lz)i;
Q = 4 momentum transfer = t; + t, =4, + ¢, and ® and &  are
as depicted in Fig, 11, ( v = qz/lul2).

'G'u( q,2) and 33( q2) are the form factors defined by
u( t,)
1=T

i6
[(EE "an)}'u + (Gy - Gy) "‘::&J wlt,)

(3.20)

o |3, 8,5 =

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. -1
6:-——-3-;“ {-2 + J. Here E is the antinucleon
u( E>-x) Gu 3t

energy in the laboratory frame,

From (3.,18) or (3,19) it is evident that the El and EE form
factors may be determined but again at high q,2 the au term
dominates and only polarisation measurements will determine the
cross~term BMEE' 'e now discuss specific configurations, working
in the laboratory frame (nucleon at rest). For kinematic details

see Appendix 5,

(1) Polarised nucleon target, polarised lepton produced

Effecting the substitutions given above (3,18), in eqs.
(2,22) and (2,23) gives



‘ 2
Ly = 2(4142@”[ 0) = 2 [“m‘n = iyt + (€900,

- im, suhaﬁ qusLﬁ] (3.21)

Hy/2 = $740|3 ) %yt 2 - R *+ €0t = UR%( q 8%) + 1 [‘usmtl
-emmt“}shtlvazne(z 59 - Eumtl s wtﬂ] W T
: s’l (X B") (3.22)

SN now refers Lo the spin projection operator for the nucleon,
The last term in (3,22) contributes to the matrix element

squared, an amount h.Is where
Ig= 4m(X ) {“’1‘1) Cusvelon * (tlea)suavw‘lu} t2sttv3§)

= -l In(X B%)(2E, - 32-) (& 7,x &) (3.23)
For 's'n lying in the scattering plane (3.23) vanishes; however

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

Noting o = Rull'uk/ 2
I (62! - @2!)
= (%‘)[ﬁ + cotzg 2v(~c-1)]

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

same sense as ('1':'2 X ¢4) leads to an azimuthal distribution

2 2 2 0
86 . 2 Zolw, 28 W) . __2__._..21“‘(8" % )
ae -2-‘1.2 My [Ele‘ P % 2¢(r =1) qat

=+ 4) (5, = %)) (3.20)
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The notation is as for (3,19), Measurement of the spin-term thus
determines Im(EH'G'; )e Contracting the remainder of (3.,22) with

(3.21) yields
)

i L) om, (SN 8, JRe(G, 8 )(=4a®) + 2m,(s".a)(8;+¢,)

M taﬁ - Re('Q'IEE )}/{r wl) - lun6(s“.q)(sL.t1) "
Mt’[&& - n.(a,a; )]/ML = 0+ M (3.25)

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

(3.17) and is a conaequénce of time-reversal invariance,

(ii) Target nucleon polarised along direction of incoming anti-
nuoleon, (tl P), longitudinally polarised lepton produced,

i.e, = (o, x) (since it is at rest), 8¢ -(-i- o x).
N N B
Hence S .q=5 t, == P. 8pety = M=%, 8, .8, = Ez Ec(l-cos 8)in,
<
P SL.SN = - m‘i coe S

<

and (3.25) gives Ms = q2 E‘L-[fl + 2M cos 53 T}'& o« Polarisation
= a P- '721— g L L
P us/w. This directly measures Gy Here ( 'ﬁ_ﬂo)/m T
For cunen P & &)
(11) Target polarised as in (1) but lepton transversely polarised,
i.e. 8 = (o, 'y ). Then 8.% =0, 5¢,= Ee sin @, 8,8 = sin @
where EZ is the antilepton laboratory energy yielding

8 e i
Mg = =(2mM sin 8 )q zoﬁ end P = M/w. Again G is deter-
mined here,

(111) Target nucleon polarised transversely to P, longitudinally
polarised lepton, i,.e. ? = (o, ;’)
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0‘0 snoq = SN.tz =0 and SN.SL = -(3‘/!6) 8in Go B

whence (3,25) yields

M. = 2mE .q.zsin &, Re ((-}'l'é'; ) and P = (Ce % cos 9:),_1

S 4
0
Re(h ) sin o (3.26)

);Gr1 + cot2 g(i'lr.—tal—]

2c( v ~1)

or P%%_- o?(8u 7 )™ sin 8, Re(alb'; )/(T.' - )-gl cos 00)3 |

. S F
One measurement of P thus immediately yields Re(G"Gx ) s

(iv) Target nucleon polarised as in (111), transversely polarised
N

lepton, Now 5.5, = = cos 8, Mg cog @, RQ(E"E ) and
P=(m /M)coa - Re(E‘G )/ [Gu + ao‘t2 % (ﬁﬂ (3.27)

This also measures Re('@l'u'c'}';) but is reduced by (m‘/Il) factor
compared with (3.26),

(v) Both target nucleon and lepton polarised transversely to the

scattering plane, i,e, SN.SL =] and P = eqg. (3.,27)/cos Oo.

Similar comment applies here ss there,

(vi) Target nucleon polarised perpendicular to direction of
produced lepton, the latier being longitudinally polarised,
e, 8 = (0, ).

o S.a=|Flstne, s = 0 and (3.25) gives

Mg = uqu{r'éﬁ - Re(§.T; ) - Eii [‘63 - Re(T, T, )]}/ 3



w5fe
.*, Polarisation P {21(/]1’”{% R°(G-*)"@, Boot [5'1 Re/‘n&e')]}/

(32 -th)
2e E
[Gu+cot. ZU(L“-I)}

- 11 [~ )t (v - '%3\ cos 8, '2{ |- (3.28)

or Pﬁ

ao

Two measurements of P are now required for fixed q2 (orc)

but varying & to extract the form factors G, = RQ(G.3 j
(}2 = 32 - Re(ana ) whence from 02 the oross-termmay be
found, There is the disadvantage here that the target polarisa=-
tion direction has to be altered for changes in Qoi one cannot

fix 00 and vary P since the latter is fixed by fixed qz,

1,0, P2 a q¥r 1),

(vii) Nucleon polarise& as in (vi), transversely polarised

lepton, i,e, s".sL = =1,

te Mg = 4q2{ae(6,'6;) + sin20° [3;‘: - Re(au'c'}'; )J} and P = N_/w,
This is of order (mc/l) smaller than (3,28),

(viii) Target nucleon polarised along direction of produced anti-
lepton, the lepton being transversely polarised, i,e.
L3

N
Then s¥.q = - |F] cos(e® - 8,) and s S, = sin & giving

My = [q Re (GMGF ) - E, 5| (e - 8,) (TG“ - Re(‘ﬁ__}

T =1

+'e Polarisation P =

L(m) foa (58 = 7 Lemle - Bleospo) ] '[£ 65 Re (5, &) } (3.29)
- 61,,+cot1£(515 -v 6 )

Qe (T-1)
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or P%% = 9’; (:nfr) (/B (v - @ cos 90)-2 { } ¢
2

Two measurements of P for varying (e - 60) but fixed q

- - -
determines the form factors G, = Re(GuG;), @, nt(}u - Re(G"G )
but once again the nucleon polarisation direction has to be

changed as (€ = 90) varies,

(ix) Target nucleon polarised transverse to antilepton momentum,

A
longitudinally polarised lepton, i,e, sN = (0, ‘u)° Thus

§'sa = = || sin (6 =) = -, sin o, SN'SL = - %, sin o/m,
giving
Mg = QME,sin o{x [Re(BE; ) - B2] - re (g,6.%)

+ (B,/M) [Eﬁ - re(G, G, )H /t' ol
& ( 5 [,c_ )-% cosoob\’x
{rbre(330 ) BF | - Re(5T; )urfi- Lﬂcosom- Re(3,3." )}

[Eﬁ(t -1) + cot? % (GE - 33)/21:]

or 8 .%o |F)rvetne{ ) /[c- ’g cos 8)>  (3.30)
From (3.30) one extracts the form factors

- [ ) - ) -8 ) 0pe[E - ne(5; )
and noting @, + G, = (v = 1)Re(§ul¥;) fixes the vﬁlue of the
cross-term,

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

N

Here S SL = = CcO8 O,
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R g Mg = -mm‘qz{%’su - ne(G KE‘) - ¢o8 O[t(zne(au'@l'; ) - 3‘2‘)
- Re(§,Gy)|/20 =1)

and polarisation P

-(m N){T?L- Re((i!(_}E ) - cos @ ['C(ZRO(M E!) - Re(G )J
:nv[aﬁ(z: -1) + cot® %'(3% -tﬁ;‘:)/%]

or P%% = - ggz'(méﬂ)(“ | P DN v - % °°s. oo)-a{ . 2

. (3:3)

Two measurements of P at different © but fixed q2 determines

the form factors G, = aﬁ - Re(an‘.?.?‘),

= c[Re(BT,) - T2 ) = Re(FFy )y o'u Oy + Gy = 2Av-1)Re(GTg ).
The nucleon polarisation direction has again to be varied as @
changes, Note both (3,31) end (3.29) are suppressed because of
the (m6/l£) factor,

All correlations involving 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.

Mg - ns( with s¥ — - SN) doubles the polarisation effect.

2. Polarised nucleon target, polarised antilepton produced.

Analogously to the colliding beams case, eq., (3.16), the
matrix element is given by substituting (SL.G,‘,) —-7(81'.&1) in
eq. (3.25), where 8;, now refers to the antilepton,



g = om(s” s Re(B7 )6ue®) + 2m (SN .q)(8p o0y u B2

- e(G5; ) (= =1) = b (s"sq) (88 T[T - Re(GT; )] /> =1

(3432)
(1) Nucleon polarised along directg.on of P, longitudinally
E!
polarised antilepton, i.e, &, = .;ﬁ aﬁ 2);
ME' E! '

i K s —mf» By ey = Ei‘(l-cos e), s'.8, = ‘T.f“'(“o)
and gives i, =ql'E [(r-l) mcoa@ G] IP |y

P = M/w = <P for lepton case (1)(1)., /o A«’ﬁ; seckzon /O‘twwwﬁ«"sf» f=

T (&)de/m S?St.
(ii) Nucleon polarised as for (i), transversely polarised anti=-
lepton, 1.e. 8; = (0, ¢, ), Spety = 0, 8/ .6y = =E sin o,
g".5; = -sin(e - 8_) and Mg = 24m,q° sin(e - @) t & .
Measurement of P = M /w then determines Gy.

(111) Nucleon polarised transverse to P, longitudinally
N
polarised antilepton. §'.q =0, 9.8 = B} sin(e = ®o)/m, = E,sine /i

fe Mg = -2ungq2 sin ® Re(E G') and Polarisation P
-1 Sin 8  Re(

[ + cot2 %(-gﬁz—?;;;}

(iv) Nucleon polarised as in (iii), transversely polarised anti-

——&)

= = (T = [Fleos 8,) = = (3.26) (3.33)

lepton SN,SL = = cos (& = 90)

ot Mg = 2qu cos(e-0 )Re(ﬁ"l ) and
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aga -tg

mé - - -2
P = %-, (7 )eos=(e - G_O)RQ(G“GE Y/ [Gd+ cot? % ( 2c(rel) )] (3434)

Although (3,34) directly measures the cross-term, it is reduced by
the factor (m,/M) compared with (3.33),

(v) Both nucleon and antilepton polarised transverse to the

scattering plane, i,e. SN.SL = =]

oo Mg = 2mMqRe(5T,") ana P = (3.3)/cos(e - 6,).

(vi) Nucleon polarised along momentum direction of produced

lepton, antilepton transversely polarised, i.e. . (o, ;:'),
S N N

8 = (o, &24.) giving 87,8, = -s8ine, Sq= P sin LI

o*e (3.32) ylelads

g =B sine [QZRQ(EHEE*) + |F| E,c08 8 (TG& - Re('c'}'uﬁ'; )) /o .1}

and

P = (m, /u)(m{a"("u.z) + [P cose,, [ = -1EL oose\l(tql-RQ(W/r-l}
Gll + cot" % (52 EI)/QL.(~_ 1)

{3.35)

The messurement of P at different Go but fixed q2 enables one
- - N -

to extract the form factors O, = Re(§G; ), G, =cG2 - Re(§T.).

Similar comment applies here as for (iv),

(vii) Nucleon polarised transverse to lepton Airection, anti=-
lepton longitudinally polarised, i,e. SN = (0, ;') and
Sn.q = sntz = F sin oog SNQSL = EL sin O/ln&.

(3.32) gives



b3
Mg = WIF| o®sin 8, [¢(T - me(§5;)) + Re(,T; )

- (B M)(E2 - re(BF, )|/ -1

and P = l( z:g_)y’gm 6 { ok 6717,—&_/?2/5755')% Ry (EWEE?:T[C-—Z% cmlb-oo)]—)): b= Re By ;}_“)R
Lt e (3,36)

",Pﬁ = 0.2(81(2)'1 sin O{ }/ J:’t- ’g g08 lea

From (3,36) one determines the form factors

6y = ¢[& - 2T+ re(GT) 4 0, = (B2 - Re(G,Ty )
whence we have G, = G, = (t’-l)Re(_'('}'“E;)_. However as (& = ©,)

varies so the nucleon polarisation direction must be changed,

l( viii) Nucleon polarised as in (vii), entilepton transversely

polarised, Now SN.SL = = co8 & and

Mg = - 63{1‘:5& - Re(anax‘) - cos © [t( ZRQ(EMEB') - 5;)- Re(am(-}'g )}}

+'s polarisation P = eq, (3,31) and comments thereafter apply

here too,

(ix) Nucleon polarised transverse to antilepton momentum direction,
antilepton longitudinally polarised, i.e, " = (0, ¢
g'a= = |F| sin(e -0 ), s',8, =0,

oo Mg = B e100e? [ T - Re(§F, ) - (M) - re(BF, )]/ v -2

2.1.)

and polarisation P

o - ol B e A B o B [t
P [& () +wt 2 (G -rmY) )

or P%g_ - .“‘(au(‘ﬁ'; ).lfrsin 9[ 1 /[Z‘ -’g cos G‘X

(3.37)
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From (3.37) one determines the form factors Gl = tﬁs - RQ(EHE'; )
G, = 2’[33 - Re('éua; )} *s Gy =G, =(z -l)Re(B'nE;) fixes

the value of the cross-term,

(x) Nucleon polarised as in (ix), antilepton transversely
polarised, SN.SL = =1,

oo Mg = 2m i [*Re(BF, ) + B, |F|stn(e - 0,) (@ - ne(BF, )]/~ .1J
and

P = ’f_<.> J(Rt ( Ev é’) + }F)Rn (6‘00)[5"7(1." %Covoo))‘) f’t‘ @,L-— /{(_(6:7 iE"JY‘c'l_}
M "\'E;f % M;g ( C%I-t Z%L)/Q?(H)]

(3.38)

From here may be extracted the form factors Gy = Re(a“a;) and
G, = ﬁ - ne(a,ax ) but note (3.38) is reduced compared to
(3.37) because of the (m‘/ll) factor, For both cases (ix) and
(x), the target polarisation has to be changed in direction as
&, and (e - 90) varies,

For all correlations considered here, reversing the target
polarisation and measuring the change in antilepton polarisation

again doubles the effect,

This may be evaluated by effecting the eppropriate substitutions
in (2,22) and (2.43); however it is quicker to note time-reversal
invariance immediately equates the matrix element squared for this
case to the colliding beams case, eq, (3.11).
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2
o = wvemy(sTs =iaRe(BE) + am(sTaa)(spue,) A

g E-ta'ﬁ + (2r-1)Re(§3£ );\ o P hmé(sr.q)(sl‘.tl) .

M T/o D) [B - re(BF )| = @k -1, (3.40)

N

where 8 denotes the spine-projection operator for the antinucleon

(s’.p2 = 0) and w and 1, as defined below (3.23).

(i) Antinucleon longitudinally polarised as is the lepton,
i.e, si = ()?[ «Ep ;)/I where Ep 1is the antinucleon incoming

2 2

laboratory energy, i.e. Eg =P° 4N,

Thus we have Si-.q = Bi.Pl = P, SE.SL = 605) - Ey cos Oo]/)m‘
and (3.40) yields Mg = q2 E, L-]i’l 53 + 2~ cose 5&] and

P =P for case (1)(i). mmwmwfzﬁﬁgﬂﬁ/wmﬁ

5 3=1

Wtg MY guen by (390).
(ii) Antinucleon polarised as in (i) but lepton transversely

i
polarised, i.,e, S .8y = Ey sin Oo/ll

.”s Mg = = &qz sine Gﬁ and P'= P for case (1)(ii).

Wihen the antinucleon is polarised transverse to its momentum F,

BF = (0, 1) = 8" for case (i), thus P’ for such configurations

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

Antinucleon transversely polarised, lepton longitudinally polarised
P'= eq, (3.26)

" " " " "  transversely polarised

/
P = eq. (3027)
Antinucleon and lepton both polarised normal to the scattering

plane, P’ = eq, (3.27)/00990
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L4, Polarised Antinucleon, Polarised Antilepton Produced,

2

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

for this case is given by substituting (SL.GZ)-—h(SL.&l)

polarisation P 1is equal to that for the corresponding configura-
tion in case (2), i.e, for antinucleon transversely polarised,

antilepton longitudinally polarised P = ea. (3.33) ete.

5. Dolarised Nucleon Target and Polarised Antinucleon Beam
Making the asppropriate substitutuons in (2.,4) and (2.6) and
contracting together yields
M2 = atent (s ag)eet (7.8, )(8% 0 )0ar (sWu (7 uey)
+ a'(sﬁ.cl)(s".cl)u'(sﬁ.cl)(s“.oz)

analogously to (2.,7) where the coefficients a', b',... £' are

given by
W = a'/h=(d%2) [ + cot® § (32 -caf)/zc(r 1))
B/l = 2 [=2(t69)(t08,) + ua(clcz)]{ - A™2,28% tlt,‘,-uz)mnm(ﬁ')}
o'/l = 2 [ K2 by byPaty 0ymt,0, )28 X =218, £16,)4( 28, )4°)

+ 2URe( KB V)(=ty09+ 818 5+812,) |
&/l = b [ BH28181(8,6,) + HZege,) + M Re(EBY)(£4¢,) |
e'/h =2 [-‘f" (=tyepy + ty6q = tyt, = M%) + 2 Re(AB")(ty¢, = ‘1"2)]
£/h = 2 [-A(=tyly + tylg + tiby 4 4%) +24 Re(TB )(ty¢; = t1¢,)]
Notation is as above (3,18), A = a'“ and B = (Eu - En)/zu(l-t-).

The above cxpression for N\2 simplifies to
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WYs = 0+ @ ° [(-sﬁ.tl)(s‘.cl) v P aeg(aey) - sﬁ.ﬁ(sn.cz)]
+ [33 - Re(auEE“ )](qz/l-r) {sﬂ.tl(sn.cl) + sﬁ.tl(s".cz)}

- SE.GI(SN'61) - SNo'cl(snogz)}

+ 2 L-z( ty4,)( tlcz)m?(elca)]{-si .s“(b'g -wf)/( 1=t)

- Z'I?a(si.tl)SNJl) - ﬁz(si.tl)(sn.cz)ﬁ = w4+ Mg

(3.41)
Wwe now apply (3.41) to some specific configurations,

(1) Target nucleon polarised along direction of incoming anti=-
nucleon, the latter being transvelsely polarised,

i,e. SN = (0, ;)- 3ﬁ = (0, ;)

. N N -
e 8 46y =B, co8 8, 5 ., =L} cos(® -0 ),= -1P|+ E, cos ©,

Siotl = Si'.f."N = 0, Sg.él = .'Eé sin 0° and (3.41) gives
Mg = (si.4l)mzﬁ'§) - 2Mv cos oo] Re(aua; )
and polarisation P = [/Iaz- /r}; 4-5&)]/)721* ms‘;%ﬁ g Hs/k) =
- -2 o E
- gin 90[ - g cos 001 {(-22.-‘- - Teos 6‘,’)1!0(5;6'B )}/
[Eg + cot? % (6% -tﬁu /2t (vt -1)]

_ 1
za” sin 0. % (l )F)) : (3.12)
(t= |F) cose/om|®

or P'g:‘?l =

One measurement of P therefore immediately determines the term
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(i1) Target nucleon polarised normal to antinucleon mome ntum,

the latter bemg longitudinally polarised, i.e, g = (0, ;),

s = ( -E- x). Thus si.‘t1 A ‘Si.(l = B,( Pe Epcosé )/
8"ty = 'BN°‘2 = -E& sin 6, and 8%.s" = 0, whence (3.41)

yields
g = (8" ¢y )luE, [|F|- 2ccos 0 ) Re (BF; ) ana P = eq. (3.42).

Again this di;'ectly measures the cross-term,

(111) Target nucleon polarised as in (ii), antinucleon transversely

polarised, i,e. SN.SN = =]

2.2

a° cot? % [Tau + thl/'t' -1 end P = M/w.
(iv) Both nucleon and antinucleon polarised transverse to scatter—

g = W°q° cot® § (32 ‘L'Gn)/t' [r<1) ana P = M /w,
For both (111) and (iv) the GM term dominates at high q :

... ls =M
ing plane., Then M

(v) Nucleon polariaed along lepton momentum direction, antinucleon
i

A
transversely polarised, i.e, S° = (0, x*), 8 = (o0, ;)

% e SN.GI = -E&, sn.cz = - ‘5 cos Go + ZEc, sN.sﬁ = = gin 90
and (3.41) gives

g = ng‘(-mcsmo){tzﬁs -rﬁs +T8§ - Eg + Lﬁ-‘-(l-?)cos OoRe(Eu )
- (1= 1)cos? 5{26: ‘“‘230(%5;) + ngj

% -2 g T
==l{t~)p ) g =T g
f i[t )5.{&»00 w&a{§ b +C

.
3

G + D)8, Re 5 52) = fo)s'0, [ b 22w (6)
by +att (G-67)
;)r:{?:'«/)
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or P%%_ = =osin e, v (8 }?])'1 [T-% cos OO)-‘*{ } (3.43)

Three measurements of P at varying oo but fixed q2

required to extract the form factors: ¢ = 2 3: -(Ei-g)t- 5§ .
G, = Re(EH‘é'E“ H Gy = c[‘dﬁ' - md:'du'dE*)]+ Eg. There is the

is here

disadvantage however that the nucleon polarisation direction has

to be changed as Oo varies,

(vi) Nucleon polarised transverse to lepton momentum, antinucleon

transversely polarised, i,e, SN = (0, ;‘) and SN.GI = 0,

SN.LZ = SN.Q- IF! sin Oo, SN.SN = = CcO8 Oo. Then we have

My = u2q2 PRE. % [.. L;EL Re (EHEE') + cos Oo{t(-ﬁ'ﬁ +2R0(5I5; )) - 3;}}

AR T % {" % Re%)-l- cose T(-ﬁ+2ne(8!§i)) - 62}
[2763 + cot® YT -2/ .1J
r 2= °2(3:‘§J)'1%*§ 43 (3.47)
ﬂ- = oosoo]?
Two measurements of P at differcnt ©_ but fixed q- determines
the form factors: 0, = Re(G3, ) and G, = t[—'é& + zge(ala'nf‘ )] - '632

0

(vii) Nucleon polarised along antilepton momentum direction,
antinucleon transversely polarised, i.e. 8 = (o, 22). thus
3“.61 = =, cos @ 3‘11’? cos (& - e-o) + E’Z , SV tp = -Ez 5
SRSN = gin(® - 00) whene.( 3.,41) yields
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Fog 12

Pt cl‘ PG, (3:27) yza £ laén, /4)4\-{.;«,60»1. Carve &vwo/':;q.;/,_.

b fb wilh bz G AR —e—————e eume

Y- L. ryull /r,r n _Sccv(ufy ﬂ(; 5;:,: (;M//“ [;’w )

§9f, 1

% |

/\Fh’ ﬁg/,\/ = 3

Fw EO/n:g

= | \
Jot
4y
30%]
2},

% ]

G Fo h* 5’ 0 e 2 3. L
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or pﬁ% - 0,2(3]1'5\)'11‘%1’-1 - :EL cosools:ln Oo{ } /
[t- -‘-’ﬁ cos 001“ (3.45)

As in case (v) three determinations of P at fixed q2 are

necessary here to extract the form factors;
0 = ¢ T + (@ - T - Ty 0y = Re@T,),
a5 = Re(@F; ) - T’

Note in configuration (5) with both nuecleon and antinucleon
polarised, the possibility of the form factors being complex does
not introduce any additional azimmthal distribution to (3.41),

in contrast to when one of the nucleons is polarised (see (3.24)
and (3.40)).

& ve
This may be directly tested by comparing the reactions

N + ¥ p(muon) + I (antimuon) and N + N —e (electron) + ©
(positron). Analogously to the discussion at the end of the sec-
tion on colliding beams, muon structure introduces an additional
multiplicative factor [ﬁl(q2 )|? 1n a11 the sbove formlae, 1.e.
(3.18) to (3.45), and therefore the ratio P (for NN — up)/
P (for NN —see) = Z'ﬁl(qz)jz measures any deviation from
universality. (As before, the muon mass is here neglected.)

Pigs. 12 and 13 depict eqgs. (3.26) and (3.42) for plausible
values of the form-factors and indicate the appreciable values
of polarisation possible.

With the advent of high energy colliding beams, such re-
actions appear certainly more favourable experimentally than

nucleon-antinucleon annihilation, The latter has an enormous
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background of strong interaction particles which makes detection
of the electromagnetic process N + N —7¢ + { a formidable
achievement. Nevertheless by extensive counter controls, it

has proved possible to distinguish the N + ¥ —¢ + [ reaction
amidst the background effects and, though no such event has yet
been detected, the feasibility of measurement with this process
1s certainly o posabit: (20),
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Ae elas tte

In Chapter 2 we discussed polarisation phenomena in elastic
lepton-nucleon scattering. We now extend the analysis to in-
elastic scattering, i.e. the reaction ¢ + N —¢ + "Anything",
where "anything" denotes all possible hadronic states. Experi-
mentally only the final lepton is detected, all final hadroniec

states being summed over.

5
P’ Pig. luﬁ
The reaction is assumed to proceed through one photon exchange,
as shown in Pig. 1lh. k, and k, denote the lepton's initial
and final lj-momentum, Pl the target nucleon l~-momentum and
Py the sum of final hadron l-momenta.

As for elastic scattering, the lepton-photon vertex is
deseribed by (k, |J ul k) = Wk, ) Ya u(k, ), therergre summing
over both spins,

L = (g |3, 2)° = 2 ko, Xpy + Koy Ky, = (Kykp)dy ) 4 ‘35.&]
(4.1)

m, denotes the lepton mass.
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The hadron vertex 7 (Py|J )P1§2 is g priori unknown;
however it can only depend on the variables Pl' PN and q
(four-momentum transfer) as a second rank tensor, and Lorentz

and gauge invariance restrict its form to be(37)

By ® 2 21;52:)%“(?1“‘ - Py) (Byl9, )P1>

final
states

- -t [5 - S, RO (%) * ,.q)g,M (@ -q)q;

(4.2) ‘

Contracting gives differential cross-section!
Rs.028 B7) ;
2 ha“(EY) E

—9'.5._ - 0032 g | W2 + 2W1 tan2 QJ (ho3)
dlldE; q I
where E, and E; denote the lﬂpton'a initial and final energy,
dn' = 2xd (cos @), q = uE E' min 'g € 1is the angle through
which the lepton is scattered (111 these referring to the lab.
frame, i.e. nucleon at rest) and v = pl.q/i =q, =5, - E;
(M is nucleon mass). wl(q2 v) and Wz(qa 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 rbrn-raotora(Ba). From the form of (4.3) it is clear in
principle that one measures the angular distribution of

d26/dQ'dE; at fixed g2

and v, whence Y and Wy are
determined analogously as in the Rosenbluth plot (eq. (1.1)).
In practice, as yet the data has heen very largely confined to
small & which implies that one is measuring Wpe Lven this

depends on the value of a certain ratio R = 68/'6T » Where
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GS(q?.v) and 6T(q2,v) are the total cross-sections for the
absorption of longitudinal and transverse virtual photons on
macleons 38), and to determine R requires large angle data.
Unquestionably such data will be forthecoming in the near future,
thus permitting complete separation of the Wi and Vi form
factors. However polarisation mcasurements permit such a

separation even at small angles as we now discuss.

|.Both leptons polarised

The hedron vertex is again given by eq. (4.2). For the

lepton vertex we have

e
.Tr(x2+nt)(——-2-g°—7227u (114.“)-(_-2—.&‘!5_)

where SL and So are the spin projection operators for the
initial and final leptons respectively (8;.k, = 5k, = 0).
Evaluating gives Lul =

(81,484 ) 3,y epmn g axaakyy) *+[SonSry*ouCra) (- M) (5o )
* [BryRon*Spakay| + SpeKa [Boaky,*Seukaa] = (Sovky ) (51 kp)8h
i ‘2ukn - k27&1:1;‘1. 4 (k1k2)°u.1 * "?. ap.l

and contracting yields

n? =y (2iymta) + (10 )[“’(Plkﬁplkz) " “1"2“5)"2)
+ wlznf(sL.so) + (w,‘,/uz) [st.so {-2(P1k1)(1>1k2) o %2-}
+ ,g,f 2sﬂp1(sL.P1(sL.p1) + 2(S°.k1)(SL.P1)Plk2 + 2(8 %P, ) »

(SL.ka)Plk1 -(So.kl)(SL.kf)lfJ s R+ M (spin-dependent

L T\ »

term)

(b.l4)
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(1) Both leptons longitudinally polarised, i.e.

%l E, A B B A
S, = (—L ;-fkl), 8, = (-;E-,;sz) vhere ¥, anda P}

denote the lepton's initial and final 3-momentum. Then

808, ® J:FL] Bt| - E,E} coaé]/n";,SL..Pl = u|F;|/n,, S,.P, = K[} |/m,,
Sk]_-[l? L AEH oosOJ/l and

Spekg = E:; By - B} =, cos oj/-t..

o'e (beb) yields Mg = 2w1L‘§d\$L - E,B} cos o + Wz[ N Pil

2
+ E‘Et cos € + lt cos 0]

Ignoring lepton mass terms, this gives polarisation = [ i I 5)] /m (r
q.

"P-ISA = 1! (W % /WW'Z‘J WW)

(11) Initial lepton longitudinally polarised, recoil lepton
transversely polarised, i.es S, P, = 0, S .k, = }?11 gin &,

L
. 2
(o) gives My = m,E, sine kwl - -Vgg (E;/Et){(l + g—f!) cos & + %]
‘ -

where wehhnve used the approximation ]?IJ = E, - (-2‘/21:‘) and

similarly for ?1!‘
2

oty Pau -tam{awl - ;W} (E;/EL) L(]L + -Ef-g) coe & + 2’]}

AE/[ Wy s’ TN o' E]
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2
(_Q._G_,) =— a.2(q2)°1(m¢]' E,)eot g{ } (445)

or P '
ﬂ“mt unpol.

Thus two measurements of P at different values of (E;/E l)'{
[+ (£2/212) Jeos @ + 2} but fixed q> and v determines the
W, and iy form factors. Note d26/d.ﬂ_'dlf:; in (4.5) refers to
the unpolarised differential cross-section, eq. (4e3).

(i11) Initial lepton transversely polarised, recoil lepton
longitudinally polarised. Now 5 .P; = 0, S8;.k, = = P' sin &

- kY
and 8pe8, = = E} sin O/nt.

2
W, E E!
o Mg = n‘Ez sin & (=-2W, + 12- (-;-'-) {2 + (1 +;;£—) cos Oﬂ
¢ L
using the same approximation as in (ii), so
, E
W, .
m sin® {-2w +1g- (Ec/nﬁ[_a + (1 + !L' ) cos 0:&

21!: [wz coaag+2w1 sin g}

P =

or P(—Q-Q-) s af (;-‘) cot? g(hxi sin® §)’1{ } (4.6)
L

an'de

Analogously as in (ii), two men.surenenta of P at different
values of (E‘/E ) [2 + (1 +%-i cos 0] but fixed q2 and v
permits extraction of Wl and ligs Because of the m, factor
in (4.5) end (4.6), in practice these will only apply to muons.
However this factor is partly counterbalanced by the cot g term
for small €, Thus for @ = 6° and 10° (as sppropriate to
experiments (38)) cot g = 19, and 1ll.4 respectively, for

0=75° cot § =23, andsofor E, =10 (GeV/ec), (nt/El)cotg

=% (§) for ©=6° (10°). Henee (h.5) and (,.6) are appropriate
to small angles only. Because of the extra E:z factor in (4.6),
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vhich increases rapidly with E,, (4.5) is the more favourable
configuration.

(iv) Both leptons transversely polarised, i.e.
8 ePy = S Py= 0, Sy kp =~ [B'lein @, S,k = | sin @ and
SL.SO = = co8 8.
(4ols) yields
Mg = wl(-h cose) + w2[ (B} cose + [P }'Fﬂ

o " " + Wy Eh' (1+cos@) = wl(-Zntooa e)

2
2
The Wy term completely dominates the first term especially

for small @ (true for muons as well as electrons), so to an

error of less than 1°/0,
cos? § 1,

polarisation P =
w2c052 -g + 2w1min2 g

ha? (E'
or P(A—L— P (u.7)
'd.E; s:l.n
So one measurement of P immediately gives T and again small

angles are favoured.

(v) Both leptons polarised transversely to the plane formed by

the vectors ]'5[ r'} y 1l.e. = -1 all other terms = 0

L'SO
so we have My = -2n2w1 - W, [E E} + |F) [P cos 8]. 4s in (1v)n
terms are negligible, thus /,2-E zE; (1 + cos &)V and polarisation

Pe-P for (4.7) Similar comments apply here as there.

. Target nucle ged, initi epton arised
The target nucleon being polarised introduces another

variable S A? its spin projection operator. As usual S A'Pl = 0
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and si = «1, This means Huk as defined in (4.2) but not
summed over the nucleon spin now depends on the variables qQ, P,

and SA # Lorentz invariance, parity conservation and gauge

invariance dictate general form to be
2 2 o T g VA
Ba = 1(e V) (45 - (g0 )/ )| + 5(a*v)py, P, +

L 2
+ ”:(Qno\’) gl

MAST SAS Qg
L R ,
4 [PD. “ustw = Plu. clatm] P1s Sat %
'5(q 9\’)

i [11 ustw * P]'.u. 'lstu) Pis Bat % (4.8)

P,.q
' L
where P§ = P --L‘;!-)q'_L .
2

The form factors w3' Wh and w5 are each functions of ¢
and v = (Pl.q)/ll only, W, and W, are as defined in (4.2).
Summing over the final lepton spin,

La = 5 (b [g,1%)° = ea (2.22), and contracting with
2 L
+ = EH%-HA = R + 2(m‘/l)SA.asL (—qg(ws+wu) + Wuvzj
- 2(n‘/lK2)SA.q(SL.P1)v W, + 2(nl/u)8A.q(sL.q)[W5+\!:
- 2, [(E¢+E;)/1ﬂ (BpEsE,)) = R+ X (4.9)

where X denotes the three-momentum vector of k ete. and R

as in (4.4).
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We see that the Wg form factor introduces an azimuthal
distribution solely due to the nucleon polarisation, and which
violates time-reversal invariance. Thus detection of a
(5 A'il x Ez) correlation (maximum when the target is polarised
normal to the E]."Ez plane) is @ direct test of time-reversal
invariance in electromagnetic interactions, a test not possible
in elastic scattering(”).

we now apply (4.4) to specific configurations.

(1) Target nucleon polarised along direction of lepton bean,
initial lepton longitudinally polarised.

- - ) . .
i.es 8,00 = 8,.k - 8,.ky = -E, + Ej cos & ; 8p0Pp = (l!i‘)/n‘.
‘ 2
- ' - o=
Q== 5p.k) = ElEt(l cos O)/n‘ = q /2;2. 8,48 = Et/nt

whence (4.9) gives

My = (qa/u) [-vwh + (2 + E' cos a)('::3 + Wh)J » therefore the

polarisation P = [/"7 % 77;;1_7_3&] /mlf m,km_sb) = )R =
- ainzg {-ku + (Et + E; cos @) [WL-o- Wu]}(uo)

2 8 2 8
M [WZ cos” 3 + 2, sin -2-]

or P("$2—6—-) = --27‘—{-—l—— (u:].O)

L]
dll'dEl 211]3% aina g

Thus two measurements of P at different values of (E, + E; cosd)

2

but fixed g and v permits one to extract the form factors

(i1) Nucleon polarised as in (i), lepton transversely polarised,
1
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et My = 2(3‘/11) E; sin 0(-E¢ + E} cos e)(wB + wh) and
it (m /i )sin 0((-12 bi cos ®) (N: + W!I)} L
‘ [W24m32 g + 2w1 |!1n2 g)

2 ]
P(ﬁ:ﬁx—;) = ;5-3“ g (1 + cot? g) -.ﬁielv*w&;tL)(WB - wh) (4.11)

This immediately determines (w3 + wlt); the factor (n‘/ll) is
offset by the cot § terms for small o .

(111) Target nucleon polarised transversely to ineoming lepton
momentum, lepton longitudinally polarised. Here SL.S s 0
and 8,00 = -SA.k.‘, = EZ sin @, giving

lls = E; sin @ ;2Etvwh + (12(w3 + Wu)l/‘ll

. p o 8408 {qz(wﬂ) hore wil&}

2“ W2c032 S + 2w131n2 )

or

?—cat 3(1 + cot? 2 -LL (4.12)

dIJ_'dE'

Two measurements of P at different Et

form factors Gl = w3 e Wh and 02 = wll»'

suffice to give the

(iv) Both target nucleon and lepton transversely polarised,

i.e. L 1 = 0, SLokz = -Et sin &, SA.SL = -1 ,

Hence My = -2(m‘/ll) [-qa(w3+wu) + v wl& + (E; sin 0)2(W3 ks Wh))
-(n‘r/\l) {-qa(wl+wu)+v2wh + (Eisin 0)2(w}+wh)l

EeEc Wo cosa g + 2w1 nin2 g

o.o P =
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2 m
R { ;
( —é-—wuz> o® () -,J-,-gE‘ iy —-}—q (4+13)

Determination of P at two values of E; sin @ for fixed q2

and v enables one to extract the form factors
G = -qz(w3 + wh) + vzwh. Gy = Uiy + Wy Similarly to (ii), the
(mcll) factor is offset by P sin? g)’l term for small @ .

(v) Both nucleon and lepton polarised normal to the 21 - Ez
plane, 1i.e. SA'SL = 1, all else zero. = Therefore

My = -2(nl/il) [-—qz(w3 + Wu)+ Whvaj and

P = eq. (4.13) without the (E} sin &),
(vi ) Nueleon polarised along direction of recoil lepton
momentum, initial lepton longitudinally polarised, i.e.

Rd Al ' -
SA.q = SAokl SA'k2 = Et cos & + El M SA.SL = Et cos O/It

giving M, = Séﬁowh & (w3+wu)(E‘, cos @ + E;)]
o8 alad 2 {-wwu + (Bjcos @ + E))[Wy + W,J}

. chcm2 g B 2w1s1n2 g

+"+ Polarisation P =

of p(a%6/an'as}) = =a®{ |/2uE? s1n® § (4o14)

Two measurements of P for varying (E, cos @ + E;) determines
the form factors W, and (w5 + '”h)‘

(vii) Nucleon polarised as in (vi) but initial lepton trans—
versely polarised., Here SL.Pl = 0, SLoq = 'SL'k2 = E; sin &,

8,+8; = -8in @ whenece (4.9) yields

A

Mg = 2(nt/\l)sin - [qz(w3+wu) - vawu + E;(E; - E,cos 0)(w5+wkﬂ
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d (mE/n) Fos {+q2(w}fvlL)- yzw,i + E;(i' - E‘coao)(wfwh)i

‘.. P
‘c‘l (W20082 % + 2wlain2 %)
2 p M cot % {
or P ﬁf—g;z = =20 (f) —-;3-— -—;}- (L4.15)

This permits the extraction of the form factors

e - - \ e
6, = a%(wyem,) vawh 3 Oy =W+ W, Foramall ®, the cot 3
term compensates for the (mé/M) facbor,

(viii) Nucleon polarised transverse to recoil lepton momen tum,

initial lepton longitudinally polarised, i.,e, S,.q = SA'kl = Ecsin e,

A
8y8; = E, sin &/m, so that My = -(E/ﬁ)sin - [qe(w3+wu)+ 232”&)
2
Hence P = =2iR 8 {q (wj Y 8 B W"B
L)) 2%, 2ue10® §)

2 2
or peife. o =, cotg— ._{.!}. (4.16)

\ ]
an dﬂc IE‘ q

(Wzoos

which measures the same form factors as (vi).

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

Now SA'SL = = CO8 ©

so Mg = (m,/M) [-qz(wfwh) + cos 0<q2(w3+wu) - 2W), v ZU

el 1oa (mé/l'!) {_q2(§_} Wu) + co@(qz(ﬁiwh) - mugz]}
o

(4.17)
chon2 % + 2741 tz:l.n2 e



ﬁLz is now given also by (4.9) where 8
lepton

1 refers to the final
(1) Target nucleon polarised along lepton beam momentum, final lepton
longitudinally polarised, i.e. 5;.P) = m;/nl. Sp0Q = Sp.ky

= E,8}(1 - cos®)/m, = ~q /2!,. 8,48, = =E} c0s@/m,s Then (L4.9) gives
Mg = (q 2 /) L.yxu + (El+E2 conO)(WS'twh)] o P =eqe (1410)s

(11) Target polarised as in (i), lepton transversely polarised, i.e.

SL.P]. = 0, SL.kl = E"m e, 8 = sin Q.

AL

*e Mg = 2(m,/M) sin @ [-qz(w +wu)-wzwh+1~: (-E,+E} cow)(W_w,*Wu)J

{-q (w +) )47 W +E, (=E +E} cosd) (Wy+W)
. L !.g_.k_.l_!rg_ul
vl e E"ﬁ [Wz cos” ¥ + 2, sin l

or 2 --20.2(1{)22;_2 'LT'L (4.18)

d.QdE'

2 2
From here one obtains the form factora 01 = =qQ (w3+wu)+v Wu. GZ' WB"'wh'

(11i) Target nucleon polarised transversely to incoming lepton

momentum, final lepton longitudinally polarised, i.e, S A*e = -8 A.k2
' - Rt

= El sin &, SA'SL = El sin 9/I¢ "

so Mg = -E} sin Of-qa(wymu) + 2E‘!vwlkl/l s o'« P = eqg. (4.12).

(iv) Nucleon and final lepton transversely polarised, i.e.

SA.SL = -1. SL.kl L Et Bin 00

Here Mg = -2(:,/!) [-qa(ws-bwu) s vi’wu + E,E} snzo(w3 + wh)J

4 -(m /“ 2 :'.._ 2 2 p
w2 i JEL;)' (=a(n + ) + vy, - o® oos® §luy + W),
Lt [Miees'® + AW, s8]

or P-'f-s- = of (‘4)——1“1- 'j-i" (4.19)

drdE}
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This determines the same form factors as in (ii).

(v) Both nucleon and lepton polarised mormal to the k, - k,
plane. Exactly as (v) with initia) lepton polarised.

(vi) Target nucleon polarised along direction of final lepton,

latter being longitudinally polarised, i.e. S a5y = -E;/n . 8°
2 L]

(4.9) yields Mg = q [ku + (WB"WHL)(Et”' 8 + EQ}/H.

0.0 Polarisation P = eq. (u.m:’.

(vii) Nucleon polarised as in (vi), final lepton transversely

polarised. Here SA.SL = 0, SLopl = 0.

fo Mg = 2(1‘/l)(E; - E, cos o)zzt sin & (w3 + wu)

so P = .(_..L/..u_?. sin © {(E;-EQQ“ G)QI} + wh)k

E} (Wzo:ml;2 g + 2w131n2 g
2 2 m £ E
a“6 3 -2 - .2
or P g —i'g- (-ﬂ‘)oot Fus (4.20)

L L

One measurement of P fixes the value of (WB + Wh).

(viii) ©Nucleon polarised transverse to final lepton momentum,

lepton longitudinally polarised, i.e. SA L= 0, SA.q = SA.kl =
2

E, sin & ylelding Ny = -(E,/M)sine [q (Wy+i,) + 2} ku].

o' P> eqge. “\016)0

(1x) Nueleon polarised as in (viii), final lepton transversely

polarised. Now S,.B; = 1. Therefore Mg = 2(m /M) [qa(wj-rwu)-wuvz
+ E"t’ sin® & (w3+wu)]
s ) {@®(wgay) = wv® + Ez s1a°0 (it +1, )

2E¢E' Wipeos” ¥ + 2w1 sin -




or P-ﬁ— = a.z(l-;f-) A i%— (4.21)

This determines the same form factors as (4.15).

B:)orken(ul) has given a sum rule involving fhe initial lepton
and nucleon spins parallel (sand antiparallel) and along the direction
of the incoming lepton, i.e, case (i), ZEven when polarisation
measurements are done, this may be difficult to measure; however
we see that once the functions W, and W, are known, (4.10)
describes this configuration, and thus polarisafion measurements
with any of the other configuraticns treated enables one to deter=-
mine Bjorken's case, S0 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 1nvariance( 39) clearly

indicates data will not be long in forthcoming,

B, Ine t ]

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,

41(62) is the lepton (antilepton)

€
N 3% four momentum,
} -'-"*%iwwl v t 1is the emerging nucleon four=
<1, f} € momentum,
Ahymj
qQ = four-momentum transfer =
Fig. 15

&1 +* &20
, 2
Summing over lepton spins, 1L, = {0} gy 1 €965 = +5(2.9)

Analogously to (L4.2) for the hadron vertex we have
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= 2Z(2x) oM amty=t,) (ytg)3, )07 =-Wy(a%, )5, i‘ﬂ
W
 Flfn, - D98 ool
q i

giving in the colliding beam frame a cross-section,

2 2 9 1 2
46 = B.’EE !-2(1-35) (;znl(qa,v) +§-(1-§!) .

dEld( cose) q Vq

2( a®,v)sin® o ](“2)

(4.23)

The form factors Wl and Wz are functions of q2 “and

vV = tl.q/n, and are related to the inelastic scattering ones by
crossing which gives H “1( UYty) = .Hul( g, = Py)

i,e, wl(qz,\’) = -wl(q‘/ -V)3 v ‘g(q s ¥ ) = "Vwa(q y =) El
is the energy of the detected nucleon and © 1is the angle which
the proton momentum P makes with the axis defined by colliding
leptom beams (see Fig, 16).

l.Both leptons polarised

Q. (4.17) refers to unpolarised particles, when both leptons are
polarised, the appropriate substitutions Py -tl, kl—w <
kz—v- 62 in (L4.4) yields

m?a -Wl(qz,v)(_-%l&z - hmi) +

1’

= N‘Nﬁl

(%0) [~2(8389)(ty52)+(4trn)]
4 Vi(qz. )21!13 (SL.SO) [(SO'&I)(SL'GQ)H 773,!:,){ t_A

"'gl [IO b,)lgl_- (2) t; t, ‘){So‘ C')(SLCI)b, e& 1 fL- SO {2 t; [, (t,[.}) "’71‘7\'1—}] ?}_[’L’ V)
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& Q+M; (spin-dependent term) (4.24)

SL(So) refers to the lepton (antilepton).

(1) Both leptons longitudinally polarised, i.e.

gl et
SLl(";;o;F':x)o So'(l m, ’

where E is the incoming energy of either lepton and X the
corresponding 3-momentum (thus E® = (‘E)2 + n";). This gives

8oty = (By K| = PBJE cos @)/m,, .., = 28 |E| m,
8pety = (5 [Kl + [FIE cos @)/m,, Syely = 2B/,

8 ¢8, = (% 2, Ea)/n » whence (4.18) yields

L %
N, o= Wy ue? - 2a?) 4 ;2 g {250 + 5]) - 21F %c0s® 0(s% + u})]

«'. Polarisation P = n/Q
&l-l--!)-ﬁ +2w1-(-r!-1)oosewz}

/ 21!

oW, + -2 {1 - &z)un e :V*
5
2 2
a% f g (4.25)
o Pdlsld(oose) GxT (4’3 g!) { }

where we have employed the identities q2 = u.Ea, Ey = H,v//qa,
2
2 Iz(x-z - 1) anéd neglceied lepton mass terms in ls. Thus
a
two measurements of P at different € but fixed q2 and v

2
determine the form factors G, = (1 + -:!) g + 2y 3 Gy =T,

(i1) Lepton longitudinally polarised, antilepton transversely
polarised, i.e. so = (0, -9). Hence So.tl = P sin &,
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8408y = 0y 8748, = 0, whence (4.18) yields

My = -u-tE('Flz sin & cos 0 wz/l2

_2‘ sin 20(;9'—& - 1)w2

\(Jé [’Tvl =Y f;-;% sinao]

o.o P =

' 2
2 -8 Wein2e 2 3/2
or P —g-(-g-—— Pt il (= -1) T (4.26)
dE, cos®) (q2 qk q

which directly determines TWj. (4,26) is reduced by a factor of

order m l(vz/qz - 1)3/2/v compared with (4.25) but for large v
the ( )3/ 2 term offsets the «(nt/v) term.

(111) Lepton transversely polarised, antilepton longitudinally
polarised, i.e. 8, = (0, ¥)o Hence Spelp = 0= 81,809
Spety = = ]T")sin e, giving

Mg = = 4mE ]?]2 gin € cos @ Wz/uz

o P = 1o Y (k.20).

(iv) Both leptons transversely polarised, i.e. 8§, .8, =1,
So.tl = sLotz = 0. (hole) then 5‘17‘38

M, = 233 Wiy +{2 B2 Vg [-Ez(l - c082@) + mi coaaoj}/llz

The Wz term completely dominates the W, term so neglecting

n"; gives

-2 sin® § (12- 1) w2

P= or
2My v

+—-2 (l-gz)wsjno

1,_935__ . -9 se (f—,f’a A (427)
d.Eld(c;os &) )24 ¥
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(v) Both leptons polarised transverse to the plane formed by
kX and P, Now 818, = =1, all else zero.

. 2 = ~ (2 ‘
fe Mg = 2, W - {2 ﬁ]2 g [_Ea(l-cosao) + nf 30020]} /ll2

and neglecting mf terms gives P = eq. (4.27).

For the hadron-photon vertex, proceeding exactly as in the

elastic scattering case (compare (4.8)) we have

W
Hy= = '\"i;l(qz.v)ﬁmt - (quql/qa)}r ;%(qa.v) tu Ha

+E(2v)ic 8 +W(2 )t - t!
M > pAst “As a¢ q v ‘[llenstw mtmstwl'

W,
2
* b1e Sat W * ﬁ(q "')L"’ix'uatw" tiu'mam]tls Sat %o
(4.28)
(s , Dow refers to emitted nucleon)

2 H.L
° 2,0 - - 2
e -:-—- » -u%.&& = Q.+ 2(n,/M)8,.8, l:-q (Tigs¥,) + Nkv:J

- 2(m, /)8 0a(8; 8, W, + 2(n,/M)8,0a(s;.0) Ty + A
" | . B
+ ZW5(§A.EX 5)(P1(1 - Pltz) {(q ) /NJJ (h.29)

(Compare with (4.9))s The last term above

2
= -2715(q2/l|2(" 1a" = 1)% cos @ §'A.f x FJ violates time-reversal
invariance so detection of a £§A.E x lﬂ correlation tests this
symmetry in electromagnetic interaction.
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(1) Emitted nucleon longitudinally polarised as is the incident
lepton, i.e. S, = (IK|, Ef)ml. 8, -Oﬁ s B4 X')/M and hence,
sp0q = 2E[E)A,, Spet, = (K5, ~ EFlcos 8), 8,.q = 2E B u,
8,08y, = (E |B| - B Eq cos O)Mll « (4e22) then gives

Mg (spin-dependent part) = (qa/llz) My cos & Wy Therefore

2(v/ll)cos oW, Lol 8
Polarisation P = ' ey — [a = a8 \/..‘+/fz'
2 i Op75p)
2w1+ ""2(1 - l!)-ﬁ sin“e
2
- . g —z)/z cos & T, (1+30)
dE,d(cos8) Q

where extra lepton mass terms have been neglected (as in the

following sections too). This then directly measures WS'

(i1) Nucleon polarised as in (i), lepton transversely polarised.

1e6s Speq = Sroly = 0, 8oty == |F|sin 6, 5,48, = = (E,/M)sin @
giving M, = 2(!,/1!)3111 - wgﬁ WB « Therefore

h(m,/M) v sin @ W -}
_'L_—TEF 7% or

dEld(oos 8)

This is a factor (nt/l) smaller than (4.30).

(iii) Emitted nucleon transversely polarised, incident lepton
longitudinally polarised. I.e. = (0, ¥} oY% 402 = 0y
8,08 = (E/n )ein & giving My n{,/& [—q (W3+'ﬁu) + vZWh]Alz( sin @

2 Pﬂ]aiu&{-_iv}c+wu 'l)l

20,
2W, + --2 (1-@,/&)-&31:10

e o P = Ol‘
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oy - G fene ] e

2
One measurement of P here directly determines -ﬁs + Wy ((37) -1).
q

(iv) Both nucleon and lepton transversely polarised. Now
SA'S = - cOS &8, 80

My = -2(nt/l)q cos & [-WB + w,. (-2 - 1)] Hence,

cos 0(-w + W, (—Z-z- 1)]

2’il+;2--(1-§!):main20

or

P = -u(ri-)

m P -

P 52-61 = i!g.z. u('ﬁg') !":z (""-z - 1)% cos & { } (4.33)
dEld.(cos Q) q a aq :

This measures the same form factor as (4.32) but is reduced by

the (ﬂz/l ) factor.

(v) Both nucleon and lepton polarised normal to the kK - P
plane, 1.e. 8,48 = =l. °¢ P = eq. (4s33)/cos & .
3, For the gntilepton beam polarised and the emitted nucleon
polarisation measured, the above formula (4.30) = (4.33) 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

cases serves to test for the presence of any muon structure.



CHAPTER 3
WEAK INTERACTIONS
Folarisation Effects in High Energy Neutrino 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 1s 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(RB). 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, How=
ever in such decays one is naturally constrained to a small
region of momentum transfer determined by the mass difference
between the initiel and final particle states, It iz 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 semi-leptonic processes very well

at low energies(hu)t (The situation in non-leptonic decays is
gtill rather unclear), However if is expected on general grounds,
from unitarity bounds, that this theory cannot hold at sufficient-
ly high energies so there is greaf 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 postulated to mediate weak 1nteractlons(h5)
analogously to the photon being the mediator of electromagnetic
interactions,

The enormous @difficulties in handling neutrino beams, plus
the relatively low rate for such reactions with present
accelerators, has resulted in rather meagre experimental data
80 far(uB). However the operation of the new 300 GeV/c accelerators,
with a greatly increased neutrino flux, will 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 vidy+ N— ¢(Z) + ¥ have been widely discussed in the
(46)

literature Here | ( V) denotes the neutrino (antineutrino),

N the nucleon target, ¢(¢) the emerging lepton (antilepton), and

Y the final baryon state, i.e. NZ, A, Not so is the situation
for inelastic neutrino reactions of the form v(v)+ N——&(Z) +
"Anything", where "Anything" denotes a sum over all possible final
*TM#m}xﬁAm@/k’mﬁﬁrh&rmmaﬁo‘&
b‘io:). The. volewlodion 7( Az.ﬁu btdes  ruises /»ofowwl, P rotlems
antl 10 an. UnS oloral. ?mgwh“
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hadronic states, These reactions are the analogue of the ine-
elastic lepton-nucleon scattering process (see Chapdr 4 ﬁ.)

and certain theoretical models predict a close affinity in the
behaviour of the two prooesses(lﬂ). 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
employment of a polarised nucleon target is discussed, In the
latter case we simplify to the two body reaction, where interest
has so far been largely concentrated on the final particle polara-
sations, The feasibility of employing polarised targets clearly

indicates such a study is now opportune,

ne eutr

At
o

Fu.)7 )fw/ 2%
R T s

_—

Fig./7 depiects the process v(V) + N —> 4(¢) + "Anything".
The analogy to inelastic lepton scattering (see Fig, 14) is
clearest if the weak interaction is mediated by an intermediate
vector boson W"'(V") as shown, However 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 Yboson,

We use the following conventionss-
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Ky (kz) denotes the neutrino (final lepton) l4-momentum,
Py " " nucleon Y-momentum,

PN - total L-momentum of final hadronic state,

Thus Pl + kl = 1"‘2 - k2. The four-momentum transfer
qzkl-kzgpn'Plo
For an unpolarised lepton, the lepton-neutrino weak vertex

is given by

Ly = Z3F, k)\Z = Tr(Kgemp) ¥, (157 ) (¥ )Y, (157 5)

« 8 [kZu’r? k2kk1p, i (k1k2)6ull 1 Eu.).a.ﬁk anlﬁj (51)

where m, 1s the final lepton mass and +(=~) refers to neutrino
(antineutrino) beam respectively, Ju is the weak leptonic
current operator, The hadron vertex By = IZ; (PN]Ju\ P1>2 ’
where J'u is the weak hadronic current operator, is a second-rank
tensor depending on P, q and PN only and Lorentz invariance
dictates its form to be:

v, 2 v, 2
wola%,v) iwz(q®y)
2 2 B ’ ’
Ha = = ¥y(a%v)o , + g g PauPaa ¢+ _L!— Earatay %

M
Wv( on")
+ _’:}__2_ a, @

M
W'( ‘12’") 1'2( Q.aoV)
+ -5—-2-—" [Plp, q + Pyy 9 + G s [Pluql - anﬂ
S (52)

Here V= (P,.q)/M and M 1is the target nucleon mass. The six
1

form factors WI sese w‘s' are functions of qz 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, = w‘s' =W; =0, while
parity invariance implies W; = 0,) Contracting (5.1) and (5.2)

gives the differential cross-section
z 2
a6 2

as follows:

e W, oy e -
ay = (kpky) [20) = wy ¥ (20] )+ (wf mD)/u?)

Neglecting the lepton mass the above simplifies to

.E:L.Sf.

E; 2 2 - 2wv 2 (l&B)
-y 2,([—{’- W; cos %+ 2!7; sin %411(E¢+32)sin g}

E
Ec denotes the incident neutrino energy in the laboratory frame,
EZ the final lepton energy and @ the lepton-neutrino scattering

angle, G 1is the weak interasction Fermi constant measured in

B-decay = 10™7/u° (49), From (5.3) it is clear at small o

that one measures w;, at large angles, wI' and Wy,

In the above analysis, we have summed over the target nucleon
and final lepton spins, We now ecnsider polarisation effects

arising from these respective cases,

(1) Einal lepton polarisation determined

As the nucleon spin is summed over, Hul is again given by

eqs (5.2). For the lepton-neutrino vertex we now have
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L R - E=3
-%l . -:vrr (Krmy (1AL Y )Y, (IFY DY, (1375) = R, T m, [Sm"n

+ Sk, = (8puky) 9, \= dmpe o 8 810 Kqp

(5.%2)

with RM = eq, (5.1)/8 Contracting together we find,

2
B = Rla Ry Ba) + 0y(80) + By(81Ky) + By ey Py a8y Ky
T s e

V

by/m, = ["3(‘1 - 2)“ (Plkl)J ‘3(‘1 - mg)

where

by/m, = 4 [—2?71 + W2 + Wh(mc/ﬂ ) + A -2 - 2(P1k1) -;} +(h4) Vs

ML
V5.2
bj/m& = 2w6/ll a
The upper (lower) sign herec refers to neutrino (antineutrino) reaction.
(1) Lepton longitudinally polarised, i.e. S;.P, = ME}/m,,
8p.&, = B (E} = 1P, cos e)/m,, i?é being the lepton 3-momen tum
1.3. (Ez)z = (52)2 + m2 ¢ Then (505) 81708

Mg (spin part of {5.5)) = 28 Eé[ wl 2sin® % : w; cos> %

- -—} (EzE )sin2 %} ignoring extra
lepton mass term, :
b 4 7 L L L -
+*s Polarisation = =1, /Jer PF- [m ”m/lu-s‘)] /m er&_?_w = Ns/r
This expresses the fact that the lepton itself has the two-component

coupling properties of the neutrons in the limit m, = 0,

(1i) Lepton transversely polarised in the scattering plane,

Hence
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S Py =0, 8.k = ]i}) sin @ giving .

" m 2E
My = m, ]PZ) sin & E-(-ZWI + W; + wz ;& + g‘f W;) + f (w; by W;)J

)+2Ee (w¥ 5 w”)}

il . O mcaineii(-zwi-»w;' + me;‘,/H2+R»W'% —% (Vg 5

ZE:’. [w; cos? % + ZWI sin® % + (n +E' )s:l.n2 %]

2
2 Gm - e
or Rﬂﬂ.ﬁ. = =% gin O{ ,}using )P&] = Ej . (5.6)
)
dag v UrE
Two measurements of P at differing values of Ec, but fixed q2 and

v v 2 2V
determines the form factors Gy =-2Wy + Wy + Wu(m/u) + 5

v
5
G, = w3 + w5 .« Note. however the rapid decrease in (5.6) due to

the m&/n4 factor @ (—-g—— therein refers to eq, (5.3)).
dq ov

w

(1i1) Lepton polarised normal to the lepton-neutrino scattering

plane .

Here (EL‘E]. x i'z) = E, ]'f"i\sin & = EGEL sin @ and

My = =20, (m‘/llg)(§r"lf1 x EE)

m & K,).(EE gy~
cop e ol (39 % L 8L LA N

[WZ cos? % B ZWI sin” % + ?‘ (E,+E} )sin? %J

2 2 5, .k, xk
or R4S . .;;(Tf)(i_E;_Jl g . (5.7)
£/

dq dav

Note that the correlation term (§L‘El x k,) violates time-
reversal invariance, and hence detection of such a correlation acts

as a test for this symmetry in weak interaction processes(sl).
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(2) Target Nucleon polarised

As lepton spins are summed over, LM is given by eq, (5.1).
For the hadron vertex, there is now an independent extra vector
8 A? the nucleon epin projection operator, and so Lorentz invariance

yields

v v
Ba = 2 (F)5020% = R, + gF (8,006, + =3 (5,000
7 e 1 wA T W VEa '3 A* VPP
spins W
w? V :
+ -:%( .q)i[Pluql-anu} + E’ms 2, P18 A\ [Plp 8o

_l’i[q“s - q’lsA\l + i [qus - Q5 A':X

v

v

1 ':"é * CunstdsSay * _}Z ! ®unet F1g By ¢ -:% 1['¢.stop L\ WY

W' y‘ Pt Aw)
e

'ﬁ% [euatw Pin * Sxstw Pm) 4% P15,

wv
N ‘f% - [‘ust- D = Astw ‘?p] % F1¢ Sp

—§ [uetm B * Cxate qp.] U Prg %A, (5.8)

Rp.l is as defined in (5.2).

Note the slight complication compared with eq. (4.8)! In the

electromagnetic process W;, W; erse WI§. vanish because they give
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rise to parity-violating terms, while gauge invariance demands
v v v
w17, wzo and w21 are also zexfo. Nei ther parity nor gauge
invariance holds true for weak processes and therefore there is
no reason g priori why such terms should vanish, We mention once
more all the form factors in (5.8) are functions of q2 and ¥V only,

Contracting together we find

2
'f" = R+ (s,00) + §(5,.0)) + § Custe’ I Sag Kot K1 = Rl
(5.9)
where A = a; + aZE‘ + aslf, with

8, = (q-mz) [:vv7+w8/2+wv( /2!(]4-((1 +m 16"'"18)

Y ¢ ¥\ ¥ 2

ay = 2 [ (=ng 2 wig) + M(w], = Wi (mAP)i} ey = 2u)

B -b+‘b224+b with

3 ¢
by = = (aP) [+ u), - wiad/ad)] 3 (o)) (g - wlg) s
b, = 2 [v(wg ¥ wig) + M(wy, * wI.,) + w‘l'o(mf/u)l i by = -2wg ;
and C = 2}:1 'IB +Wg (28, =v)/M = (mf/lz) wI51 ]

The upper and lower signs refer to en incident neutrino or anti=

neutrino respectively; k 4is as defined in (5.5).

(1) Target nucleon polarised normal to the lepton=neutrino scatter-

ing plane, This is given by the last term in M and we have

s’
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— — . 1_‘ s 2 L .
Mg = =0 [BF 2l oo foloraln Pz [min ) atem -

-o['s'}“.i % iEz] (21:41:2)'1
s
w; cos? 2} + ZWI sin® % + zw; L‘;-—Q sin? %

o'« Polarisation P =

2 2 (8, .k, xk,)
Pd§ - Al 2
= o — c .
o dq ov T3 E, (3:3)

ignoring lepton mess terms., Again the correlation term
(§A'i1 x 52) violates time reversal invariance so its detection
serves as a test of this symmetry principle, Further a cbmparison
with (5.7) reveals the superiority of this configuration as com=
pared to the final lepton polarisation for testing time-reversal
invariance, Not only is the (n(/u) factor absent but C contains
a term proportional to E&’ and so this method very much dominates
at high values of E,. In the limit Ec -+ @ we have

2 _02 (E oé X E ) v v
_Eg__ o B Wyg » which determines W, .
dq~ov ® H.E&

Ir aé(p,) eand dK(P;) refer to neutrino and antineutrino resctions

respectively, we have

2 2(5,.E. xE) - wY, m
i[pv%g-q-P;—E?'la p Fui \ %‘x 2[(23‘")-52"%“;5}

dq ov ag av_ 2% E‘
(5.10)
2 (g OE X E )
*[ "oem "], &, 3 2'yY + (5411)
on E, 13

v v v
which separately dgtermines wu. "15 and wlg.

From now on we ignore lepton mass terms to simplify the
analysis, This means w;, 'IO and w;u are not determined but
since these each have a coefficient proportional to (m‘/u‘)‘z,
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their extraction will be an extremely difficult task anyway.

(i1) Target nucleon polarised along direction of incoming

neutrino beam, Here SA‘:} = "Eg' S, .k
Hence Ils = - A[

]
A 2:-340030.

Using the kinematic relations

E,

8

<

-E' cos ® =

M n-'az— [a+

IE4r

-35 [Zl(w:ra -« WI.?) + vw;] .

2
v+Eé(1-cos0) ) e e y Yields
2E,
bE, + onf ’ azﬂ , where (5.12)
(-qa/z)[w' s WY, WY, L yT)
7" "g/2 * V13 = Wygl|é
é"v twg ¥ 2nyg) + u(wy, * W17) i
My 2
v - Vv Vv + .V V v
‘ ['"8/2 "¢t 2 (Wi, W), )= 2 waj i
q
2 2 3
-2s8in a + bE, + ¢E ds
«'s Polarisation P = —--% L 1 JJ‘ t } (i—;nﬂ-)-——
ME, [w;coazg + Zw;sinag ¥ ZW; bl g1
= |
(5413)

or E%zé—-

dq dy

d,(» -r/)v

T
d,ldv

]

-f.f.i.rl
hx “c E,

Thus, in the notation of (5,10) we have

G_l 3
= ~__‘L_3
G NE;

(L0504 « A0 256

E'[- Wy =4ty N - 2Ny |+ EEL #nml v v Wy

2 a ¥ ¥

)

(5.14)
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L[ALe = FrdE] == €%y Loy (v M) FLO-I) + Mo L £ i W,
dytdv gy b ME: y
+ELont M?]} (5.15)

We see now that 4 measurements of P at fixed values of q,2

and s 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 complexity compared to the anal ogous
electromagnetic process, i.e. eq, (L4.8). Frém (5.14) one deter=
v v v v
mines the form factors G]\) = w., + W8/23 02 = (W, + gwa)v + MW

7 AR’
v, 2,2 v v v
G5 = =i(1 + 2v7/q%) = —5 W),, cuaf![auwm-» Wig| which
over determines w_v” w’s’ and WIz.. From (5.15) one determines

v
the form ractorgqul = wI& - WIG; 02 = (w16 - 2_";8)" + uw{., ’
Gy = = 2 WIB + -? WI., P0y = (lm/qa)w’{., » which overdetermines
Wygs w{., and Wyg. Note in the high energy limit &, - ,

(5.14) and (5.15) reduce to

2 2> 2
b [p, S5 +P-—-2-—d6) =" ¥+ 2wY];
Y aq%a, ¥ ag%dv ol 21:{ 12 " M 81
2 27 2
¢..§ a6 -G~ .V
¥ dqdy ¥ dq dv E,—> x 17

(1ii) Target nucleon polarised perpendicular to neutrino beam
= - '

momentum, i.e, SA'kl 0 and SA.I:2 - <k sin &, whence

(5.9) gives Mg = = (E}/M) sine B,

-(alE‘)'l{bsz By + jff sin o}
{w;coazg + Zw;sin% + zw; -(EL;—E-;'—)— sinzgl

. g 0 Polarisation P =

or
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_rP425 - & )oot% -{--,i- (5.16)

dq-dy

with b,, b, b; as defined in (5.9). Hence we have

2 a2 “LZ_ cot 2
¥ &Pv Jﬁ'g"dq ol dq":;iv') = % (um") —7-33‘ {' (W7 + Wg/p)a

2
+ 2E, ("Wg“‘w;z\ 2Hg E 4} (5.17)
2 27 2 o cot$ "
ip—%ﬁ--p--ﬂ!—]." e - {- Wae = WY
['dqdv v aq2dy ﬁ(mm‘) E,‘E .(16 1802 +
+ ZEc['VWXB + KWI-,]}. (5.18)

This configuration is clearly more favourable experimental ly
than (i1) 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 Gl = w - wa/z H 02 = vw8 + ‘“"12 3 03 = W& s whence

.‘;, wa and WY, 12 @re separately fixed., (5.18) yields form factors

G]. = w16 - W18 H 02 = - vwm + IIWI., 3 however these are not
sufficient to separately determine w;s, w{7 and WIB, which is the
drawback in this configuration,

(iv) Target nucleon polarised along the direction of the finad
lepton momentum, Now § Ak = = =E, cos 8, 8, eky = -Ez and hence

My = -[AEG cos © + BE (’]/u,

2
or M = —4o (g + b'E' & 'c'E'z + d'E'S’] where
)7/:) ‘G 4 6 )

al = (Q/Z) [w7+§ ¥ w16 ¥ wlsjﬁ
ol
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b =y (w.', + éwa' Tuyg) + M(wy, * wI.,) ;

¢! = (WB + 2W16) + —-2- (W 'Wl-,) + =g Wg 3}

&t -:5 [m(w{z iwI.I) + vwg}

-251112 2 {a' + b'Ez + c'Eéz + d'E '3
« Polarisation P =

: “32 [w coszg B zwlsinzg + aws Ji—Lsinzgj
p.;::_g_g -Q:.Binzg -i—-L- (5.20)

ME

<
This gives
" 2 27 2 silnz % / ( )
P P= = - L - 2 W W
[v qudV * 5y qudv} x ME, e 7 ¥ V0
* B UG 4 )“‘"’12] + B} {‘VB"‘T "'a*g}'z“a
+ Ezs(ig WIZ + i-\é W;]} (5.21)
2
¥ [P ng 22 g2 8in g{ 2,0/ ¥ oY
- P = o — - 2( W, +W
\ dg dav X dq dav = L 16 18)

Lad
v
+ B! [-VWIGHIWI.A-& E‘ -2W16 + -;! W;.?]
+ 537 (tg w{7)} (5.22)

Analogously to case (ii), four measurements of the polarisation
are here required., From (5.21) one determines the form factors
v
G, = w 8/2)‘ @, -v(w gwa) + uw12 3
2\'2 ot

v

'

sa o7 wg which
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again overdetermines W;, Wg and w;z 3 while (5.22) y:lelda
Gy = Wig+ Vg i Gy = -ViWjg s MW, Gs - "2“16 . "‘1‘7
and Gh = W17 which also overdetermines w16' W17 nnd W18 .

Note in the high energy limit, E, o , (5.21) and (5.22)

¢
reduce to
g6 .A!.é_} o 2%i§( vy
4+ Pe= = = ==2gin ZW + VW
{: oty = X 12 g’/ #
%, 00
a 2
2 2 B
dG] 6% Loin? &
- _T. = » .- Bin w *
[ dq dv dq dv L = 2 q 17

C

(¥) Targe nublean polarised perpendicular to final lepton momentum,
E

i,e., 8,.k, = E, 8in @, S..k, = 0 .'.ns-{-mou)

A" A £ g
from (5,9)
25T - (am')lsino{!az +a}§
E, +E'
[ Wy cos? % + 2w], sin’ % ¥ ZW;(—‘-ﬂ--‘-—)si.n2 %l
2 2
acé G ! !
or P —Sy=— = == gin 6 (5.23)
dg-dy Yx ME,
This gives
2
_9;..9_9-’&-9 2wY 4w ~2MvWY, +2E, (-v W
L'dq av deJ] x ME, w7 Bl ingy 20
+ l(wlz) + 232 W;} (5.24)
2 2
G
: [Pv ;:Eﬁ "y 'd':%l - m‘g{'(wls + Wgla® - Ay - ATgy 2

+ 2E, [vwla + m;ﬂ} (5.25)
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As for case (iii), only three meagurements of P for (5.24)

and two for (5.25) are here required. The former yield the form
factors G = qz(w." +tw;/9) - 2 WIZ’ G, = "V"’a + ll'wl2 s

03 = W; whence W;, wg and WIQ are separately fixed, (5,25)
however yields only G == (W16 + Wla)q -2 v(lm17 ywm)

and 62 = vW 18 +1m17, which does not individually determine
16’ WI.I and "18' Both cases (1v) and (v) possess the dis-
advantage that the orientation of the nucleon polarisation has to
be changed as the lepton scattering angle © varies,

The general discussion above applies to inelastic neutrino
reactions., Although such processes are undoubtedly of great
interest, there 1s 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 is much firmer, Ae the latter
processes will unquestionably be thoroughly explored once
polarisation techniques are feasible experimentally, we conclude
with a discussion on the iafcruction extractable from them with

a polarised target.

E n 0 reacti

By this we mean reactions of the type v(v) + N — ¢(e) + ¥,
where Y 18 a baryon state, i.e, Ny A or Z , Summing over the
lepton spin, the lepton-neutrino vertex is again given by eq. (5.1).

For the hadron wvertex we now have, as a general consequence
of Lorentz 1nvar1anoo( 52)

£ £
@ald,ley) = L wr) (g7, + 15 6, 0y + F 0, + gyrYy

+ 1 -i—z 6, Y5+ -;1 q“'rs}.p.(P‘b (5.26)
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where u,(pl) is the free~field Dirac spinor for a particle of
momen tum Py ete, and P, is the momentm\ of the '{ baryon
(spin ). (5.26) is the general extension of eq, (2.2) for parity-
violating reactions, and the form factors rl, r2.... 81.....33
are each functions of q2 only, where ¢ = four-momen‘tum |
transfer = k, -k, = P, = P, (M 4is the nucleon mass), G
is as defined in (5.3).

Using the Dirac equation (5.26) may be rewritten as

£ h_~f
Rz ¥ X (v
<P21Ju.‘ P1> i v “'O’z) {gv{u 21?1;1. " . —T‘J . 8A:ru.?s
£ (h, = r,)
-2p., 5.2 Ve ol o2
w2 eqrg AL ()

where we have
g'-t1+(1+?)r23 rva:rz, hv-r33 g, = 8
T (1 "? ) ga; rA = ga ’ }Lh-:_as

This form is simpler for computational work, "Y here denotes
the baryon Y mass,

From (5.27) summing over the final baryon spin yields
Hy, = Z(P2 | Ju] P1>2 of the form in (5.8) with the form factors
WI s a0 w;]_ as given in Appendix 6.

Wie see immediately the configuration (5,9) with the target

polarised normal to the scattering plane determines the form factors

w’l’3 = M {2"., Im(g,s;) + (ll.",2 + u2 - )y Im(sAf: - svf; )}
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v I R i S d }
s = (My + M° = q%)/2 {I“‘(“vhp. &by via * 87y ) ‘
v 2 * e
w19 = 2M {Im( gvrv - gArA)} where Im denotes the
imaginary part of,

Time reversal invariance demands that each of the form factors
Byr Bys evey h', hA be real(ss), and hence measurement of the
normal polarisation is of prime interest, PFurther if the conserved
vector current hypothesis (CVG)( k) holds good, g, and £, are
both real so in the high energy limit 36—7- 00 one determines
WIS « Im (gAr:).

For polarisations lying in the scattering plane, cases (1i)

to (v), enables one to extract the form factors

Wy = -2u° Re(g,s gy )t Wy= L® [ome(f f)) - Re( g%y )

g R““Af:)}
2 2 2 ~
v M7 HY - q

2 x & * ,
Ll [23"(%84\ e e > + Re(g,f, -sArv)l

v
¥16 = - u° [83+ 8:}

Wyq = M [(lrll)s% - (ll7+ll)8ﬂ s = 20 [Re(g L + 8,3 )]

where Re denotes the real part of_

v v v
w16 and wl., plus W., determine the g, and 8, form factors,
The former can then be compared with the predictions of CVC when

the final baryon state is a nucleon too, i.,e. reactions

Yea-s4 o0 Vit in  shers n(p) denotes a neutron
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(proton), 0©VC implies that

.2 -1
hsz: gvs[ﬁ‘g+(up-u.n)r‘2r}(1+‘q//‘l($> coaec )
r Py 2
¥ o by =) 08 Viy) sas,
(5.28)

where Hp and by denotes the anomalous magnetic moment of the
proton and neutron respectively, Gc is the Cabbibo angle, and
Fg( qz) are the isovector electric and magnetic form factors
normalised to F‘{(o) = ‘2’(0) =1 (55). The factor (1 + (12/‘l.f‘!)"1
takes account of the possible existence of an intermediate vector
boson of mass llw.

Determination of the 8, form-factor will serve to test the
theoretical estimates based on dispersion relation methoda( 56).
In particular it will be interesting to see if g, has a similar
q'u fall-off for large q as the dipole fit for the electro-
magnetic form factors

In the limit q°-—0, SU(3) symmetry predicts the g, and
g, form factors for the reactions w(V) + N—>¢(Z) + Y(Y) given
their values for the non=-gtrangeness changing A8 =0 reactions
v(v)+ n(p) — ¢(¢) + p(n) (5'7). This is in fact the inverse of
the decay processes Y(Y) >N + £(Z) + Wv) where such an
analysis has been made( 58 ), and will serve as a separate test of
the Cabbibo theory and determination of the angle €@,¢ It must be

pointed out however that the strangeness changing A 8 = 1 processes

e e, = (20 - 30).1 and will therefore

require much more data for analysis than the AS =0 reactions,

are suppressed by a factor sin

v
The form factors WY , Wy, and Wg fix the values of f, and f,
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v
17°
Besides testing CVC for rv in 8 =0 reactions, the determina=-

Y. oY
its being presumed 8A and g, are known from w.,, w16 and W

tion of the rA form factor will be of great interest, The
AI = 1 rule, that the weak current J'“ and its conjugate

are isovector components belonging to the same isotriplet, implies
(up to common phase) that Byr 8ys Ty hA are real and rA, h,
are maginary( 59). Thus in conjunction with time-reversal ine
variance, which implies all form factors are real, leads to
rA = hv = 0, This has been elegantly expressed by '.’ioinberg(so)
in terms of the Geparity transformation properties of the cur-
rents; Eyr & r'. hA are termed first class form factors,
while rA and hv are the second class form factors., Thus
polarisation measurements in the scattering plane are especially
well sulted to establish whether there exists such a real second
class axial form factor rA, a feat otherwise not at all easy to
ostabliuh( 61). The existence of h' serves ae a test for CVC
end second class currents, while knowledge of hA would indicate
if a generalised Goldberger-Treiman type relation held true( 62) .

Finally there arises the question of the form factors hv and
hA' These form factors appear in l;, W;O’ w{h and WI5 3 how=
ever in each case they are multiplied by a factor nf and there-
fore their determmination 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 thie is a rich field of study,
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whose dividends should certainly repay the effort required to
initiate these difficeult and taxing experiments, With the
production of a polarised target and polarised beams now very
much a reality, such data should be forthcoming in the very

near future,



Appendix 1
Throu@out this thesis, we adhere to the metric and gamma
matrix eonventions used by J, Bjorken and S, Drell in thelr book,

"

Relativistic Quantum Mechanics (McGraw=Hill, New York, 1964 =

especially Appendix A, p. 281,)

Metric

Space-time coordinates (t,x,¥,2) are denoted by the contra=-

variant four vector

i AL T R R € WOt SRRty G

N.,B, Natural units (¥ = ¢ = 1) are used, where } = Planck's
constant)/2x and ¢ = veloeity of light. The covariant four=
vector x, = (zo, Xys Xy 13) = (ty=x,=y,=z) = gw,xv in vacuo

where metric tenaqr %:.v = g"‘v is given by

. = SR ST T
0 =1 0 o
R B
0 0 0 =1

The four-momentum of a particle of mass m i defined by
= 24 = 2
P* = (E, Pys Pys P,) = [(? +m°)%, | so that p? = P“pu =
= E2 - -P-2 = m2.
Scalar prodixct of two four-momenta is
PP, = P} Po % Py P; = EjB, = P,,F, and similarly for any

two four-vectors.,



Dirac Matrices and Spinors

The Y matrices in the Dirac equation satisfy the anti-
commtation relations T“’.Yv + X e Zg’w and are related to the
Dirac matrices u.Y and B by

r r o

Y (r = 1)2’3) y = B,

Ba

A standard representation is as follows: let 1 and 6° (r =1,2,3)
denote the 2 x 2 unit and Pauli spin matrices

2 - +1 0 6. = 0 1 62 - (0 -l 63 e /1 0
o+1) (1 o> i--H 0 =1

Then

r ’ -
T _( or 6 ¥° o (1 0 :
-5" 0 0 =1
Frequently used combinations are 6" = %(Y“‘YV - ¥ Y"‘). and
'{5 = 1Y°717273 = T5. In this representation

ij & o .
6 = (0 6k3 with 1i,J,k = 1,2,3 in ecyelic order;

| :
VTR NS v I G
(6"0 5 1 0

Also common is the product of &« ¥ matrix with an ordinary foure

vector A,

'rua“ = A = Y%A -¥.1.

The positive energy spinor for a particle of physical four momentum
P and spin variable s is denoted by u(P,s) and satisfies the
free field Dirac equation,

® A bar over a letter alwaye denotes the three vector, except when
denoting the adjoint spinor [i(p,s).
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("'.)u(P’.) = 0 .
The adjoint spinor n(P,s) = p"(p,e)y° (where + denotes
hermitean conjugate) satisfies

E(Pa')("'l) = 0.
The positive energy spinor is normalised according to Feynman's
convention (R.P. Feynman, "Quantum Electrodynamics", New York,
WeAe Benjamin, Inc., 1962)

E(P:')U(E’s) = 2m
and the positive energy projection operator is given by

AE) = 2 W(p,s)i(b,s) = Fem.

8
Similar corresponding formulas for negative-energy spinors are

given in the Appendix of Bjorken and Drell's book.
Note the following properties of the Yy matricess

() ey, (FVea-v, (*)2e1, (¥)Pea,
() = *r5. (xrf’)2 ==1, Y5+ Y5, =0

Trage theorems
The trace of an odd mumber of y matrices vanishes.
T Y5 * 0, TPl = 4, Tr £ = 4(a.d)
Tr fyfpeo ok, = (ay085) Tr Ayeeoky = (ay. 3) e foHyeeeky +ees
+ (‘1“n) T ié...i£91.
In particular Tr dyfpiafy = U[(ay.8,5)(s5.3,) = (8y.85)(ap.n))
+ (‘1“4)(‘2"3)]

Tr 75 =0 Tr 751331 = i ‘GBYO .Gbﬁcha
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where €.8y0 is fourth-order antisymmetric tensor, equal to
+1 for (a,B,Y,9) end an even permutation of (0,1,2,3); is -1
for an odd permutation, and is O if two indices are the same,

Although not trace theorems the following relations are
often required:

Ro K. & 8§ . &

wy Supy g

pa Sav = By

€apyd ®apgr ® ~ (Bgp Bpq gy

 fra B = -gy (8,085 - Byp85,)
8op 83q Sop + 8gq(8,,85p = 8,085
= 83p(8y 850 = ByqBsp)
whence 1t follows
“ard “apar = "2 [Byq &y | ~2(8, 88p = Byp85q)

€6q Egr
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Appendix 2
Nucleon and Lepton Flectromagnetic Vertices

From Dirac's equation it follows that the interaction of
the lepton with the electromagnetic cield gives a lepton current
J s whose matrix element betwezen initial and final states is

7}
given by the lh-vector,

{ky |3,) Xy = el (k) v, w(ky) (4.1)

where u(k) 1is 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 genersl
analysis based on Lorentz invariance, parity and gauge invariance
shows the most general form for such a vertex assumes the form?
(P 19,1 B> = e W(R) By (), 4 mp(a®) _‘fu"_v_} u(py)
2M
(A.2)
where Py and P1 represent the final and initial four-
momentum, and Fi and F, are form factors which are functions
of q° only, In the static limit g° = 0, Fy(0) =1, and
Fz(o) = anomalous magnetic moment of the nucleon (in units of
®/2u).
Although F, and F, 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
¢, = Fi + F2 GE = Fi +~tFé where U = qi/hlj
A3
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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) = Fp = (G, = 6,)QA-7) and Fy = (Gg- 76 )A-7)

and substituting these values of F, and F, in (A.2) gives
eqe. (22)0
Use is now made of the following identity

B(Py)16, a u(Py) = 21 B(Py)y, w(Py) = W(Ry) [Py, + Py, |u(Py)s

which yields eq. (23).

Evalusting M2

In computating the value of the square of the matrix element
for the scattering process, we have to evaluate
gl Z (kzl-:lu\ k1>2 and similarly for the nucleon vertex.

Ha lepton
spins

LNL ~is determined by inserting 2 positive energy projection

operator /\’(k) = 2 plk,s) O(k,s) = (¥ + m), and then we
S

have (see Feynman, "Quantum Electrodynamics Jp 43,)

I'Iﬂ = Tr[;(z + n]‘ru [1{1 + ‘]7).
which when evaluated with the use of trace theorems in Appendix 1
gives eq. (2.4).

This is a special case of the general form;
epine |CENH(1)]2 = 3 (HCeIML()) (RC2) TFule))
= Tr(l-&n)T(ﬂ«@n)J’f

+ Gn Afcm«{ b on L. N3 ey
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where ? = T, r+ Yo ’ + denotes hermitean conjugate.

o

In particular Y, =Y, 6uv = Guv.

Y5 = = Y50 Y,Y5 = Y,V e
For the hadron vertex eq. (2.3) , when summing over mucleon
spins this gives

I Hp = Tr(Fpy e M)y, - BR)(F) + u)(r,'a' - B“Pl) .

spins

Evaluation of this gives RM the term relevant to the
Rosenbluth formula, whose value is given in eq. (2.6a).

When 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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Appendix 3
£pin Projection Operators for Spimors

In non-relativistic quantum mechanics, the spin projection

0

operator is given by P = (L26)/2 vwhere 6 = ( 03 6
- 3

6, is the Pauli matrix defined in Appendix 1. This projects out

| ana

of an arbitrary state the spineup (+) or spin-down (=) amplitude.
For the Dirac equation we require the relativistic analogue to
thie, and this turns out tobe ) (8) = (1 - 175)/2 where s

is general spin vector normalised to 82 = =1,

The following property of S immediately ensues. BSince
J(S) and /&jp), the spin and energy projection operators must
commute, being independent generators, we have
- ”75 = - #75}' = + ms using the anti-commutative
property of Yge

Thus #F + P = 0 or, since in general ¥ + ¥£ = 2(a.b)
from the basic anti-commutation relation of the Yy matrices, it
follows (S.P) = 0.

We can now immediately verify in the rest frame of the
particle, the covariant operator > (S) reduces to the familiar
non-relativistic one P = (1 26 )/2. 1In the rest frame P = 0
so it follows fron 5. =0 that S, = 0 and
s° = Sz - §2 2 - §2 2.1, Therefore we choose 5 a
unit vector along the 3(z) direction, i.e. B = (0,0,% 1),
F=-TF=Fygemd (1-gr)/2=002v5r5)/2=(126)/2
Clearly for the general case, , (S) is the covariant

generalisation ¢f ihe non-relativistic case., It possesses the

following properties:
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5(§) +7(=8) =1, 3(£).2(=5) = 0
15(8))2 = Z(s)

Using the spin projection operator, we may proceed
similarly to Appendix 2 to evaluate |H(£)Tu(1)® when spins are
not summed over. This introduces ) (§) for initial and final
particles and leads to the general expression?

|'u(f)'1‘p.(1))'2 = Tr (fm) .1_-?2 T(Z + m) 3‘__';17,2?.

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 spini thus i.e. for polarised initial
particle, final polarisation summed over,

gr u(eym(a)) 2 =Zlu(eym(n))® +2uie)m)) g, s,

= Tr(f-o-n)'l‘[lq»l)-]-‘;;}-ﬁ .

The two properties 82 = =l, E.P =0 determine the general
value of 8 for arbitrary configurations of S. Written out in

terms of components,
g = sg- T22-1 and S.P = soE-§.? = 0

The second property may be rewritten S, = B.8 where P = P/E.
Combining this with 8°= =1 gives § = [1 ~-B.m2%,

Consider two specific cases nows

a) 5.P=0 i.e. transverse polarisation of the particle. This
immediately gives S, = 0 since E £0 and |5)|= 1.

«*e 8= (0, 1) in component form.
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b) 5. = B i.e. longitudinal particle polarisation, spin
vector parallel to the momentum (right handed particle). Then
5= [1- ('E)’J* = E/m and 8, = |Fl/m. Similarly for the
spin polarisation antiparallel to. the momentum (left-~handed
particle), we have 5.8 =-F giving [S|= E/m and s, = -[Pl/m,
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Appendix I

We consider the kinematics of lepton-

" FR g e nucleon elastic scattering as shown in
N = the figure.
Vi
x, = (B, B, &) = four-momentun of incoming lepton (We take
lepton mass = 0)
2, = (M 0) = " " " target nucleon
ky & (E;, E; iz) - " " " geattered lepton
P, = (Eg Py p,) = " - " pecoil nucleon.

Energy-momentum conservation gives Pl + kl =P, + k2: the
l~momentum transfer q =k, - ky = By = Py These yield the
following terms: Pk, = ME, , Pikp = ME} = Py.(ky=q) = ME, + o°/2.

o® = =2k, = =2E,B}(1 = cos &) Also @ = 2% - 2pp, = 2U(M-E)
i.e. By = -q2/2n + M= MQ - 2x) where t = qz e The last
term leads to Fg = Eg e qz(f -1).

Explicitly writing out the energy-momentum eqs. E, + M= Ez + By

E, = E;cgso+?ncolv; E} sin & = anint.

L
Eliminating ?B and ¢ these equations may be solved to give
E'

‘-E‘/Ll-f?#—l(l-COIO)J .

- ' -
Hence E, - Ejcos & = El[ —gm-—l

1+ -*(1-00. 8)
B,(1 - cos 8)(1 + (&™)

[1 +F{- (1 = cos 0)}

E
and ‘lzﬁ-iEznz (l-cose)--zni(l-oole)/@+f(l-oono
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whence we note we can cxpress (E‘ - E} cos &)= -a%(1 + ;‘)/23‘.
Similerly we find (E, cos & = E})= q-(1 - oF cos 8)/2E,. From
the expression for q2 in terms of Bz and cos &, Wwe may
invert it to obtain E, in terms of q- and cos §, @s the
solution of the quadratic equation

2K
2 2
4Ey sif § + =k sin $d+d® = o with solution

E, = =Mt + ’/b/q‘f (t- oo-eoz g)% e T e ;i -[t( T - oosoceg

where the positive value in front of the square root has been

taken as (T + %))O.

From the relations q2 = -2E¢E; (1 - cos &),

E} sin & = FB sin ¥, eliminating E} yields the connection

between € and  , namely 'FBsin vV = -q2 cot %231.

))
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cleon— 1 nihilation into leptons.

B VY
/

41 and 62 denote the four-momenfum of the lepton and antilepton

respectively. EB is the incoming laboratory energy of the antie
nucleon and p its 3-momentum, i.e. Enz = P 2 + u%, The four-
momentum transfer q = é;4¢, = t,+%,, where t,(t,) is the

nucleon (antinucleon) four-momentum, (Lepton mass terms are here

neglected)., It follows immediately that

2
Q" = 28948, = ZEGEz(l-cos e) = 2!(1(4—1:‘.3). E‘(Ez) repre=-

sents the lepton (antilepton) laboratory energy, and @ is
depicted above,

Energy conservation gives M + E_, = E, + E'

p=E,+E (1)

Momen tum " " " P = E,co80, + Ejcos(® - 0 )(11)

E, sin 6 = E;' sin(e - Oo) (1i1)

Solving for E&, we find

E, = ..93 and E} 393 ﬁ-’s’ e o,
2[11+EB -|p) ecos OO] 2 (M + EB - li'\coa e,

Alternatively eliminating ©,



aa e B ey
2[1! + Ep - 5 cos(e-2,)] 2 [ll + By = |p|cos(6-8,) |

Note also the relations
|P| eos @, = E, + E} cos © ., [p| sine, = E} sin

|P| cos(e = 90) = E,cos © + Ez. }3) sin(e - oo) = E, sin @

<

whence we have tan @ = |p| sin L |P | cos 8, = B,

and from gq° = 2M(M + Ey) it follows Ey = M(2t-1) and
P 2 = o%(t=1).
Inverting the expression for E, gives (Eé)-lq2 = lul[t - '%coa

and similarly for Ez °
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APPENDIX ©

The expression for the WI (eqes (5.8)) are given here for
the elastic case in terms of the Byr 8, ete, form factors
defined in (5.27).

=AM o (A% - 2z 4 (52 - P)ela,
| | ;
v o= a(e - g, PP (5, - 5 -G (24 )
Ws = 32 30(8'8;)
R R e I PR = T
+ (22402 0 ®)n2 s hﬁ)/nz}
v 2 (¥ 78 o o8 e s (A2.0%) "
Weg = M {\vz/al + Re [(gvé-f'(—;!-g-))h'-(skﬁ*"'_.‘?'lhﬂﬁ
*é(;va";ﬂ}
L,
Wg = W°In {(‘vi"f Lﬁ!'l)h 3511 L‘?""A”A
"i(‘vrv €y A}
Wy = -2 re(g,g,) = i3 s fOwg = w® Refor t) - g £1s g1 ]
2 ® * > x
"o atme [aalsag oo ang ]

W, = u2Re [ufvr_; - 2 r,,h; +£,n) + sv(h; -r:) - zA(h; - r;)]

wy 2 ‘ " g E . " y
Y, = ¥?in [-2(r'aA +,0)+g(h -£)-g(n - r')]



