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1.
ABSTRACT

The work conteined in this thesis can be divided into two
essentially distinet parts whioh deal with spins and polarizatiions
for partioles of arbitrary spin and with the neutrino induced reaotions.

Following an introduotion giving a brief outline of the current
situation and aims, ohapter two contains a discussion of a covariant
formulation for the desoription of polarization and the comstruction
of specifio spin and polarization states for arbitrary spin particles
through a projeotion operator teohnique which results in a covariant
spin density matrix. -This is required for spin three-half particles
in subsequent ohapters. ' _
| The general structure of the weak interaction vertex is developed
on a current -~ current theory foundation in éhapter three for the
elastio and inelastic neutrino induced reactions, with emphasis on
the best ohoice of form factors required to simplify the somewhat
lengthy expressions of the following two chapters. These deal with
-the most general forms of the cross-sections and polarizations,
whioh are examined with a view to suggesting possible tests of time
reversal invariance, TFor the“inelastio prooess the test is discussed
from the knowledge of the form of the most general spin density matrix
as developed in chapter two.

Some unification of the elastic and inelastic processes through
the spplication of U(12) symetry is used in ohapber six to obtain

numerical estimates, and resulfs for the differential and total oross~
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~gsections are given with reference to the nucleon processes, Finally
the subsequent decay of the final hadrons is considered briefly to
see what tests of time reversal invariance are indicated by the deocay

distributions.
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6.

1« INTIRODUCTION

In recent years high energy neutrinos have played a great role
in the development of the theory of weak interactions, and it is now
becoming more apparent that they can also serve as a useful probe of

the strong interactions, Much information about the weak interactions
(1-3) (4-6)

L]

has been obtained from experiments at CERN and. Brookhaven
since Schwartz(7) and Pontecorvo(e) independently proposed using
neutrinos from the decay of pions as a probe. It is now known that
there are two different neutrinos ( v, and v e)(z’l*) associated with

the two leptons u and e, and that there a.f-e two separate conservation
laws for these two types of lepton. No neutral lepton currents are
yet apparent, suggesting their oomplete absence, and there does not
appear to be an intermediate veotor boson of mass less than 2 Gev.(g).
The present CERN enti-neutrino experimen‘h(m) should provide additional
information about the weak interaotions.

The main ooncern of this report is the study of the most geﬁeral

amplitudes ( in a current-current theory ) for reactions of the type

v, (v,) + By = B, + 1 1e1
and - N '
ve(v/_,') +Bgw B+ 1, 142

( that is where an incident neutrino (v,) or enti-neutrino (;{,/) associated
with a particular lepton (1) interacts with a target baryon (Bi) to
produce a final baryon (Bf) or baryon resonance (B?) and the lepton (1)

corresponding to the neutrino or anti~-neutrino ), and in particular
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those recctions where the target is a nucleon, and also the part that
neutrinos can ( and may be able to ) play in the study of the strong and
weak interaotion prooesses. It is reasonably well established that
there is a point interaction between 1ep‘bons(12) and thus a current-
current type theory(“) ( one which essentially separates the wéak part
( 1leptonic ) of the interaction from the hadronic ( strong ) part ) gains
ground. Or{ce this hadron part is isolated from the lepton part
predictions and relations from the various strong interaction symmetry
schemes can be incorporated in the hadron vertex, making it possible
to comnect 'and correlate the form factors occuring in the various
allowed weak interaction processese

On the basis of the SU(,3)(“'3 214) symnetry scheme it is pdssible to
'intér-relate the coupling constants in the allowed processes of the type
141 (where B can be apy one of the eight spin one-half baryons ) and
those in type 1.2 ( with B* one of the ten spin three-half reconances,
but not to commeoct those of 1,1 and 1,“2 » However under the larger
group involved in the SU(G)(15 -17) scheme or its relativistic extensions
( for example '5(12)(18) ) it is possible to relate the currents of 1.1
and 1.2 in eddition to those within 1.1 and 1;2 e« The two most
favourable reactions for comparison from an experimental viewpoint are

| Up + D= D+ 1 143

and

v8+N»N*+1, telt

and it is these whioh provide the only relevant data to date(1). It is

in this context that high=snergy neutrinos can be used as a probe of the
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strong interaotions and make tests of the the reoently proposed higher
symmetry schemes ( provided there is a ogrrent—current type interaction
where the leptons and hadrons are at separate vertices Yo In this
respeot the neutrinos play much the same role as the electron in high-
energy electron scattering experiments, but have the added advantage
that they can give information on both vector and axial-vector type
couplings since parity is not conserved(19’2o) in weak iﬁteractions°
Until the experiments of Christenson et al.(Z') it seomed that
eventhough weak interactions were not invariant under space inversion,
the operation of time reversal did holds Many explanations and ﬁheories
have been put forward(zz) to explain this apparent violation of time
reversal invariance ( T ) in the decay of the kaon, If T is violated
in this weak decay then tests must be made to see if it is violated
elsewhere in the realm of the weak interactions, and it is shown that
neutrinos may be used to test the validity of this invariance principle
through measurements on the polarization of the final particles in the
reactions 1.1 and 1.2 » However it seems unlikely that such experiments
would be sble to indicate the manmer in which any violation occured.

In orger to disouss these polarization properties of the final
particles it/is found convenient to introduce ocvariant spin and
polarization cperators following Fronsdal(zj ) and I:Iichel(%) e« Itisof
oourse only necessary to use those relating to spin one-half and spin

three~half particles to discuss reactions 1,1 and 1.2 , but it seems

worthwhile to discuss their oconstruction for genersal spin and to indicate
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the oonnection between a covariant density matrix formulation and the
helicity description by using spin raising and lowering operators. This
technique is developed in chapter two, and whilst it is not necessary now
to use explicit forms for the wave functions in momentum space ( operators
being used throughout ), it is a simple matter to construct specific
wave functions to represent a particle with given spin component in any
required direction,

The processes considered here can be conveniently divided into two
groups, the "elastio" processes (two initial and two final particles )
and the "inelastic" (to include those reactions where there is a baryon
resonance present in the final state~—here particles or resonances are
used %o describe those "particles" which are steble or unstable with
respect to the strong interaotions )s Chapter three is devoted to the
study of the structure of the lepton vertex and the elastic and inelasticﬁ
hadron vertices, with discussions on the implicationé of a conserved
vector current(ZS) (Ce Vo Cu), a conserved iso-veotor current (C. I. V. Ca)
hypothesis(zs; and a partially conserved axial-vector current (Po Ca Ao Co)
- g Goldberger-Treiman relation(27’28). The form of the lepton vertex
(point interaotion ) is well known, but for the hadron vertex several
choices of the six»independent elastic currents and the eight inelastic
ourrents are available ( in each case this is the total number of vector
. and axial-veotor form factors required to describe the process, there
‘being an equal number of each ).v For the elastic process 1,1, that

form of the current which gives the minimum number of terms in the
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product of form factors 6ccuring in the expression for the transition
probdbility for unpolarized particles is ohosen(zs) -— in the manner
familiar in the electro-magnetic interactions of nucleons(30’51). This
is aimed at simplifying experimental analysis., A similar aim is involved
in the choice of the form factors for the inelastic processes.

Using these form factors, the most general resﬁlts for the cross-
sections and polariZations of the final particles are given for the
elastic reactions(29’32) ( chapter.four ) and the inelastic ones(33)
¢ chispter five Jo Possible tests of tame reversal invariahce are
suggested-— inv6lving the transverse polarizatioch of the Iepton(29’3n)
and bamyon(ag) ( or baryon resonance(BS)). Due to the number of form
factors, only qualitative results are indicated in these sections,

All expressions for the elastio case are derived and given retaining
all the six form factors, but because of the very lengthy expressions
obtained for the baryon resonance polarization with the eight inelastic
form factors, the test for CP invariance is indicated using the most |
general form for the density matrix and polarization vector for a spin
three-half particle as provided by chapter two.

With the fresent interest in symmetry schemés for strong interactions,
_chapter six oontains results derived on the basis of applying U(12) to the
hadron verﬁex(36). 3(12) groups the baryon octet and the baryon
resonance deouplet in one multiplet, thus relafing their strong

interaction form factors, hence the hadron currents for 4.2 are

expressible in terms of the form factors of 1.1. With the help of
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the Cs Vo Co and P, Co As Co the currents are expressed in terms of one
vector and one exial-veotor férm factor plus one seemingly arbitrary
parameters This veotor form factor is related to the electro-magretic
form factor of the nucleon by the‘ Ce I, V. C, hypothesis, and results
are given with reference to 1.3 and 1.4 for various choices of the two
form factors and the parameter still present. _

Finally in chapter seven the subsequent weak decay (non-leptonic) of
the firal baryon—— for example when it is a lambda particle— and the
strong decay of the final baryon resonance are studied, agein with the
- hope of providing a means of testing time reversal invariance in the

neutrino interactions.
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2, SPIN AND POLARIZATION

(a) The spin density matrix
| (2%,37-48)

This has been considered by many authors so only a bried
introduction is given here,
The wave functions & associated with a particle will always describe
a particle completely polarized in some direction. If this pure s;i:a'te
is normalised to unity then the projection operator P';1§ onto this state
has the properties:
Tr(PQ) =1,
(PP =T
and (PQ)}‘ =ty 0
with the expectation value of any observable A given by:
<b> = <t|ale> = (4Py) o
A beam of identical particles of the same momenta can in general be
represented as a statistical mixture of pure states [<§“> ( it is clear
that a partially polarized beam cannot be represented by a single pure
state ) If each state is expanded in terms. of normalized eigen—
states |& > of the spin operator in a specified direotion ( the

polarization operator ), then

|Q“">= %‘.ot' |<§1 > s

and <A> = Tr(ph)
- L |
where P -%:j:cl cJ |§>J ><BL i » 2.1

p is defined to be the spin density matrix of the beam, and by
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observation has the properties(m):

(a) For a pure state p has the same form as the spin polarization
operator ( hence p" =p for each integer m>0 )

(b) 2 is hermitkan ‘

(o) <@mlplén> = o , 80 that if |&n> represents the state with
spin +m in some specified direotion this leads to the usual representation
of p in spin-space by the elemenfs Prme

In the rest system of a partiole the general structure of p is
well known(m’). Pora.partiole of spin j there are ( 2§ +1 )
independent states, hence under a rotation

p ool = D))",

where DY) is the proper rqtation matrix, which means that the elements
of p transform like the components of tensors under pW)ghl),  since
D(J ) 5(3 ) s it is olear that p can be written as a sum oﬂ irreducible
tensors of ramks 0,1,esssess.,2i~1,23 ( DU 50 p(B) 3 (BN, .,
....2 (M2 p(® )e Space inversion commutes with all rotations, so
all the irreducible tensors are even under space refleoction and

p=Tr(p)=+ B8 + Tg( SuSj+ SISt ) + eevvscncns 2.2
whére St are the oomponents of the spin vector, R a pseudo-veotor
end iy a rank two tensor. |

The problem now is to find a oovariant deseription of this density

matrix for particles of any spin. This necessitates the oconstruction
of a spin four-veotor and oorresponding spin and polarization operators

for a pa.rfiole of spin j. The approach used here follows that of
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Fronsda1(25 ) in that the starting point is the existence of a rank j (n)
tensor to describe a particle of integer spin j ( half~integer spin n+% ),
rather than that of Weaver, Hammer and (}ood(Lﬂ) who use a Hamiltonian
formilation, or that of Weinberg(l's) who exhibits a manifestly covariani

wave equation,

(b) Wave equations
The prescription adopted by Fronsda1(23 ) for the description of

higher spin fields is used here. The general spin field is defined by

the conditions

@ = 5 By =0

Ytz (ygma ~ Fapa )3z = 0

By s @yges = ©

%J:.Ilzq,ﬂ:.ﬂz H)j-2 =0 23

for integer spin j (in the usual tensor representation(w?, and by

(£ - mﬁ(u)n =0

Yustin (ynea " Yooms @ynes =

p#1¢u1 (H)n=s =0

Y, ¢ =0 | 204

Hg g (H)nws

(50}

for half-integer spin j (=n+%) in the Rarita-Schwinger‘~ ’formalisma

Here (#)j 3s used to Signify uslallaeceoessdjusl] o
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The fields ¢ ) do not cnly contain spin § (n+3) particles,

@y Yy

hence the need for the subsidiary equations, but there is a convenient

unique projection operator ® (P, J) (‘I/(“)n (v)n(PaJ) ) which

COARLON]

projects out the relevant pert of the tensor ¢

(51)

) (¢ ) )e  Suitable

forms for the spin projection operator are

- . J . r
§("‘)J-(v).l (Psd) = (J 3)h2[§§(r§a{alrla §#sk—1#2k(p)H ﬁvzewa.b‘z-a(P)

xﬂrtéﬂmm(p)}) 205

alp = (=1) 32 3t ' 24-2r)8 y
2‘2593 rI(J-r)s (3=2r)i 33

J'_{-g if j is even
gj-ﬂ if J is odd,
2

where

& (p) =g,,~pP
73 v_%_v'

and the first summations are oafried out over all permutations of the
sets of indices (u)J and (V)]s
and

"P (Hin(V)n (p,j) = % Yﬂi @111 (#)n=-s (V)n—-2 anvn * 2.6

Now & (Psd)¢, ,,, (p)and J=mg)d

)3 (V)3 (p) can bo

¥
()3 #yn () (P (¥)n
taken as the af)propriate wave functions for integer and half-integer

spin particles respestively, For half--integer spin it is still
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necessary to use the positive energy projection operator (f + m) in

addition to ¥, ( Note that (F + m) commibes with¥ )

(¢) Polarization operators

In eddition to spin projections it is necessary to be able to
project out states which have specifio "magnetic" quantum numbers.
Whilst it is usual to choose the axis of quantization to be in the
z=-direotion it seems adviseble to retain an arbitrary direotion for this
axis in developing a covariant prescription. Such an operétor will be
termed & polarization ( projection ) operator. |

The study of the Inhomogeheous Lorentz Group leads to the study of
the Lie Algebra defined by

- IB,Bl=0

U‘%zv’ Mpa] = i[gup%a =&,y = 8ol * %vap]
[PA’ Muv] = i[%lAPv = %AIZ:] ’

where I;; and ISIL y ore hermitian operators, From this set of operators

it is required to find & set of commmting observables. It is well

- = =t 2 A 4o
¥nown that PP (_PpPp Jand we(—%v;‘ where %—gwpapvmpa is the Pauli

Lubanski spin tensor ) belong to this set, and that

Ip.wm)=0

[%, Ww] = ~5epvpappwa .

From this last cxpression it follows that there are three four-vectors
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nl }ll , nl2 )" s n(a)u satisfying

24 n) <
and n(t )oP =0,
suoch that
[Won("), Wond)] = :ist.Jchn(k) 9 2.7
thus the algei:ra. defined by the three generators Wgn(") is isomorphic
't;o the rotation group in three dimensions, and
V¥ = ~Won*)w,n(t)

= "S(S+1 )f ™ 208 .

Furthermore, for any I}JE Nep = 0, Wen has eigen~values m with -m<Jj<m,
so that YL oan be interpreted as the oovariant spin tensor.
Letting ¢(J) denote the wave function for a partiocle of spin j
and ¢( Js€) & spin § particle with component £ in the direction S 2
it follows that ‘
P (5= =3(3+1)f ¢(J)

sUecagy = €d¢3s8) » 209
where

msU) =wl),s , with & = =1 and s.p = 0.

() Construction of spin vectors

Explicit forms for W, can be found for any spin j, starting froo

o
those for j=+tend j =1 .

PRty )a = -« 2,10

ofuvEB%uv
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2,11

(W(i )a )uv

satisfy
w(#) wlt) = =37
i

(W(’- ) W) )pv = =2 @uv(p)

( the term @uv(p) is just the spin projection operator for a spin one
particle, so gives no difficlty ), the correct forms for j =% and j = 1

For integer spin j, & spin tensor having the correct properties is

( Y
(w &)(“)J )3 - {(W1 aunvng;r Qucve(l’)}i’(v); 0y P2, 2,12
7 |

and for half-integer spin

(Wma)(“)n(e) {WG IUT gve (P)+ (E ((W(i el m

XfT Heve (p))} (v),.I (p)n (pJJ) > 2:13

has the required properties, ere

Written in this form 212 and 2.13 are cumbersome, bdbut are not
really diffiocult to work with sinoe

[W(J )d’ @(_p,‘j)] = -~

and (W4, v(p,d=n+h)] =

thus e projection operatorhoould be written explicitly on the left of
W(J ) o to give a symmetrio form, and one which clearly satisfies the
subsidiary conditions for spin jo Such definitions ( 2,12 and 2,13 )
agree with the "oconventional® nqn-relai;iv:‘l.stio forms ( a2ll terms with

u or p equal to zero go to zero in the rest frame of the particle )o
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(e) Construction of‘vpolarization projection operators

(23)

A projeotion operator oan now be construoted to projeot out
states with a specific value £ of the gpin in a particular direction s,o
Consider a particle of spin jo Construet SU) ( see 2.9 )o

since [T sW) —¢ ) = 0 with -j<€<j, it is olear that
TEI( s@@) o 61) with €1 =f €will project out that part of the wave

function with spin £ in the direction s, , and the normalised (P =pr)

projection operator is

P(3,6) = T (s) - &) (TETC6 - € )) @ (1. 2415

Thus starting from a general tensor of rank j (n) it is possible
to projeot out that part which describes a particle with spin j and S,
oomponent £ :- |

By (P30 = D)y, 0y 2oy,

and 2,16

¢_(u.)n(pad:§) = P(J’g)(u)n(v)n¢(”)n )

In particular it is worth noting that

P(J:O)(")J (P)3 ?(%ﬂ-( ()3 (V)] (Psd) Ji—ISvt.)( {=®

EB %
2 o oy 229)

and | 2,17
2 - ' = ’ w \
P(j’a)(ﬂ)J(P)J = () ﬁjtm J——J-—It

for integer spin § (+ and £* are orthogonal to 8 , see next section ),

and for half-integer spin j
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s 4 - % 1
P(Js*J)(u)n(P)n ) g—( s®) £ %) ﬁI".um 2.18

where
= i 5] 5]
¥up = YaCup(P)* % ) BB+ Sp% Vg
This last expression (2.,18) contains products of y at this stage,
but it is found to be particularly easy to handle in this form ( see

next section ) rather than reducing it to & form containing yy and ))5

terms only. The forms of P(j,£) for 2j = 1,2,3 and 4 are given in

table 1,

- (f) Spin raising and lowering operators

Whils%t T ] )
¢(IJ)J (PydS)9 (2)3 (P,Jag) = P(J’f)(p)J (P)]
and

¢ )n(Pnjsf)a’- (Pyds€y = P(J,€) (+n)

(v (P)n (#)a (Pn

it is not at all olear what

(p,j,{)qu

()3 (PsJsm) and 5[’(”)“ (P:jaf)w(p)n(ijaﬂ)

Ps
look like for £ not equal to n ( these terms ocour in the spin density
matrix ), However there exist operators which will raise or lowsr
the spin component in the direction s, by one uxii'l;,. a fact which can
be seen quite easily by considering instead of the ch“) the

combinations

Wo(nl) + ia®) ) =/f2s,
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Wol(nl) = 1n(®) ) =,f2s.

won(®) =35, 2.19
These have the same commutation relations as the usual angular
momentum ope:t:'a.'l:s:ars(5 2):-
| [s,®] =0
[5,8] =tz
[s,8] =5s. 2,20

Also by analogy with the angular momentum operators, if lja‘f > are
normalised states, then

Jo<a gl s 1a8m> =H{(3€)(33€641),

glving
J2
R = S
H(5+€)3-€4+1))
and 2,21
- {2

J(i-e)g+€64+1)
as the raising and lowering operators which act on normalised states
to give normalised states.
() - (1) (2) =J2 ¢ (¢ = -
Setting n'®/ =g and o'/ 4 dn?) =42 t ( now &€ ==t ,

P =0, tt'=-t, tes =0 and pot = pos = 0 ), it follows that

V - W
¢(M)J (p9j’6) = §(M)J, (P,j,&) Qt vt¢(v)J 2"22

with |
o r(23)8(3-6)8 1 a-&y e |
§(H)J (PsJs€) = ",(2"%5;53,(3 N 5)3} 53(E){ rZo (~1) -(-(l———l” AT

: $=£ ,—‘-;
- r o, 1
x (~1) a:’r- ll'—*-ilgllzk-:.l-!zlz(p)e-zr=:-1 sue AR 2] tﬂmj
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for €20 , and
&(psds=€) = (-1)§§*(p,j,§) o
The corresponding result for half-integer spin is ( from 2,18 and 2,21)
¢r(p)n(p’j’§) (’1) (PsJae) T—T vk (V) 2023

with
J(@ )"I’(p)n(Pscjs'f) A By (25 - €2, (0354D)

+ #ﬁ*‘\/(i] -+ f)q’(u )H(P:j"%sf"%) } ¢

Particular results of interest are

buyy (Padsd) = TLTM{ TJ;]’t byt 2.24
for the highest integer spin state, and
Y@y (P2329) -#‘r‘rm =1 vv. ¥ oy 202k

for the highest ha.lféinteger spin state,

It is clear that 2,18 would give
n
- 1 ]
-5y = t t
¥ uyq (P235=3) #”%J:J 4=l ¥ (vyn ?
an undesirable form since the appearance of a common factor

(Pq-jsf)v (P2ds) »

( ‘[:T‘b l’tq}(!’)n) is essential in evaluating ¢ (23

(#)n

Sucoessive application of L (2.21),0r 2.23, give the preferable form
B ) 3
? ayn (Prdomd) = §1’”57"?'é t=1 ut J"Tt vt‘k(")

Explicit wave functions constructed from 2,22 and 2,23 are in
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complete agreement with those displayed in a recent paper by Frishman

and G-otsma.n(53). Those for 2j = 1,2,3 and 4 are listed in table 2.

2j ’
2 1 2 3 ‘ : L
L | 6t
3 24t
U
.. .
2 t, g 48,43 tv)
. 1 %
1| {g%l%ft“-f# s”),
/ % %)
0 5, Lg( 25,8, t ~% ¢ )
1 * 1 o
-1 | 1[36( Ty £t H"z‘ﬁ*ﬁsu) |
e 3 E 3
=2 t u | %tu,svm‘lt v) |
-3 L2f " |
! % K }
- | | & &,
TABLE 1

The polarization operators P(j,&) (2.15) are given by

P(jsE) = (=1YQ(3,8),, .. 9%(3,¢)

() ()

= (- )n+:. Q(Jsf)(,,)n@'(jsf)(‘p)n ’

COARCHN]

P(.i,e)(,, 1a.(Pyn

where the Q(j,¢) are listed in Table 1 for the lower spins.

*)




iy e vyt 3 1 e 2ot + o —-,..._..?_,_ . . - st b+ o e - .
) L3 L 3
gLé{zs.,_l 5, ~t, %, ~t" ¢ )
e . T
0 i '
-.[_g( 2ay,8%s +#E4Y, ) |

! i

i "
!x tv¢lv

The explicit forms of the wave funotions ¢
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(g) A covariant spin density matrix
It is now clear that the generalisation(sl* ) of the form for p

glven in 2,2 is

p(u)(v) = Tr(p){é(or ‘I’)(u)(v)(P:-i) + (Pawa)(u)(v) + Taﬂ(wawﬂ+

+ pra))(u)(v) +('1‘(a)((§) T;Twa))(u)(v) “ asse }, 2.26

0 (] . 2027
( (5) is to be taken as the sum over all permutations of the indices a),

to give the (2j+1)° -1 parameters. In the rest frame this does indeed
reduce to the form given earlier ( since W = 0 in the rest frame ).
The polarization tensors P, ( the dipole(55 ) polarization ), Taﬁ ( the
quadrupole polarization ), see..e s Ty ( the " 2% pole"
polarization ) can be obtained, if p is known, from

T .= <(§) > . | 2.28
It is of ocourse clear that if the density matrix is written in

the form

p(u)(v) = ggpfnlpnjsé><l’:5:nl
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then

(psds€)e (ps3dsm) for integer spin,

= é* | )
Pen =% wy ®)3 () 2y
and 2.29

Pen =ﬁ(u)n(p,j,§)p(u )n(V)n‘P(V)n(P’J’n) for half-integer spin.

With these definitions and formalisms there is oomplete

agresment with the spin one-half results of Bouchiat and Michel(5 6):

P(*) = (( Pia, + Puiwy ) + 5-?5{(1711 - putes B = Pros f =~ P-a.s./e'})

x(f + m)
= ( pra + Puges ) 1 = WadW)(F + m)

An initial partiocle~ one used as a target or the incoming beam-
will have well defined and known polarization properties, that is have
a well determined density matrix. The density matrix for a final |
particle— one produced in the interaotion- will give all the information
regarding the particle, How is such a density matrix defined and

determined? Suppose & spin j particle is produced in some interaction

which has matrix element

M= d* - . .
F2 gy ey (om ¥y, 9By, )

lul® = (#"2)(he) C or (FR)(5Ys) ),

with the transition probability proportionnl to
1
A 3 3
T )

1 .
Cor 2By, B ) ¥ 0y, BB+ m) )

Then
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By considering the subsequent decay of this spin § perticle ( this
will be a real particle, it is produced and then decays ), the decay

rate will be proportional to

) 1
{07y 1y ® () 2
mhere ) 8 NN '
layey T Pey ey @ 0 @ () ) 2230
- 1
(or (2n)™ (Bem} ) 01 B(0)® (0" oy (1) 48 ) »

as can be seen using the usual Feynman Rules techniques.

This is now readily adaptable to ohains of decays, for example
A+B=C+Dy, Do E+F, F= G+ H, o..r o since at each stage it
will be easy to go to the relevant frame of reference ( usually the
rest frame of the decaying perticle ) with the covariantly defined
density matrix.

In the context of this thesis these definitions are used for the
reabtions

(V) +Bs B+l ,Bw B+ 2,31a
and - * "

V(V) + B=>B+1,B=B+7, 2:31b
where in 2,31a B= B + 7 is a weak decay of & spin one-half particle,
and in 2.31b B* = B + 7 is & strong decay of & spin three-half
resonance, For these two cases 2,30 gives for the density matrices
of the final B and B*

(20)* (£ + m)T,p(B )5 (£ + m)o2e{ (X + 1) p(0)F ) 2.32a
and
(2n)™ (4 + )0, (BT, 00 (B )T, 9,4, (3) 8 + m).

x m{ (X + p)r! g y} . 2,32b
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essuming & ocurrent~current interaction, where p(R) and p(v) are the
density matrices of the initial baryon (Bt) and the neutrino (v).
p(1) is of course defined in a similar mamers:

(@17 (X + wE o) 5(X + )oTe{8 + m)T 0 (R g} 2,33

(@) (& + )0 o () (2 + ) ef + w0 g ()T g0 (MIT g}o 20350

At this stage it seems necessary to note that all definitions
epply to partioles with non-zero mass, so care must be btaken if the
lepton mass is to be neglected. One way out of this apparent
difficulty is to use the fact thét in the rest ffame of the particle
the polarization three~vector has the form(58)

By =R-plp +u)*R ,

and this will be used as the definition of the polarization three-
vector of a particle. Here %1 is fhe polarization four-vector of
the particle of mass m and momentum D - This P, is defined even

R
for a zero mass particle.
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3. THE GENERAL STRUCTURE OF THE WEAK INTFRACTION LAGRANGIAN

(a) Effective Lagrangian

A1l the well-known weak interaction processes can be classified
phenomenologically into threwe classes -~ purely leptonic, partly
leptonic or non-leptonic, depending on the proportion of leptons
present in the reaction. So far only reactions over a relatively
small range of momentum transfer ( € 1-2 Gev.) have been extensively
studied, and over this range all the observed weak interactions ocan
be adequately desoribed by an effective Lagrangian density which may
be written as(26)

- t
Leffp ""j-g- JaJa ’ 341

where Ju is the appropriate current and G the Universal Fermi coupling
oonstant, The weak interaction is assumed to be due to a very short-
range foroe, so that the two ocurrents interact only at the same
space-time point ( a current~current interaction ).
Jy is & combination of currents due to

(a) Leptons : +the muon ourrent J(“) and the electron
current .j(e), and

(b) Hadrons : a strangeness oonserving current J(AS=0)
and a strangeness changing one J(4S40) ,
that is

3, =39+ « aJ(As-_-o); + bI(8SA0), W 342

A1l the currents in 3,2 are essential and the form 3.1 is
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. (11)
required, since all the following are known reactions
(2) neutron beta-decay (n= p + € + 179 ) 5 requiring j(®)and
J(85=0) ( and likewise 7 = ¢ + v, )
(b) muon decay ( u = v, +es ;e ) 5 requiring (% ang ;)
(o) wewpy + y, » requiring 5*#) ana J(AS=0) |
(d) hyperon beta~decay ( A= p + & + ;e ) . » requiring J(ASZ0)
in addition to J(® ( and likewise K= p + v, ). |
From 3.1 and 3.2 it is olear that the weak interaction between
leptons and hadrons ( partly leptonic ) is desoribed by the effective
Lagrangian .
‘ (61 1 _

L~ J & (AS:O) + heCe . 3.3a
for strangeness non-ghnnging recotions ( e.g. neutron beta-decay ),
and by

€41

L~ 3743 (a540) + heo. 3¢3b

for strangeness changing reactions ( eeg. hyperon beta-decay ).
These types are the ones of main concern in this report.
Some reactions predicted by 3«1 and 3.2 are extremely difficult

to observe, for example ew e + v_ + 59 has a very smell cross-section.

e
Some experiments in nuclear physics can be designed to detect parity
violating contributions to nucleer foroes(s 9) ( the J(as=0), 1(AS=0)
terms ), but it is impossible té ascertain whether this is in
agreement with a current-ourrent theory - the ourrents contain parity
violating terms in addition to parity conserving ones since space- )

inversion is not an invariant operation in weak interaotions(19’2°) °
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It should be pointed out that no neutral lepton currents have been found,
so are assumed to be non-existent,

All the currents in 3.2 are taken at the same space-time point.,

The lowest order matrix elements of the interaction Lagrangian give
direotly the observed reaction amplitudes, the higher order elements
being in general divergent, It is in this sense that 3.1 is
rhenomenologiocals Even as an effective Lagrangian this cannot be
adequate at very high energies, as may be demonstrated by observing
that the reaction vu + € » U ot u~ ocan occur, and consists of only
S~-wave scattering. From 3.6 it 6an be shown that the cross-section
increases as the square of the energy of the p-neutrino, whilst by
unitarity it is bounded''!),  Thus Loge, has to be modified at high
momentum transfers by generating an effeotive non=locality, leading to
the cénvenient postulate of the existence of an Intermediate Vector Boson(so)
W having charge 1 unit, W is in effect the current "carrier", and
can be thought of as quite consistent with a current-current theory,

So far as is known there is complete symmetry over all leptonio
reactions with respect to the interchange of electron and muon { apart
from their masses ), referred to as p=-e universality, This is the
reason for (% and 3*) in 3,2 ocouring with the seme weight. However
the ASAO part of the hadron contribution to the weak current is weighted
relative to the lepton currents and the AS=0 part of the hadron current
- for example K= #u +v is weighted relative tom = u + v o This weight~

«~ing is rerarknbly well predicted and taken into account by the Cabbibo
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hypothesis(a) which states that the weak current of the strongly
interacting psrticles is composed of currents, which are members of
SU(3) octets, in the form

(oos €)3(AS=0) + (sin 6 )J(]as|=1) , 3ok
0 being determined experimentally., No week interactions in which the
strangeness is changed by ﬁore than one unit have been ft;und(éz’ €3 ),
and are thought not to exist, Thus ASZ0 becoming |AS| = 1 does not
pose any diffioulties experimentally. There is a further experimentally

(63,64)

tested rule = the AS = +AQ rule - which restricts the number of

possible strangeness changing resotions, so it seems to be permissible
to write the hadron current as

(cos €)J(AS=0) + (sin 0)J(AS=AQ) .

(b) Lepton currenmt
The most general Lagrangian to describe the interaction of four
leptons ( the l;.--Ferm:i.(G5 ) interaction ) has the form
L= £ a@ou)(Ear) + he. ,

where O, stands for the five possible types of interaction ( S,P,V,A

and T )a Using the Fierz(se)

L = % Git, (;01”)(;&“) + hecs ’

and the fact that the neutrino is massless and has negative helicity

(an anti=neutrino has positive helicity ), only the V and A terms

remain, Experimental evidence indicates that for p-decay QV=GA=G& (68),

transformation whereby

(67)

resulting in
— " ’ ,.' )
J2L = C%u(vya(‘t-iys):)(eya('l-nys)v) . 305
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It is now generally accepted that the lepton current takes the

form

with

5~ B, (1 - ) 3.6

)

in momentum space for € = e or u, and where v refers to the relevant

)

neutrino, If an anti-neutrino is involved the (1 = iys) factor must
be replaced by (1 + iys). This lepton current is seen to have a point
structure, and diagramatically any reaction involving leptons and

other particles will be represented by
PR ‘/?K"/

e -

\\\N -

\

{
N

v

(¢) Elastic baryon current

Parity is not conserved in weak interaction prooesses, so it is -
clear thet J(AS=0) and J(85£0) have both axial~vector and veotor terms.
Thus the form of Ja due to two baryons Baand B o of momenta ps and
Pa is

Jy ~ Wpa)(V, + & 3y)u(pa) | 307

in momentum space. This will be referred to asv the elastic baryon
current as opposed to the inelastio where there is one baryon end one
baryon resonance in the final state, for example v + B= B + 1 as
opposed to v + Bw B” + 1l TFrom Lorentz invariance alone it is seen

that the veoctor and axial-veotor currents, V, and Aa’ can be
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expressed as a linear combination of Yo By and G ° Thus the usual

forms taken are

Vo = &g * fvpa +‘tha

and
Aa = By * fAPa + hAqu’ 5.8
or sometimes
Vp = e+ TG, + Iy, 3.9

to exhibit an analogy with electro-magnetic interactions. Here

P=pPps1s + P2
and
qQ=P41 =Pz
However these do not seem to be the most useful combinations(zg)
to take in view of work on the electro-magnetio theory of nucleons.

The ( veotor ) ourrent associated with this electro-magnetio interaction

between two nucleons of mass M and momenta ps and pa is best(69'72)
written in the form
(®) = en s
3O, = ei(p 2 Y(2ip, Py + 1By Julp o )(F) 3410

with

Yo = CavpoLPp?sVe *
This form eliminates the terms in the produot of the "conventional"
Dirac and Paulil form faotors (R and F ) in cross-section formulae
for unpolarised nuoleons(3 0,51 ). A choice of V, and A, analogous to

3410 is .
v, =(2,A(¢) + R,B(E) + 20, 5(¢))(P )™

(+]

and
b =(2,0(¢) + B,D(P) + BB E)*, st
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where
P=p4 +D2 »
m g4 ma
@ =23 ~R2
s ma
end
R= »» .
maildg

It is felt that the oombinations P, and Q are better than B, and q,
when the masses differ - they are proportional when my=m, , and
PoQ = 0 whilst p.q = 0 only when the masses are equal(73). The form
factors in 3.8 and 3.11 are related by the following:
8y = B
mim,?f;r z(ms+ma)(A=~B) +(ma=m4)E
mim,P"hv =(mg=my )(A~-B) + (Bs+ m3)E
g =D
mima@f, = (ma-my)(C=D) + (my+my)F
m:.maQahA =(ms+mz3)(C=D) + (mMag=my)F ,

The form factors entering in 3.11 lead to simplified formulae
for oross-seotions and polarizations { see ohapter 4 ). and have the
following properties and/or a.avantages’ over those in 3.8 and 3,.9:

(a) The hadron part of the weak current in the prooesses

v +ne p+ 17

and - _
vV +pmwna+ 1t 3.12
is thought to obey the isovector current ( I. V. Ce) hypothesis(ze).

This states that va and V.ta together with the iso-spin part of the

electro-magnetic current 7®) o form the three components of a single
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iso-spin one triplets This I. Vs C. hypothesis implies a conserved
vector current ( Ce Vo C,), but the C, V. C. doses not imply an I. V. C. .
The I. V. Co hypothesis requires
A~ Fc

B~ Fy

end
E~ 0

for the processes 3.12 «
(b) If there is a €, V. Co for AS = O reactions
_(ma=mo\P
B(¢) = (2arB2)5u(d) ,

so apart from mass differences E(d ) is zero.

(6) The divergence of the axial-vector current (aaAa) is

Wp o v (mav ma)o(d) + (ma-m)g;ze(f)}u(pi) ,

so in the case of equal masses (ms=mgy= M)

3,8, = u(palygulp 1 )2uc(d) «
This is true for 3.12, and the form factors associated with <p|aaAa|n>
are identical to those associated with <vac.|aaAa|§n>, except that
q, = -Ea - n, in the latter case. Thus the assumptions that the
amplitude <vac.|d A4 |Pn> is dominated by the exchange of & single pion
(for small ) and that the axial-vector is asymptotically conserved,
lead to a Goldberger-Treiman relation(27) in one form faoctor only, of

the form

o) ~ W g ) s
£, -1)

where grrnp is the plon~neutron-proton strong coupling constant, and
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the form factor & gives the pion decay amplitude, determined from
()

ToU +V

Ir A, for 3.12 is written as
vy (€) + o F(E) s
u

comparison with 3.11 leads to the identification

X¢) =F(d)
o(d) - D(d) = 53 Fpld) » 3413

and hence to C(0) = D(0).

(&) If time reversal invariance (T) is valid, all six functions
A, B, C, D, E, F are real. The appearance of imaginary parts of the
products of the form factors in any expression would thus suggest a
possible test of T,

(e) The terms E(¢) and F(q ) in V,and A are the second class
currents of 'W’einbe:c'gw5 ). Ir Va é,nd Aot have the same G-parity as their
leading terms ( those which have no derivative(76) and might be expected
to occur in the weak Lagrangian(77) ), then E=F =0 for 3.12,

(£) If J, end J-ra transform like an isovector, then E and F are
imeginary whilst A, B, C and D are real for AS = 0 processes. Cabbibo
has suggested(78) that this behaviour be true for the AS # 0 processes
too, eand that this be the manner in which T is violated.

It is clear from (a) and (c) that for the reactions 3,12 something
is known sbout the form factors. For other possible reactions ( see

L., 4.2, 5.1 and 5.2 ) it is necessary to appeal to symmetry schemes
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(=]
( SU(B)(7’) or'ﬁ(12)(36) for instance ) and to relate the form factors
to. those in the known processes 3.12 in order to meke any predictions

( see chapter 6 ),

(@) The inelastic baryon current

The most general form for the current Iy for reactions of the type
v +B= B* + 1, referred to here as inelastioc ( though quasi-elastic
is sometimes used ) is
Ty = Wp o )p{Vgp v + AgyJulp ) 34k
where u(p%a is the spinor describing the spin three-half baryon resonance
B*, and satisfying

(8 =~ m)u(P)ﬁ =0,
0

and yﬁu(P)ﬁ
0.

pgu(p)g

The terms Vba and ﬁﬁa give rise to vector and axial~vector terms
in J&, the iy5 entering in V because the B* has positive parity.

As in the elastic case it is possible to choose the possible
independent terms entering V and A‘in many different ways. It is
easily seen that there is a maximum of four different independent
(803

couplings for eachs The usual ones taken are

Vog = @18 + qﬁ(aa?a+ & sh,+ a'uaa)
Aﬁa = af, gﬁa + qﬁ(a’5?a+ a"apa+ 5,4 qa} 315

for computational purposes, with

and
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Voo = 218" qﬂ(a,lzva+ a”"icaé‘qé"" 84 qa)
being used in definitionse ‘
It Ja J'i g is formed and the spin sums over all baryon and baryon
resonance states taken, this leads to 24 terms Re{a la’lﬁ])e There is
g choice analogous to 3.11, mnamely

Vog = P18t qﬂ(b 2B+ DsQ+ bR},
with A[S‘a defined similarly, which reduces these 24 possible combinations
to 20, as does

Vﬁa =01 gﬁa"'-qﬁ(o afyt ¢ 3qoc)+ ¢ V) et Y
with Aﬂa as expected, This latter form simplifies the trace
evaluations. However there is a form which gives still less terms
Re(2 (2% ) = 16 - and looks like |

vﬁa = r,;p(dipa-x- daq ot d 3ra} + 756. 4€uvﬁapuqv

Fal !/ /
Aﬂa = qﬁ(dipa+ dzqa + &’sra) +Y5a 4€uvﬁa%qv o 3.16

It should be noted that whilst qﬁ terms are written in all forms for

and

V and A above it is only the (ps )ﬁ which contribute.
The imposition of the C. V. Co hypothesis to this transition
gives the linear relations

a,=(ms+mglagt (Me?=my2)as+ fag=0 3,17 .
and

(mia”mza)5~1+ fda=0 3.18

when applie&'to the vector currents in 3.15 and 3.16 o the d giving

the simpler forme The two sets of form factors aty and d are
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connected im the following manner:
as=~FPmsmgdy
aa=(Fmaimods=2mady)
aa=ds+ds+ (mg=my)ds

&4=a.2"d4+ (m1+m9)d3 30185-

a,’1= 'qu:.mad-’-a
ala= (Qmadlg" ?mzmzdls)
&,a= d,:." d-l4+ (ni:.'*' mz)dla

olg= o+ &4+ (ma=my)ds o 3.18b

911 form factors in 3,15 and 3.16 are functions of the momentum
transfer ¢ , and again all are fela.tively real if time reversal
invariance holds. Very little else can be said about their form
from a general viewpoint., For the various reactions in this inelastic
grouping SU(3) gives some oorrela.tions(81) , but the larger symmetry
scheme T‘I(12)(18) allows these form factors to be compared with and

related to the elastic ones, as well as reducing the number. The

only way, apart from these symmetry schemes, of obtaining information )
Y
about them seems to be from photo—production(sz) and electro-production(ss’ 0
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4. CROSS-SECTIONS AND POLARTZATIONS FOR v + B B + 1

This section contains a study of the elastic reaction v(v)+B =B+l
in general terms, with emphasis on those processes where both the
initiael and final baryons are nucleons. The processes of greatest

interest are those in which the target baryon is a nucleon:

vVene pal b.ia
;+p-+ n+ 1 L.1b
V +p= %4+ 1F L.a1c
V+p= A+ T h.a
V+nws I+ 1Y, Lele

Only those reactions allowed by the AS = AQ rule for strenge particle
production and by conservation of lepton number have been iisted in Lo,
There are of course the possible reactions

v+ Y= Y4+ T L.2a

V + Y=Y+ 1 , Lo2b
where Y is a suitable hyp‘eron ( of non-gero strangeness ) = L, A or
E » Which would also be described by the general formulae obtained,
though these are not of current experimental interest.

With very little modification the results are also applicable to

the decays
nep+6& +v he3a
E=>B+e" v | L.3b
Ao p+€ +v L3c

smong others,
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(a) Transition probability

From 3.3, the invariant matrix element is given by

£
i =43 AP

ises

¥ = 36 ks v, (15erdulies Jip o )V A v Ju(pa) bk

in momentum space, using 3.6 and 3.7, where the connection between

particles and momenta is represented diagrammatically below

O

Pxi\

Averaging over the initial spin states and summing over final spin

states ( denoted by 22 ) ,
IF

2 (¢ 32 , 1 (B B
gIMI’-%GR( f;d RN gﬂ ) 7B}, ko5
where
2‘.25(5)‘1 31(6)1) = B(k ) 'L)pv Ll-06
with '

(La)uv =(k1paua- %wkia"' k“v%mzi isuvpakip)’ be?
the '+'('=') sign referring to an initial v (¥).

If only a certain selection of leptons is taken, for example those
with a specific polarization vector Sa s thenk 2, in 4.6 is to be
replaced by ( k a-uSa ) where u is the lepton mass, The expression

for the baryon spin sum corresponding to 4.6 is not written down as i%
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is of no use by itself and very lengthy by virtue of 3.11.

At this stage the initial baryon (B i) is considered to be
polarized ( polarization vector T ) and all spin states of the final
baryon (Bf) summed over, with the result that

22:[15!9:803‘1&( kaa-—usa)mima, 4.8
F

K = {U(1 ), 2 0B eqpi, (a)>} + {V(i ), £ V() <qpr, (e)o}rir

where

R LSNES SR VIR IR QRS N )

+ Y, <k s PQT> + Yok s <(a)PQT> % z) <qk 4 T(a)>

t 20) Pk, T(@)> ,

with <{u )(v){p)x> denoting € vpos ? and the coefficients given in 4.Rl.

It is at once clear that the terms in U(®) and v(®) are missing
when all the spin states of the lepton are taken (Sa = 0)e These terms
are combinations of the imaginary parts of the products of the elastic
baryon form factors - indeed all terms containing an <ABC(p)> have as
coefficient such an imaginary part, and they vanish if time reversal
invariance ( or equivalently CP invariance ) holds.

Such a transition probability can now be used to calculate the

cross—sections for 4,1 and 4.2 ard the decay rates for 4.3 .

(b) Cross-section

The differential cross—section for 4.1 and l._..2 when the initial

baryon has polarization L~vector Ta ~and both the final particles ( the
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lepton and baryon ) are unpolarized is

dt ( s --m”b-?'g

using L.8, where the numerator is to be expressed as a function of the

k.9

Mandelstam variables s, t and u.

If this initial baryon is polarized in some general direction
4.9 contains all possible combinations of the form factors, so it is
very unlikely that any useful information could be obtained from such
& situation, TFor _this reason the differential cross—section is
considered for zero polariszation and also specific directions of
polarizations,

In covariant notation the differential cross- sectlon for unpolarized

initial 5aryons is
) _x

(dt) __”_ Snﬁgg s 4410

where U)X 2 1s given by 4.R2 in terms of s, t and ue This expression
contains all sﬁ form factors, but it is to be noticed that they enter
as |F1|? apart from the two terms Re{ AE*} and Re( CF*) - which are

absent if there are no second class currents ~ and the characteristic
perity violating term iRe{ BD”:').

At very high energies

& & '
(-a%(snm))i"—(): -2-;;-&' for all t P 4ot

=|(me+mo)h + (ma=m3)E?x + [(ma=m, )0+ (my+ mo)F|Py
- t|B[?x - t[D|%y .

( For definitions of x and ¥ see L4.R1 )o Thus at very high energies
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and low momentum transfers

(S ”’wo))p_o = 21?{“ {Fﬁﬂ Bl + |+ piigt I} 2

formy A my, and \
= g%{IAJ°+ |o]?} 413

for my=mg, where it is assumed that, formsi=mga, F(t)~ t for
small values of ,tl in order that the current be defined there ( see 3611)e
T% is clear also in the equel mass case that (P (0) ~ I? (0) must vanish,
agreeing with the implications of a Goldberger~Treiman relation(27)(3.13).
At very high energies there is no difference between the neutrino
induced and anti-neutrino induced reactions ( the term in Re( BD*} does
not occur in 4412 or 4s13 ), & fact which seems to be well supported
by experiment. So far expression 4,13 only deals with the case t=
The modified expression for low vaiues of the momentum transfer in the

limit of zero lepton mass and equal baryon masses (ma=m,) is

2 S E{dal e o)« F{a0lal - 1a) - B
. s_s_ne [A]® + Ss-s-'in? Zn? 'Dlz; sin? Re(BD*) ) } Lk

for all energies, containing only the four form factors A, B, D and F,
Neutrino and anti-neutrino reactions at the same energies could thus
provide information on |A|%, |B|?, |D|?and l i|% (by looking at

do(v) + a0(¥)) and Re(BD’*} ( by finding () - as(¥) e

From 4.14 also, at t=0 and all energies

(%%2“0 = g?(‘l +22)
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if A(0) = 1 and D(0) = A = which appears to be reasonsble if A is taken
to be 1¢45 . With this value of A %%E 109110728 a2 (Gev/o)® , a
result which gives a simple method of measuring the neutrino f‘lux(sz"),
since this can be compared with the observed number of low ( zero ) ¢
events as a function of the measured neutrind energyo

Assuming some suitable parameterization for the form factors L.14
will provide a very rough order of magnitude estimation for the total
cross—section for unpolarized nucleons at high encrgies ( in the reaction
v(;)+N=rN+u o If

a~{1- ﬁ-:;,- ),

B~kh ,

D~ 1015 1 =7 )
A

F=0,

and

integrating 4.14 directly ( which is rigourcusly correct if Ev» m ~ that

is for high energy neutrinos )

o) =S W/, * I ¢ A (PG ) Je s

WithM.v=I-tIA=0'81;.ard K =47 ( Mvand ¥ , and the form of A and B,

ave "obtained" assuming an Te Vo C. hypothesis and M, is arbitrary ),
U(Ev-m) = 0+85x1 0728 o ,

and if a larger value of MA’ say 1°0 , 1is taken this would increase to

approximately 0°98x1 0-3 son?, « Of course the actual form of the form

factors would alter this, but it eppears that a cross-section of the

order of 10—38cm2, is to be expected. An indication of the high energy
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behaviour of the cross-section due to various choices of form factors

is given in table 3 for several forms of the o dependence, It is

(¢ ~ g R

gives a constant high energy behaviour, the other choices indicated

seen that the form

giving at least a logarithmically increasing behaviour in some
contributions.

The effect of introducing an Intermediate Vector Boson (W) into
the oalculations would result in corrections to the given formulae of
the order of Q%MW)Q » and for this rsason the results with a W present
are not displayed heree

When the initial baryon has arbitrary polarization ( T ) do is
given by 4.9, and if all the form factors are relatively real tﬁ:re
can be no contribution from that polarization perpendicular to the
production plane, for in the laboratory frame

(5 pe=o (dt) o~ (D) & 8(paika)ellemns® ), kot

pola unpol.

where I is given by L4.R3 and vt ) sk a (g,, = 0) by 4koRho - From L6

act ~ do. ~ G?
] sin® 8m|p .| Lo17
(55"2) =% W% ) )
for large E » with |p, 2= @ (f 4P )(4ef y* and © the angle between
the inooming neutrino 3~momentum (_15 , ) and the outgoing nuoleon direction
(p2)e Here ¢ corresponds to a nucleon polarized in the (pa.kai)

direction ( the z~direction ) and ¢y in the (~z)-direction in the



reactions v(V) + N N+ 1 o

The ratio

can become quite large if F is purely imaginary and contributes to the
same extent as 4, B, C and Do  This of course leads to a possible test
T ( the appearance of Im(I) in 4,16 andh.17 ) and in particular to a
direct test of the Cabbibo hypothesis ( Cabbibo, at Dubna(78) » Aintroduced
the specific hypothesis that the second class currents were relatively
imaginary with respect to the first class, giving, in a& sense, a
maximel violation of T )» Similar tests are available in the final
particle polarizations ( N and 1 ) which are given in following sections.
Finally the cross-section for initial baryons polarized in the
direction drazsverse o the final baryon's direction and in the production
plane ( i.e. in the direction of (R.aakas)aPa ) is looked at, with the

result that

do*t - - @ LE ,,sin@
(5572) =@ 5 GiEsr 118
in the lab, frame, where J is given by 4.R5. In the equal mass case

and at high energies of the neutrino ( E ,) this becomes
At = dm ) ~ @ . # ®
(—'Ea:-?“)x—é-;%ln@ Re(BF +AD}¢ 4L.19
From 4.1k and 4.19 with F=0, D=1+15A and B=l*7A the ratio R ( below ) depends

strongly on ¢, being approximately 1 at =0, If Re(BF’*) is zero ,

4+19 measures directly Re( AD")o

R = (d&a- = )x{(%'}’%)x}ﬁi
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n=1 n=2 n=2 n=1
oo |k m by
) a s 1 & 2d s
(B,B) S 1og(-;} e ga?. St
. 22 2 2 22
©o| BhAY | LE | EaF | &
s 1 a
(p,D) o 1og( a) g= 2 2;2 s
V(B,D) g- & g’;é- 2%—10@'\' ) & s
u?a? /s u? 3 u2 P
(%,E) p log(B) 65 gs’% sut
F,F 2 & s 28 &£
(79 | 2o 8 | Flogd 5F
2 2, 2B
(4,E) hut 2 LF;; = '235?:?& ir=Flog g
F 2 /s 2 ulan Lty 2 &2
€D | wfiod3 " bl e
PR (0 Pr
¥ ‘“’%ﬁ’."l Fi~ et ;

TABLE 3

The high energy contribution to the total cross-section due to

the indicated choice of form factor with given behaviour,

is any one of the form factors listed in the first column,

Here F 1

where by

(F1,F J) is implied Re(F ;,F"f])o Terms of the order of p* have been

omitted in all these leading terms,

e =(a+2), B=(2a+f) and y = (&® + ofa + 1)

and the expressions are for ms=mas
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(¢) Lepton pelarization

If the final baryon is not observed ( that is it is assumed to be
unpolarized and all the spin states summed over ), the lepton polarization

h=vector ( Sa) is given by

k X
= =2 -
Sa x n a 4 Kn]a 3 L.20

using 2,28 and 2.33. Fcx the rest frame polarizatidit veckor this: gives

Sp= %t gr— ko % (K- =% ka)pi— ., he2l

so in the limit of zero lepton mass ( u= 0) S;= £ kas in agreement
with the expected values for a massless spin-% particle ( from 4.20 it

is seen that
$ =-1 + 1B (Kk, )%

giving Pzl for p =0 = i.e, completely polarized in some direction ).
For an unpolarized initial baryon ( Ta= 0 ) 4.20 becomes
=2k, 7 (00 £ u)eqpicy (@)5)(0@) i, )
Le22

HS,

thus a non-zero value for the transverse (i.e. perpendicular to the plane
containing the neutrino and lepton ) lepton polarization indicates a '
violation of time reversal invariance. The expression for this

transverse polarizetion is

sT (k“k ) 81n{AE ~ ¢y} | le23

and at very high energies with the muon coming out parallel to the
neutrino this can become quite apprecisble, with (S )2 7 if it is

assumed that F is relatively imaginary with respect to the other form
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factors, E = 0 and [F£? |~ A~ AD. Due to the many assumptions about
the behaviour of all these form faotors that are required to obtain
pumerical results, it seems pointless to try and give a quantitative

(34)

study of §? - see Berman and Veltman however for some estimates.

If a polarization study of the lepton is carried out with an
unpolarized target much information could be gathered on the form factors
from the three independent measurements Sp.ks §R*(_1_<,1ALC, 2) end
-S—R° [_Ig,A(k 14X 2 )] when the final baryon is not considered.

-

(3) Baryon polarization

When the final baryon is a hyperon its polarization ( Ea) is
readily accessible from the decay producis. For this reason Za is of
greater interest than Saa This problem has been considered by
Adler(31) using a different polarization formalism and with a different
choice of currents, but the results are given and studied in the
framework developed here.

For an unpolarized lepton and an unpolarized target the final

baryon polarization is found to be given by

(v, )z, = re(2) » 2) ) + 1204 36))p ki k5 ()
lra 2l

where 2(1 ) o and 2}(3) contain products of class one currents and products
of class two currents and () and 2(*) are mixtures of products of
class one with class two currents. The relevant expressions for the
5t) are given in 4eR6, If there are no second class currents 2() ang

2() are absent in h.2h, whilst 2(°) and £() vanish if T is valid.



52,
Thus if there is any baryon polerization normal to the prdduction plane
time reversal invariance is violated, It does not seem possible however
to say how this violation occurs - in th2 Cabbibo merner or otherwise -
for if §_T # 0 then §_T # 0 of necessity ( assuming B and D are non-zero ).
In the laboratory frame the three independent polarization
correlations are I op s s §=Ra[BzA(l_€.1 AD2)] and §‘R.:n ( mentioned above )»
The first of these contains far too meny combinations of the form factors

to be of any great interest. From the secord
1) 4 L .
(U( ok 2)?-93-‘- =E sin® Re(L) , 4,25

with L listed in 4.R7, giving at high energies
@3yt = 2 sin® Re{(1 + 2 =2 ) (" + %) + (1 - B2)(50%- ¥}

It is interesting to note the similarity between this form for ms=m,
and L4.19 . |
Finelly the transverse polarization of the final baryon is
(U(i).kg)_z_RojI_l_ =B 'P- 2lsine (i) , L.26

where M is given in 4,R8 ., This reduces at high energies to
am QER'B = |22 Isn.ne Im{(A-E)B X + (C—-F)D y} N

(e) Decey rates
The total decay rate for prooesses of the type B= B' + € + v

(any one of the decays 4.3 ) expressed in the usual notation is

r =——z—-y3fzz'lMI*d“p28(pa -m5® )8k 8(k® )T k3 6(k 2% - 0®)
28 (pa=Pa-ka-ko)} , k27
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where 227)1? is obtained from 4.8 by changing the sign of k, , the
IF

lower sign being relevant for the final anti-neutriro throughout.
There are several ways of proceeding with thié integral, but

it is at onoe clear that if 211 the lepton configurations and all

directions ¢nd magnitudes of p » are integrated over the result 4.27

will be independent of Ta and reduce tc

j a Pk, &k
I‘=wz2ﬂm$l2ﬂf(U(i}‘k2} 2 = =2 P (py=Pa-ks=kg)e L.28

2p 20 2k1° 2k 20

This can now be readily rsduced in the rest frame of the deoaying
particle (p.=0) , for () .k, ocan be expressed in terms of ¢ and
P 1ok, which are independent of angles ( €= (ps~pso) and py k4 =

msE ), with the result that
v

I'=-£;‘~3‘-;}: ‘[U(i),kzaq"’eﬂv 4029
with U*).k . essentially given by 4.Rh. The ranges of integration
are
(o= 1d)(E=4)< 2% < (@+ ))& 4?)

e <(ma-my ) ,

giving a relatively simple I @& o However I dd is, even in

and

the simple case where all the form factors are approximated by
constants, complicated, |

1f U ) .k, had not already been written down explicitly in
terms of ¢ and E b 2 428 could have been used directly by making

use of the following easily derivable results(85 ):-—
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(a) 2P [ ka ks plise) =7/i¢-1*1(g,q,- T5,,)
() WEP [ ks, p(kse) =7/id-11g
() 2@ [ pliza) = w i/ {d-u?}

where
p(ksq) = Pka8(ko?)dk,8(k o~ u?)8 (¢ - ks~ ks),
to give
(mi"'ma)z
T=

¢ 2
e L{r/f@-u"lao/f(mw my o}/ lmy=my i}
1]

{ s\t
6(¢)°) B(d)af} o0

where F(¢® ) is given by 4.R9 » This integral can be evaluated numerically

if a suitable behaviour for the form factors is inserted.

To obtain the result in a form where some approximations can be

made it seems best to proceed(%) via 4.29 with the order of the

integrals reversed:

€ mp [ yl)
I‘-—‘é‘};’a ma U okszvdcf 14-.31
with
X=-Y<d <X+¥
O<2msB < my?-my?+ p?
where

(mi?-2m, B v)X =2m,%E v’-E vmi(miz— ma?=p?) ~pu®n,?
(mi®=-2m,E v)Y =m,E v‘\/i(mia- my®~pu?= 2m4E v)B'“ bm 4 %p?} .

Since the range of ¢ is small, it seems permissible to approximate

the form factors by constants in the following manner:
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A , Bb Iclsy'“lclzs IDIQV"-'IG-IZ, E~e IFPy"IfPo
Whilst the inclusion of y (:m imgi{my=my )~ q'a}“‘) is arbitrary,

it seems best to remove the denominator in U(1>.k 2 ¢ This results in
U(i).kzmimz ~ (2m 4B v)za"" 2m4 B vi(‘f’" ma®-m,®Jat- 283}
+ (qzn.‘pa )i(mig" mgg ),B.'i' mgym 2?"" ‘fa'}’ 4632

where at, B, ' and §' are independent of E , and o and are listed

in 4.R10 . Now ¢ and ¢* can be replaced by X and X+ %—B respectively
if _[ d¢ is to be performed first. This gives a lengthy result for
vl) x,mams; ( see 4oB11 ), butmy~mgy (= &) is small compared to
m4 for all the interesting processes 4.3, and furthermore E » is of

order §, as isp. Thus %o lowest order in § (i.e. &%) only the term

m
(20.F Pa'+ 20,8 (ma®-mo® '+ 22(2ns?5 "= miE (n,°

- ma®))y! 433

survives from 44R11, and in particular only

lal®~ |b]2+ {marmpf m.:gz |£]2 fromat

m,m o 12 Mmqs+m 2 ]
and mlal +£—L_m'&2m1m9 [£]2 from y! .

This is good enough for neutron beta-decay where %1~:10" %, but
the annoying presence of the term 4m +2u® in Y makes the final E v
integration awkward in this case ( since y® may not be neglected ).
For the A, % and = electronic decays it is possible to take u®= 0,

with the result that
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(1-2?;;;)1{:2@ (E‘-SA)
and Ei vV
(1 ~2ED)Y=QE”(8A-E”) )

where 2m ;4 =m4+ mye The integral over ¢ may now be evaluated

to give

SA
€ mp [ yl) (1 - oEp)
I'~Te ma £ U ek o E v(sA B v)(1 2;1-1”) E e bee 3
Since %1'» 042, o) x , must be evaluated more accurately

then in 4.33, the next term being required, = to give

r«.g’; {1+ %A%i}ﬁ‘-'- S 8L (1 + mgi)’.zii-g}(a/_\)s ,

30~ Tmglkh

which reduces %o

to s {1 - 2l (1o 5 s (1 - B Jler

(£) Result appendix (L.R
R
The transition probability is proportional to K.(k o= pS) where
K, is a combination of the following terms as in 4.8 :~
vlt) = {(hiAlzx + IBPxy™* + 4lFly + [D]*)P.k 4 B,
+ (ulclPy - IDPy* + LIEPx - |BI*)Quk 4,
—2(lalr- Jcl?- [ElPxyt + PPyt )k Ly
+4Re(CF*y + AE*x)(P,kiQa + Q«k,_Pa)
iZRe(BDm)(P.kiQa - Qekipa)} |
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) = 4Im(AEx - CFy)

vt {ire{ (B = 4)D*- (B ~ hay)F*)xP.k o B + BRe(AF"y - Ex)k 1,
- 18e{ (D = C)B*~ (D - 4Cx)E¥)300k 4 Q
+ 2e{ (Ay - Ex)D"- (Cx - By)B*~ (aC%: EF*)xy)(Pok 4 Q + Qek4®)
” ZRe((A - B + E)B% + (C = D + F)Dy}(Pek 1 Q- oniPa)}

V) = ot (Ay + Ex)D*s (0x + Fy)B%: k(ac™- EF*)xy)
W) = 2re{ (0E™: BC™)q + (BF"+ 40%),)
W) = 2re{ (48%: FD*yrt )q,+ (0D%+ BBy )Pa)

Y, = - 2mf (W% + cD¥y)q,+ (48" + Y)E,)

z®) . = o1m(cB®+ BD™)

z(?) = 21m(ap*iFE%) ,

with mamoX*=(my+m, P~ and mymay*=(ms-n, P~ o
- :

In terms of the Mandelstam variables s, ’candu(s = (pg+ ki)z,
t=(ps-pa) andu=(ps~k,)f withps+kys=po+k, and

s+t+u=m.°+ m22+u"’)
mam aU(i)oka= (s =mp?=p? )(E‘t(maz" w)i(la + B2~ |B]?)x

+ (lc + FIP= IDI? )5} + (s = ms®){(lAIP~ |EI2= |B]? )=
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- (Lol - 171 1012333 + (ma® s 12 w2 (s = m*)(1s - 52

- IBI?)x + (Ic = Fl2~ [DI* )5} + (m2?~ w){(lalP~ [E[*~ |B]?)x
= (o= 172~ o)} ) - G®- tmama((lal- [c?)
- |EPx* lFlzyf‘) + 3B EDPP(s ~ms®)(s = mo®~p?)
+ 3B 2Dl (m 2%~ u)(m4s®+p® - u)
with mamaxX?=(ms+myP=t and moymy = (ms~m,y P~ to

LoR3

The expression required for the polarization Ten ( L4e16 ) is

omo,I = (my?~mp”+ bm, B v)({(m“' my)A~(my= mg)E}B*x
~f(my~ma)C = (my+ mz)F}Dﬁy) + mzq"’((A + E)B*%
+ (C + F)D*y) -u’r-?-f((A - E)B% + (7 - C)D“y)

;Zm,,mg((m;-ma)c + (my+ ma)F}B*

+1

2m1mg((m1+m2)A+ (mi---m,-,)E}D"e .

LRl

. @ 1)k ,n,m
The unpol d ¢ ~gection i i -
polarized cross-section is given by 3 oL B -

in the lab. frame, where
mamaU®dk ,(py=0) 7
=(2msB Po + 2m,B ((m2®= no® - 276 + & (o T zme(80™)))
+ (E-u*{(ms®-m22)(B + 2B TDP) + mama([alP- [c]?)
+ (ma=mg PlEPx + (ms+me Py -u“ﬁ-:((lA + EI*= |B]? )x
+ (Ic + FIP= [p* )y} + @((1alP= 131 )x - (Icl*= |oP )y
+ 4B zol)} s

with
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mama® = |(my+ m;)A s {my-my)EPx + [(mamm,)0 + (my+ ma)Fl?y
- & [Bl*x - £ |D|*y
and »
maf = (my+ mz)((lAI’" IB]? )x + lFI’y) + (m1~mz)((l0l’— Ip{?)y

+ lElzx) + 2m 3 Re{(aE%x + ¢F™y) »

LaR2

A
The expression required for the polarization T.% ( 4,18 ) is

J=(ma®-n,"+ bnoB W (moismo)a~ (my=ms)Ep"
s{(me+ma)F - (ma-ms))B% + {{(masma)a - (ma- ma)Ep”
+ ((m,_+ my)F = (my- m,,)(}}B"E T (ma+ mp)(aB"+ FDyx)
% (ma-m5)(00% BBy )} + 2m i ( (4 + EYD% (G + F)5)

T(ma®= 02 )(mar ma)(@% B%™) - (mamms)(1B% D)) o

LoR6
The baryon polarization 4~-veotor is the sum of the following

terms as indicated in 4.2k

2#) = (P s Quk o+ Pk 3 Quk o )(BC™RP, + 4D"yq, + (BD"- AC™- EF¥)(xP - ¥9,))

= BC*(20¢k 1 @k a¥Q+ Quk sk 5+ Qekaky,)

- AD*(ZP,kiP.ksza+ Pokaka + Pekzks,)

+ —;-BD*(mp,kip,_k 2@+ Quk 1 Qok 3P )(xP = ¥, )
£%(IB]*+ IDI?)(Pok 1 Quk 5= Quk 1Pk 3 )(B,~ Q)

£ [BI*(Pak sk = Pk oky ) # IDIP(Quk sk o - Quk ok )
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2(2)a= (A - B)F*(P.kipek o~ P'aki ok o )(Xpa"- yQa)
+ (C = D)EX(Quk 4 Quk 5~ Pkaok 2 ) (2P~ ¥9,)
+ ED*((ZQ'kiQ'kZ" P.kionz" P.kanki )XPO!- k;, .ngz(xPa
~5Q,) + (Qkak 25+ onzkia)) - FB*‘{(zp.k 1Pek g~ Pak 4 Qak 5

= Pek 2Qok 1 )yQ,+ k1ol ng(xPa— yQa) - (Pkik 2+ Pok 2kim))

2) =t {(me=m2)0B* (1 ms)a") + 20B"Pu(he+ X 2)

+ 200%yQe (ks + ko)

5(4) =3 {(m1+ m g )FB = (. - mg)ED%)-- 2FD yPe (ko + k 2)

- CEB*%Qe(ks+ k2 ) o

L.RY7

.3
The expression for §Ro§ ( k.25 ) is given in terms of L :-

2mamal = (me®~-m %+ 4m B v){((m1+ mg)A = (my=- mz)E}D;'E
+ ((m1+ m2)F + (ma- ma)C)B*} T (mi®- mgz)((m1+ m‘-‘;)IB!2
+ (@a=m2)Dl?) ~maw®((a - B (7 + €)B" £ IBI* T [D]?)

+ q’{((m1+m9)A- (mi-mg)E):D*-a- ((m1+mz)F + (ma
"'1112)0}33”E + (ma-ma2)lBI? 7 (ma+ mz)lDlz} .

L.R8

A
The expression for I on ( 426 ) is given in terms of M :-

mamaM= (4= mo 2+ 4m s E v){((m1+ ma)d + (mg—- mz)E)Bmx :

-((m“. ma )F + (m;- mz)C}Dﬂy} ¥ mimg{((mﬁ mag)A

+ (ma- mz)E)D#" ((m 1+ ma )P + (mi'-mz)c)]f}
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~m e {{(marma)a - (my-mo)E)B% =~ {(merma)r
- (@a-ma)0)p% } + {{mar mada v (my-mo)E)E
~{(mitma)F + (na-m,)e)0%)
kR9
For the integral L4.30 ’
&) ={lma=n:)a = (mas mo)By™ P= (mom m, P B J? (4 2°)
+{|(m1+ B0 - (me-ma )Py P= (my+ mg)a,Dla}y"i(cf"+ ?)

+ {IGI’- [al2+ 2|B]Pxy™t+ 2|Fl"’y=f’1}<f (2¢ + 13
2(Ipl*- |BI?)¢ (F-n?) .

L.R10
The coefficients a', 8%, y' and § for 4,32 are

_ ms—m ® (ma+maPi{me-~ma) 2
= o anBado [, (Razmal fmazBat o o] o o
{mamma )l

mqemsa

R
-

_ ma)__m,m a_ ) 2) . JDa 2 _ 2
B = (1 )RR ol ) « 15) = 1 ~ 221~ I
m,m a m, m,m * %
+im1+m35 le,)+2ERe(zmi+m252ae+cf)

, ___ m.m s, myemaPP ey 1a 2 ms+m
v = iy el S22 (o] - o )+'(—f;:-—m:jlf|’

Lo (2B (la + o= [6l°) + (lo + 2= |a]*)

8 =E£+‘f:-:~)n(|a|2- [b?) + laf®.
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L.R14
On performing [ d¢ in 431
| AN
@) x,m,m, » (2m.E u)"’a' +2m4E v{ZmizE v"’- m.E u(3(111 42~ m-,,"’)mu"'g
+ma?(m,%- mzz-u”)}(m 1®=2ms B )~ ko yE pPpt
; 17
+ {(m 1= mo? ) +mam z}"}'izm +°E vz_ E vmi((m 1?
Y
-ma?) - 3'«12) - 213124193'(11113" 2m 1 B v)-.i
"Ma(zmiaE vz__ E vmii(m Pemp®) - u?) - mizl‘z}a'
b (m 12“ 2m 4 E v)-i
1 ap 4 8. 3 2. 2.2 2 2
+3{16m1 Ev - 16m 4 Ev (ma1?«mp®=p®) + bmy Ev(
(ma?- mo®-p? )~ llmizl‘z) + 68 ma % (ms®- ma®ep?)

+ m 14}12}8’(111 12- 2m 4 E ‘D)-Q °
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5, THE INELASTTC PROCESS v + B B + 1

The processes »(¥) + B= B + 1 are studied in a similar manner
to the elastic processes of the previous chapter, and it is shown that
there exist analogous tests of time reversal invariance. Again the

emphasis is on a detailed phenomenclogical study of the reactions

v +n= N¥ + 17 5.1a
Vapm N 4T 5.1b
J+p= N 4+ 1 5.1¢
7ene N© 41 ’ 5.1d

and the SU(3) symmetric counterparts
v+ No ¥* 4+ 1 5¢2a
TR T o L 502b
‘The formalism as developed also applies to the v + ¥ = el
processes anci the leptonio decays B*s B+v+l s Which includes,

among others, the O~ leptonic decay. -

(a) The transition probability

The invariant matrix element for these reaotions is of" the form

= Wi (ko )y, (1 T Wodu(ka) Gg(p o) (Vg + Ag Ju(ps) 5.3

in momentum space, using 3.6 and 3.14 , where the comnection between
partiole and momenta is given by
\if-‘l P2
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Averaging over initial spin states and summing over final spin

states ( 22 ) leads %o

ZZIMP @-2 CTQS(‘.C goL) 5.[;.
IF
where
H = lel(v Wy + 8 JB 1+ ma )T, T 1?5 + B WP s 125230
with 55
§=w§w
and

Vg = ( 25 -;-(i’.v)a (Q.y)ﬁ)(ﬁa + m, ) s ‘the spin- -g— projection

operator obtained from 2.6, with ‘I> o sap Pa,P gp(m 2 )?

This form of ‘Paﬁ is much easier to handle in trace evaluations than
the "standard" form |
(%tﬁ 3°‘ﬁ 3m 7 (pa xfa')’ﬁ-l-paﬁ')’alsz)“%‘Pzapzﬁ)(lfz+mz)°
Here the initial baryon is assumed to be unpolarized so that
manageable formalae may be obtained, +though mention is made of
polarizations ( briefly ) in section iy of this chapter. The A factor
is included in the above so that the various reactions 5,1 can be
classified together with only this coupling constant differing. On
performing the trace calculation 5.4 reduces to
nMPl@ﬁk
IF
= #@A"lg{p sekapaekaX®(t) 4 paskapaekaX®)(t)
4+ (Paekipaeka+ Paekap ong)x(a)(‘b) + ki,kzx(")(t)
+(paekapaeka=paokapaska)XO(p)}, 506

where the X(“ )(t) are listed in 5.R1 and 5.R2 for the two choices of
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V and A given in 3,15 and 3.16. x5 )(t) contains only V-A interference

terms.,

(b) Differential cross—section

The invariant differential cross-section for B* production is

do _ 4,28 _ _kalX '
T T G-ns ’ 57

assuming all particles are unpolarized ( excepting the neutrino, of
course, which is completely polarized ) and where the coefficients of
the X(*)(t) are to be expressed in terms of s and t ( see 5.R3 ).

With: the choice

V,Baz =218+ qﬁ(a a¥y+ & aP' + & 4qa)
A =a" Bae+ qﬁ(a'9?a+ a'aP’ + a'gqa), 5.8

'( where now P'=ps+pa), %% is seen to be a combination of 24 terms

Re(a la*‘]) of the eight form factors . Little can be said asbout the
behaviour of the differential cross-section until some asrsumptionsl are
made for the t-dependence of the funotions at. However for small

momentum transfers -g% depends only on the normalisation of the a i at

t = 0. In the limit t » 0 it takes the form

%z-(t=0) =),:';C;? 22:2%{(1,-%:;)2'&1“ (my+mgy)ag+ (mz

=a\- )
-my e s){a* ('3 + g‘*‘i) fay - {mg - T C U § . )&'a)iﬁj‘
5.9

when terms in p®( p= the lepton mass ) are neglected. This is the
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reason for the non-occurrence of the doubly-induced form factors & .
and a'y ( it is worth noting that the ?samef form factors - those
nultiplying the 9 ourrents - in the elastic processes slso disappeared
in this approximation )o It is interesting to observe that if therc
is a C. Va Co then the first term :m 5.9 vanishes, for qavﬁa implies -
that

as~(ms+ma)aa~ (mzz- miz)a a+ cfa.; =0 for all ¢,

and at t = 0 only terms in the axial~vector coupling oonstants are
present - just the divergence of the axial-vector current in fact.

For the other choice of form factors suggested in chapter 3, viz,
t L}
Vou qﬂ(diP +dogrdac, PYayy, Y )+ d g€ Bayv N
— ¥ ¢ t 1 T ¢
Aﬁa = qﬁ(dg_Pa+ ' g, A's€, P a Vs p) + aty e Boyv uqu5,
| 5.10
%—qt- is a combination of 16 ’Perms Re(d 1 @) of the eight form factors.
In view of the connection between the a { and the d { , +the invariant

differential cross-section at low ( zero ) ¢ now takes the very

concise form

(0) MG (s-ma) (nar -mi ){(mz-mi)zldilz-p (m1+m2)2| g‘}

2r (s—-m1 ) ma
5011

as may be seen from 5.R2 or by using 3.18 and 5,9 . Whilst it would
be difficult to assess the value of any one of the a1 from 5.9, 5,11
seems to give a means of finding |d% | ir la 1, is comparable to ld'i-f,
which does not appear to be an unreasonasble assumption. Indeed ) 1,

for t # 0 takes on a very much shorter form written in terms of the



67,
dy form factorse At very high energies ani all momentum transfers
Lo vo,t) ~ fp{z(@er maP= t){(mamn, P- t){{mamn, Y
- tla P+ {(mye+ mp P~ YAy |°) + tEmimg}, 5,48

thus it is not difficult to find the high energy behaviour of the total
cross-section for speoific choices of d1 and d'ss For example, with
the most "populer" type of behaviour d {(t) ~ a1 (0)(1 - tb™* )", the
total cross-section increases guartioally, quadratically or
logarithmically with s acoording as n = 0, 1 or 2, Experimental

data does nbt give a very good guide at the moment, but if b is
suitaﬁly chosen then the logarithmio behaviour could not be ruled out

( o would behave as ¥ log{2), so this contribution would be heevily

demped )e Indeed with the factors ((m 1 Tmy P~ 'l:) ocourring one
could oongecture |d 1| ~ [(mo-my P~ t]™ = [(ms+m o )P~ 1™ and
still obtain a reasonable fit - this is Jjust to demonstrate how
unsatisfactory the present situation is. Indications of the high
energy behaviour of the total oross-~seotion for various choices of n
are given by Albright and Liu(so) for the currents defined by 5.8.
Here for oompleteness this behaviour is given for the ourrents 5.10
( see table L ),

As in the elastio oase, experiments with a polarized target
would lead to a test of time reversal invarisnoe in these inelastic
reaotioné. The differential cross-seotion for the processes with the
initial baryon polarized transversely ( i.e, perpendicular to the

production plans ) is dependent solely on the imaginary parts of the



1) Iz

6
(1,2) ,%e?s Ik af’ilog(e)

(2,2) | 7hPsu? | 2

(3’3) %1'6&253 "52'31‘5 1 mianga %ﬁ?m 12111 228
L 2

(3,4) T'Ze?szmz Zef‘mglog(;) %ﬂgmimzza ge?m,,mg 5

2
(l,.,l..) %ﬂzsm 2° g'fm 320‘

3
(5,5) | = (1,1) = (1,1)

(5,6) | = (1,2) = (1,2)

(6,6) | = (2,2) = (2,2)

(7,7) | = (3,3) = (3,3) = m.°ma®p

(7,8) | = Gt | = (3.4) 3Emama’p = (3,4)
(8,8) | = (1) Sm P

5,7 | s | He 2nim oS 108 | Zfmamas
(3,8) %%?— %-1 2m 2% 1og( S Efmas
(457) | = (3,8) = (3,8) = (3,8) = (5,8)
(1,8) %—g—-f s 42:'13 1og( :}

\. Q 3 d 31 - ]
with a1 (t)=a 1 (0)(1-t/a)™ all ijjPa', } atg 5(1 t/a) » others as befors,

TABLE L
o(s) ~ ;}Zﬂ dt(0)a (o) x {(1,.]) entry above} at high energies,

where (1,5), for erample, refers to d 5 and @'y .and ﬁ’} =2 + (mstma s
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products of the form factors a a*J or d1i d’fy o For both choices of
form factors this ocross-section is a function of 22 of the possible
28 tembifintitans, and it is because of the large number of terms that
the expression is not given here, it being sufficient to indicate the

possibility of testing time reversel invariance.

(e) Lepton polarization

Since the matrix element of the reaction splits into a lepton
current and a hadron current (M o I‘ﬂﬂﬁ from 5,3 ), the density matrix

of the final lepton is of the form ( see 2,33b )
p(1) o (Karn)p, (1% 1?5))61?p(1 ¥ iv5)(}£a+u)Ha s 513

where H, 8 is given explicitly in equation 5,4 . It is then a simple
matter te find the polarization 4~vector for this final lepton using
2,28, 2.10 and 5.12 @
- 1. ]
P (1) = m{dw,o k(1)
leading to '

B(kax =528, cux - <GIpakapadY, etk

H
where k 2 .X and XM are listed in 5.6, 5.R1 and 5,R2 and Y is the
imaginary part of the combinations of form factors as given in 5.R4 and
5.R5 =~ most simply given in terms of the d .

The presence of the term <(u)p, X1 D > in 5,1k leads to a test
of' T, as in the elastic oase, owing to the éntry of imaginary parts

(only ) inYs Y is seen to depend only on those terms entering the
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divergences of the vector and sxial-vector currents, and if the vector
current is conserved

Yo Im{auas) .
If there is a Ce Vo Co and a Ps Co A. Co then a measuremant of this

transverse polarization will give some idea of the size of Imid’i) and

Im( d'z) ( if time reversal invariance is violated ).

(@) Baryon resonance polarization
Making use of the results of chapter 2, and in particular 2.32b

and 2,13, the polarization 4-vector of the baryon resonance can be
found after a somewhat lengthy and tedious calculation. The dependence
on the eight form factors present in the currents gives the polarization
vector in a complicated form, from which only very general observations
can be made, Since these observations can be inferred from a study
of the most general expression for the Balé spin density matrix - and ifs
resulting polarizations -, +they will be derived in this fashion here.
The four possible magnetic substates of a spin three-half particle
corresponding to the values 2m = £ 3, £ 1 of the spin component in the

direotion sﬂ are

9,(3:3) = -‘a&fﬁ*(t’*w )
4, (3,1) = (1v5ﬁ*t - £, J (%)
\3,-1)=»~*é— (2008, + A4 JE0,)
¥, (3o3)=f 31y £, (°,9) 5615



e
as found from chapter 2, where t and £ &ire orthogonal to s and to the
momentum p of the particle ( p.s = 0 ) and the wave functions ¢(2j,2m)

refer to the particle of spin j and s component m,

The most general form of the density matrix of the spin 3/2 particle

can then be found using

pﬂl’: ﬁﬁ Pams an¢'u (Psmﬁv(P:n) P 5616

where 2m and 2n take the values +3, +1, ~1, =3 and Puv is hermitian

(Puv-t: Yopw?o) sO th.a-t pg*m, an = pgn, am 3 Wi'th the I'esult that

b= 7, (8 + B,

where

1 * 1 * 2 )
p' ={pPaa + TPt t 4 fsyges * 5T Puosges j& &t + W Prgs + Puggwr (S 8
3 [T 3 HYv 3 Ju'y

pv-
+J—;'{(p~19 s = oy -a)t’*y t’ﬁv + h.c.} +:{-§- {{p,_,asu t*v_l_ Py a8, tv}
+ h.O-} 'F%{(p-'iyi (Su'bv- ‘busv)) + h.c,}

+5J"5f$ {(Pag a - %‘ P:.n)"iu t%v + {", Pugg sz + %‘.P-:.,—:L)tmutv

+ %‘ (P.u:. “ Pogy "")susv + '7% ((P—-1s s + pf‘, -3 )t*u t*v"‘ h'°°)

+$§- {(pi, 33, t*v- Pty =38 tv) + h.cg} +'L§(p_1,,_ (su b+ 'bu Sv) + h.co};}
+ vy, {F(-/2 00 ¥, t*,,J-; prays (8= 288 ) + % CIPL R
= P14 ~3 t*u tv) "J‘;(P;-ip 33“ tﬁv+ PJ.*: -3 tﬁu Sv) + % (o1, 4 tp Sv‘

= Pety-1 8 ’cv)) + h.co} ’ ‘ 5.17

where complex conjugation and interchange of u and v is represented by

hac.,
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for example

£ £ h.Co & 'l;*

u v u v
* h.c. x %
tatutv ———iyy, tatpt v °

This form is seen to automatically satisfy

= = 0
By T P
and )
= Y =
Yy = P’y

by virtue of the specific wave functions 5.15, and contains in gensral

16 independent elements psmyzne 1t reduces in the rest frame of the

spin 3/2 particle (87) to

P LI = AELE g A X ¥ Ay LY g A(xiyg+yixy)
+iB1(x|,y_1—yli) }BZ(xLZJ+ Z1X]) +:'|.A5(XLZJ-Z[_XJ)
+BB(YLZJ+Z!,XJ) +iA6(3’LZJ"ZwJ)
+g._z_{B)+zlz‘]+ BSX LX j+ B6ylyJ+ B7(xLyJ+y1,XJ)
+iA7(x-LyJ-nyJ) +A8(xlzj+ Z1%J) +iBS(X[ZJ"Z]_JCJ)
+A9(3’lZJ+ZlYJ) +iB9(YlZJ" ZLYJ)}
+g_o3_§{A1oz;zJ+ Aﬂx LE g+ A12y|,yJ+ A13(XLyJ+y1I{J)
+iB1o(x Iy j=yi1xg) +B11(XLZJ+ZLXJ) +:’.A“'_(thJ

~z1xy) + B (yizy+z1yy) + iz ZU’J)}

+ E'X{sz Lz + AKX g+ Aay LY g+ A19(lej+yt.xj)
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+ 1513(XLYJ“YLXJ) +B“'_(x1,ZJ+ ZLE )+ iAzo(x 13 ]

“leJ)+B15(YLZJ+ZI.YJ)+iA21(YI.ZJ"ZI..YJ)} 5.8

upon the substitution s » (0,z), 42 t = (0,x + iy), H+m-> 2n and
175,4(15 + m) +2mgea » The coefficients A, and B ( 1isted in 5.R5 )
are not all independent, the 21 Ak and 15 Bk reduce to 10 independsnt
A, and 6 independent B, ( see 5.R6 ) to give the 16 elements pymyon o
All the coefficients here listed are real-as required by hermiticity--,

and under time reversal

Akfu »Akfu

while
ka ] —ka 1] o

%hus if time reversal invariance is valid in the production process
the Bk will vanishe Under T, 2z 3, X =X, y-» -ya and ¢ - ¥
with complex conjugation in addition, giving the six constraints ( if
T is not violated )

Pas 3 = Pegy~3

Prgs = Pesgen

Pry3 == Pi‘i, -3

P-1y 3 =~Pf9-a3 ’ 519
as may be verified directly from 5.17 or 5.18 .

The expectation value of thé spin vector Wa for the spin 3/2

particle is given by ’

5,20

<H > = T"{(Wa)yv Pw}/Tx{ , }
210
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R 1y -_-L 3
8Ty =~ *u0agPe ~F ¥ pompPe¥ 500k
resulting in
1. 1
<W,> =8, (P3s 5 = Py -3 + 3 Prsr T T Peay )+ ta{z\/z Pessa +'/6(p~19"3

- pi’.ﬁpa)} - ‘b*a{3/2 pf:l.si +A/6(Pi‘19 -3 = p:l.pa)} 5921

when the normalisation is taken as

P3ygs * Pesgwag * Pry1 +P-1g-1='1l- .

Fquation 5.21 in conjtinction with 5.19 implies that the produced
spin 3/2 particle is unpolarized in the direction of spin quantikation
Sy if time reversal invariance holds, There may of course still be
some spin aligmment in this direction since pgya £ Py,1 Oof necessity.
Thus if the axis of quantization is taken as the normal to the
production plane, any polarization of the produoced B* ( in the reactions
v #B=B* 41 ) in this direction will give a test of T » Unfortuneately
a null result for this measurement will not impiy the validity of T ,
since it does' not test the final two conditions of 5.,19. The angular
distribution of the decay products in B« B+ may be more helpful in

this respect ( see chepter 7 ) .

(e) Result appendix (5.R)

5,21

With the vector and axial-vector currents

Vaﬁ = 8184% qﬁ(a a¥y+ & sP* + a4qa)
Aozﬁ =a% gaﬁ+ qﬁ(a‘a‘)’a-a- a'sP'm+ a'4qa)
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the x{t) (&) fer 5.6 are :-

1 o
X(")(t) =-mqoRe(a 8+ asats) + -B-mi""m 2xy(ylby P+ xi» o )

LSRN

2 * * *
+ %mi mgxyRe(b 182+ bzat 3) +m1m2Re(yb 121+ xb 28t 1/

x@)(5) = £ Byla, P+ xlat I?) + gmatnaxy(yles Pe xlo, [?)

2

RRG{(X +3y)asa’ - (3x + y)awahed ma®(x + y)Re

(yoia";+ xc za'™ ) = dxym 1 °Re(c sae=-caat™)

3

M

X(a)(ﬂ =% m 12"3’('3 2 |2+ |a'z lz )\ + m sRe(a 16.*2" a'y a'*z)
\

v hmnaofrla P - lad) + x(lat - ot P}
+3mi®maoxyRe(csa™+ c2a'™s) ~fmamaRe(yosa's+ xc 22"y )

+ :lé-(x + ¥)m ,*Re(yb 5 8% + xb aa's) =% m4 xyRe(b s8a=baay)

>

x4)(8) =% mama(ylasPexla®) +3 ma®naag(laa P~ [ata[?)
-3 mi®maxyRe(asass aly a'™) -+ ma®maxyRe(yb sas
+xbza™) =% m1®m o xyRe(yo 127+ xc 3a'Ts)
+4 m*maxyRe(yb e’ ~xboat™) ~F mamo® (x + y){y(la sl?
- laodl?) + x(lats P~ la% la)} +%m¢3m 2axy{y(ma® o, 2

+m29|‘.'.*1|2) +x(m19|b slz*méslozlz)}

X(5)(t) =Re(2a 2™ -mixa 28t~ m cyasa™-miixyala)

where here
mimaex =(ms+ma)m-t,
maiMagy = (mz-mz)z",t

and
b1=a3+a4 s bg=a'34~a'4 s C4=a 3™ a4 » Og=a'3~a’4o
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5.R2

With the vector and axial-vector currents:-
= t € ! + 4 4€ P!
Ve qﬁ(d A dzqaf a9y P uqu5yp) TER L

- 1 ] 1 ] ¢ 1 t
Agy = qﬁ(d 2P Alagy+ dlee, P uqu5vp) + %, 0P a Vs

1

xE)(4) =g n.naxy(ylo s P+ xlb o) -2 mans°E
1

X(z)(t) =-8-'m13m 2xy(yle s P+ xle o) =2 mi’msE

@) () = gmatnaxyfyllas = a5 P) + =(las = las )}

+;'8-m12m 22(x + y)B

X(d)(t) =%m13m 2X.Y{Y(m12|b1|2+ nglcilz) + x(mizl'b zig"‘ mzelc 2!2)}

~%(x + y)na’m 22{3"('&1'2‘ las]?) +X(Id'1 |2~ [at, [2)?

X(5)(t) =m0 2xyRe(Ld 4d'*4"' m 3 xd 4(1'*:3— mayd sdt™y - ma®xyd ad';ﬁs) 3

where‘x'and y are as for 5.R1,
E = li-(de 4 |2+ yld'4 '2) - 2m 1xyRe(d 3(1*4-!- déd.'*:)

+melxylyla o 12+ xlasl?)

and
b1=d1+d2 ’ b2=d'1+ d'z y Gai= dg_—da P Gg=d'1-d"g [

2283
In terms of the Mandelstam variebles s, tand u
kptekapaeka= (s =ma®)(s -mai+ )
hpaekipaeka= (s =ms®-u?)(s = ma2-u?+ )
L(paskspioka % DoekaDaeks) = (s =ma®-p%+ t)(s = m 2"+ %)
t(s-ma®-p®)(s = n,®)

2]{1.](2:#2- t o
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2:Rb
The relevant expression for the lepton polarization (5.14) coatains
Y = mix{a°3+ maeg+s ms(x + y)d g}a‘*i + miy{a 2+ M 304
+3ma(x + ¥y 1}8-*1 +%m 12:cv{m 1 (a b’ - a'zbmz)

+ I g(a Qc*,_- aly c*g) -mimz(ya aa*4+ xa‘sa’*,;)

in terms of the currents 5.8, with the defining relations in 5.R1.

In terms of the currents 5.10

Y == ‘%‘ mism glqr(yd 1d*3+ xd‘id‘*g) .

5R5

The coefficients Ak and Bk

particle ( in its rest frame ) are given by

for the density matrix of the spin 3/2

2 1
A =3 (Prys + Poggma) » Az "'g;((l’isi + Pagyer* 3 P33 + 3 Pog;ea)
+3/3 Re(p—ipa "‘Pis-s))s
1
A3 =g((P191 + Pogges *+ 3 Paga + 3 Pagyes) = ?‘/—7’ Re(p-1,3 « pi"'a)) 4

-

v 1
‘AA=EIm(P~193 + Pryma) s A5 = “B'Im(‘/3 (Prys + Pogyms) + 2p"1”'} #

1
"%‘Re('/3 (Pus “P-:L,-s) + 2 p-d.yi) 3 A7 =% (pisi + Pty =1

-3 Pays =3 Puzsmz) s

4¢

n

A8 =".A6 ’. A9 =A5 s A1O =-‘5‘Re p_:,_,i ? A11 = Re((p_i,i "5 P..;;,a)

"4/3 (P13 =2 "Piy's)'} 9

-

1
A‘IZ = -3’_119((0—1,1 =3 pusy a) +4/3 (Pagyms = P, 3)) ’
1 1
A13 = - 3‘ IIII(3 P=393 + p-iyi) ’ A,”+ = A‘!{- 3 A15 = 3'(4:/3 RB(P19.-.3 - p"193)

A
+ (pis:l. + P-:Ls—-:.)} 9
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&
A16 = '%mpﬂiyi y 1 “‘3"‘1]1}((,0._3_,1 -3 p"'393) sz (p193 + 0_1’03)}3
1 J ) == A
Mg =3 m((ﬁ-in =3 pogya) +4/3 (P, +p"1"‘3') s Byg =Bz
hog == Mg s Ay ==y
and
4 1
B1 =Z - Prys * Pegges =3 Py + 3 P—ag-—a) P }32 =J‘§Re(hsa +P°-1y—3) s
1 2
B3 =J3‘Im(P49—s = Py8) s Bl:- =3 (Pys = Pegya) »
-1( ) /3 Re( )
—"6" 3 Pss =3 Pugy -z “P;gi +P—1s-—1) + 3/3 Re(Puy, 3 + Piy-a ).9
1 \
B =3’((3 Paga = 3 Pugges = Prgs + Pegyos) "‘3/3 Re{pog, s + Pipe-a)}:

1 .
B7=J3"Im(Pdss“P1,-3): B8=B3’ B9="st B‘IO:—BZ’

B

] /
'6"((10191 - Pegyog) A/3 Re(pes, 3 +P19~3)) 312 = - 37 ’ 513 = 133 P
B

J”+ 7 B15 =';"((P171 -p-»:;g-i) +'\/3 Re(ﬁ-1,3 +p19-—3)) °

5.,R6
The 21 Ak are reduced to 10 independent ones by the 6 relations
indicated in 5.,R5 and the additional constraints
A, -AB =A1‘ - 2A15
A2 +A3 =A1 - 2.A7
Aig + 817 =2 443 = B¢
Mgl Tl 24

Byt A=Ay =24
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and the 15 Bk are reduced to 6 by the additional 3 relations

B +Bs'=-B’+-ZB1

5

By = Bg =B, = By,

BJIJl +B15|th_ e
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6. U(12) AND NEUTRINO INDUCED REACTIONS

In the earlier ohapters'it has been found that the number of form
factors entering the hadron current of the weak interaction vertex is
too great for meaningful complete caloulations to be attempteda On
| making arbitrary ad hoc assumptions and introducing a large number of
parameters { which could be varied ) , results could bé obtained, but
a reasonable fit to experiment in this manner would not be very oonclusive
or indeed instructive., On the basis of the SU(3) symmetry scheme the
octet - octet transitions can be related ( considering only the hadrons )
and the ootet - decuplet, but the two transitions connot be oorrelated,
However if the_ﬁ(12) scheme of S.D.S.(18) is adopted the baryon octet
and decuplet can be grouped into the same supermultiplet =~ the 364 ~
and ( in pai"bicular ) the two reactions v + N= N+ 1l and v + N= 41
become intimately oonnected ( in a current - current theory )s It is
on this basis that caloulations are performed here, and since, with
the assumption of an I.V.C. hypothesis, the elastic veotor form
factors oan be related to the iso~-vector electro-magnetio form factors

of the nucleon an aoceptable form for the form faotors is available.

(a) The currents

The effective strangeness conserving and strangeness changing
hadron ourrents are assumed to transform like the AS = 0, AL =1 ( i.e.
'pt- like ) and the AS =1, AL =1 ( 1g*1- 1ike ) oomponent of the 143

regular representation of U(12) respectively, with relative weights
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given by the Cabibbo(61) angle, The vector and axial-vector currents

arve then of the form

q, qu
~ w— harid 601
Vu F(q’ )(Ju+ Juviq.» *d <f\>}

and
q

Au—vG(qz)(J NPT —'—’-) s 6.2

Bu “Bicm> T ¢ ﬂpeﬂpuv <o>
where the currents J“ ssecacs J5 are defined in appendix B and the
parameters <>, <A>, <> and <o> have the dimension of mass, Vu and A
are assumed to transform like members of two different 143's of U(12).
Because %64 @ 364 ( B and B* belong to the 36l regular representation
of T(12) ) contains 143 onoe only, +the form of the hadron current is
unique, with fixed D to F ratios. Physical masses for particles have
been inserted in the currents, and the various couplings can be written
dom ( Kawarabayshi and White(ss) have oonsidered this for the leptonio
decays of the baryons and baryon resonances ).

The current Vy (6.1) is the most goeneral allowed with the
inclusion of derivative couplings. Using the C. V. Cs hypothesis (un” =0)
it is clear that <A> can be fixed :

At == (ma=-ma)()" 6.3
so that whilst Vu does not appear to give a C. I. V. C. theory in the
form 6,1 ( the Cs I. V. Ce is experimentally acceptable ) , it does

taken as

9 (m g=m4)
F(q’)(Ju-;- % Tars * 7, )s 6.l
since in the equal mass case ( i.e. for N-N transitions ) it gives the

form of the nucleon electro-magnetic transition. Now by the Cs Io V. Co
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hypothesis F{¢’) can be interpreted as the electro-magnetio iso-vector
form factor of the nucleon, and using a normalisation such that

"p = 2+8 bohr magnetons > can be fixed to be approximately 1°0L Gev,e

For the form of F({)

a

Fd) -2 e €
} = (1 - ‘f/a} 651

/(P )R(E)
are taken, These imply T (¢) ~ F(¢") whilst F () ~ (1 + 5L)r (¢),
forms not in total disagreement with experimental evidence for high
values of | |(89). Apart from the parameter 'a' in 6,5 (~ 0°74 using
nucleon electro-magnetic data ) the veotor current for both elastio and
inelasfic prooesses is now fixed,

By considering the divergence of Aﬂ and assuming that there is a
partially conserved axial-vector current ( a Goldberger~Treiman

relation ), it is possible to deduce that <m> amj. In detail

2m 6(¢ )3( +2—<-g-’;-m19 Zn e g, {1+ Txii&'?) 6.6

for small ¢ ( for neutron f-decay the whole range is smell enough ) ,
implying that <m>my ~m a7,

The relation 6.6 is in remarkably good agreement with the value
of G(0) from neutron f-decay experiments ( G(0) = % 1¢15 )o It is
here assumed that G{q®) has a similar behaviour to F(d®), viz.

&(¢)
= ¢(O)1 - &
J(P’)G(cf)} (" - %nl

-3
L)

a7{:



83.

It is not too clear what ¢ dependence G should have since there is an
overall P ( = (ms+ m, = ¢ ) factor in LA but 6.7a leads to a -
logerithmic increase in the total cross-section as against a constant
high energy behaviowr with 6.7b ( as a function of the energy ).

The current Jﬂpey s is not a ‘'basic? current of th? Se D& Sa
theory of U(12), nor is it a ourrent of the first ld.nd(L"B) + These
may be good reasons for neglecting it (<o>™* =0 ), but it is here
retained for completeness and the remeining parameter <o> varied %o
show its effect on the total cross—seetion, The relatively large
value of <m>"* from 6.6 might be thought to cause large corrections
to the cross-section, but fortuneately it always occurs with a u®

factor (4 is the lepton mass ) so that its effect is still small,

With these choices of parameters the currents reduce to

vl-‘ = P(d) {(%‘P”{‘l +£2‘_:.;"_2‘_a_2.%qa - (mi—ma)”%ﬁ}

>

~pplmamna)  (Banna) 40 )(Rp L N L))y
ey LLCTOUECYD) NPy R

>
and
8, = G(qz)g {i\:‘(p a)( yy{'] _L‘%};m_a.l; - {ﬁg;_a(;>m_g_)_+ (miq;m B)E%Pu

- {@"%:'512 + ﬁg_g_:!l_al}%%} iy N(p 2 )}D + 2/5F 680

for the octet — octet transitions, and to

v o= an(@)1 + {Batma))s

M u> pich B QD (P2 )N« ) 649



8le

end
g, = 1@ P (1 - BazBad )5 (5 nGp. ) + (0,01 - (Bazmaly

R R B L AT PP I S

<> <O>

for the octet ~ decuplet ones,
Apart from the kinematioc factors included in the above, the
relevant couplings for the various processes are just the SU(3) ones
given in table 5, Now ell currents are known in terms of F(q®) and (),
so results can be indicated for different choices of 'a', 'b' and <o>. .
The identification of the form factors A, B, C, D, E and F of

3+11 and those implicit in 6.8 is as follows :
2
a=3p(teg BatBad e g Bermalp) an(e) 6.108
B =31+ fln-ﬂ-‘-‘-l‘-a)) pF(¢ ) 6.10b

(1 #2285
poge(liasna) Ly @en8a)p) an(g) 6.100
¢ =31 i fmarma) o _%_-LE_L:.MP?) p6(d) 6010
<T> <o>
D:%—P*l--(i“—ﬂ-"—m&)-)p@(qa). | 6.10e
and <0>
po-gppe(Batia) , Banma)) pog) 6,107

where A is the F type coupling factor and p the D «+ 2/3F factor
relevant for the partiocular process.

For the inelastic processes the relations take the form
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a.i =d3=d3=0 6.113.

2mim 5d 4 =(1 + S&}q%n_sl) AF(d) 6.11b

m:.am 29,3(1':!. = ((m 4= M 9) - <0>} AG(CIG) 6.110
3. .2

me®m,afa, = EERAQ -~ (maema) o lBalBa) Y ag(d) 6a1a

mamadfats = (1 -L"—EE;:’B-&)‘} re(d) 6.11e

2dy =m,sFd's; 6.11F

in terms of the ourrents defined in 3.16, with A the relevant SU(3)
factor. |

Equations 6,10 give, for ms=m s, all the conditions on A, B,
C, D, E and F which were required in chapter 3 ( D(0) = ¢(0) and
Fa ¢ ), with the built - in conditions that A and B are related to
the nucleon eieotro-magnetio form faotors and E = 0, It is worth
noting also that, again for m 4 = m 34 <0> occurs in F only and <m> in
C only, with

e+ g

if there is & Ps Co As Cs (see 6.6 )e Since tke C, I. V. C. relates
the vector form factors for the weak n= N process with those in the

N photo~produotion from nuceons reaction, it is of interest to see

(82)

how U(12) compares with the Gourdin and Salin estimate of their
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form factors C, and C 2. Thoy obtain C 1 (0) = 5¢6 and C 2(0) = 0°37
as against the 3(12) values of 3°5 and 025 on the assumption that the
electro-magnetic current transforms like A(2) 44 / a/3 A(8)’

From equations 6.11, the dominant high energy behaviour of
the cross-section is provided by the d% term ( see 5,12 ) and is

dependent on <o>s At =0

ar 1 1 )
--9 - — 1
dis ((mi-mg) <0> ) ’

and & value of <o> ~ my = Dok ( <o> is a constant for all B-B and
B-B™ processes ) would give very simple approximate forms for 6.11
( only &4, ', and d'; non-zero, with the  dependence of F(d’)
and G{?) ), whilst even such a small value would affect only the

F of 6,10 and mske F ~ -Z- & D for the m, = m , processes,

(b) Results
(1) Elastio
The resulting expression for the differential cross—section for
the elastic processes is given by ( substituting 6.10 in 4.9 )
da 2(;:- T ({NP (1 +2MP<u'>P + 2 <p'>(1 + FMP <ut>)
T PICEIL -n%-g(‘l + He PP )P (1)
+ P(B2- 0P+ of Peo's® o« meo>0E + m(if - 318 - of 1)} )? @(1)}

x{(s = my*)(s = mo?) + ta}(s =~ m,?)?
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A o A p
n =p| 1 ? T |/ 13/%
- - - J 1
= === % = = A J% A/‘g
" = 20 »,/2 22 ?:}E"’ 1 %
- J2 /3 {3
FaNo0 |3 A =p 'j;z /2
2° s 5t of2 -%/25 n o= - -;-
(45 =0 )x cos 6 ! (a5 =1 )x siné@
(28} =2 ama (B3 = p for 6.10 .
F D + 2/3F
(EB} for the [A| of .11 :=
A . 1
n = N% J% W =D e
D = N 1 ™ an ‘/3'
Ta2 3 e |t
e | T
o g - 3
A =T % 0 =2
( 45 = 0 )x cos @ (88 =1 )x sin 6|
TABLE

The SU(3) coefficients for the elastic and inelastic hadron vertices.
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- ﬂz*‘-g%{gz (1 + Hew> P PT (1) = P (1 + me d> P2 (1))

% % 7:%?: (1 + Mz '>)(1 + m<0'>)P2F(t)G(t){(§J:;?7

(s ~mo3+ &)
CETRIT ) e

- mo) ~___(9.3..\ o - B2 1ty o B4
where M (1+m1}’ m T 1;, <p>_ql>and<a> il

This differential cross-section for the nucleon processes

v(V) + No» N + 1 is plotted in figure 2 with the indicated choices

dg
&

between PP ~ (1 = t/a)or P ~ (1 - t/a)* ( the curves for the

of F(t) and G(t)e For small values of t does not distinguish
former choice are not given as their shape is much the same as the
latter apart from a slightly greater slope ) » This choice could
be made from the total cross~section ( figures 5 and 8 ) which increases
logarithmically at high energies for F ~ (1 = t/a)"*( as given by
the usual computation with similar form f‘acﬁl-.ors(%“9 2) but behaves

as a constant as swe for PP ~ (1 - t/a)™® ( see table 3 for the
high energy behaviour of the individual form factors e No
structure ( F ~ constant ) results in highly divergent cross-sections
‘and a simple pole approximation also gives a behaviour worse than
logarithmic divergenoe., If one of these two forms can be
esteblished from the total cross-section then the parameters a and b
in F and G might be found from %% , but the experimental

uncertainties at this stage are such that no really sensible guess
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can be made., The parameter <o> again adds an element of uncertainty
into these comparisons, any finite value reducing the size of the b
parameter in G. For the elastic processes v(v) + N= N + 1, one
way of eliminating the dependence on <o> would be to consider the
difference of the neutrino and anti-neutrino cross-sections which
is independent of this <o>, but again experimental errors would be
of the same order as the variations induced by changes in a and b.
The overall evidence seems to point to a and b being of the same
order of magnitude.

With the U(12) model the results for the differential cross~
section ratios for the processes where a A or I are produced -
R(E) =o(v + p=n+ 1):o(V +p= 2+ 1) and R(A) = o(v + p = n + 1):z0(v
+Dp= A+ 1) - as given helow, differ little from the SU(3) results
of Sirlin(93) since the only basic difference is one of inserting

physical mass factors which give small corrections.

R(Z) i R(A)
| s |t=0 t=-00f t=0 t=-02f
WP b0 48 18 17
af 37 48+5 175 18
® | 32 50 L7 185

| (M is the nucleon mass)
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(2) Inelastio
The results for the inelastic process v(v) + N= N' + 1 are
very similar to those of Albright and L:‘Lu(sz) ( for P ~ (1 = t/a)™?)
who use SU(6) to find the relative magnitudes of the form factors.
The values for %% given here agree with theirs at ¢= 0, as of
course they should, The results presented here are completely

(80)

consistent.with their later paper which includes a relativistic

extension of Su(6).

The differential ocross-section for the inelastic processes is

now given by
é._g__ 2'G'2 £ + - 2 ; . -2
Z = P (1 + 1P F P> - o™ )@

X ((S _mia)(s - mae) + —;—t(ZS -mg?- msz)}

+ (P'a )a(t(1 + Mep'>)(1 + m<a'>)FG}(25 -ma¥em o2y t)},
| 613
with the negleot of terms in p® ( see 6412 for the terms M, m, <u'>
and <0'>).
The results here presented are for the reasctions

vu+ ne N 4 pu~ 6.14a

;#+p=> N +ut, 6.14b
the corresponding result for v + pe N** 4+ p” being three times
that of 6,142 » The CERN data(1 »10) being the result per nucleon
must be divided by twe for comparison of the experimental results

and the theory., Again the total ocross-—section resulting from the
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choice 6.5b and 6.7b is constant at high energies, that for 6.5a
and 6,7a being logarithmically increasing. Sirce the’%%A interference
term contains some <o> dependence ( admittedly probably small } no
means of deciding the sizes of a and b seem available in this ’
inelastic process, though verification of the choices indicated by
the elastic reaction would be possibles <o> occurs linearly in
the difference of the cross-sections for the neutrino and anti-neutrino
induced reactions, and this might afford a means of fixing its sign
if a sufficlently accurate assessmont of a2 and b could be made from
the elastic reaction and experimental errors drastically reduced.

Tc sum up, it does not seem possible to decide the best value
of <o> though an infinite value ( its complete absence ) would not
be in disagreement with experiment, Likewise it is not improbable
that a and b are comparable with F and G behaving es {J (P4 - t/a) }”1
being most acoeptable if the cross-section is found not to inerease

with the neutrino energy at very high energies.



92,

(¢) TFigure captions

Figure 4

The invariant dqiffercntial ocross-section foxr the inelastic

processes :
y, +n = N 4+ u~ ( continuous-line )
and 5;1 +D = N9 +u* ( broken line )
with

P(t) = (1 -~ +/a)® and 6G(%) = (1 - /D)2 x(0°69).
The ocurves (a), (b), (¢), (4) and (e) are for the (a,b) of (F,G)
equal to (0°7h,0°7h), (0-74,0-56), (0°7%4,1+00), (0°86,0+86) and
(1+00,1400) respectively.
Figure 2
The invariant differential cross-section for the elastic

prooesses
| v, +D =P +u~ ( continuous line )
' and %; +p = n+p* ( broken line )
with F(t),and G(t) and the ocurves (a), (b), (¢), (d) and (e) as
for figure 1.
Figure
The total cross-section corfesponding to figure 1.
Figure U
An indication of the variation of the total cross~-section

for vu +n = NY + 4" with a =b = 0*7h and <o>™ = =2, -1, -3,

0, %, 1 and 2 for the curves (a), (b), (c), (a), (o), (£) and (g).
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Figure
The total_cross-section corresponding to figure 2.
Figure 6

An indication of the variation of the total cross—section f
for vu +n =>p+pu” witha=>b =074 and | o>t | -;-2, 1, 3 and
0 for the curves (a), (b), (c) and (d)o The separation for <o>
positive or negative is dependent on terms in p? (p is the lepton
mass ), and is too small to demonstrate.

Figure. -

The inelastic cross-sections with F(t) = (1 - t/a)y /(1 - +/4n?)
and G(t) = 0°69(1 - t/b)"%/(1 - t/4w®). The curves (b) and (c)
are for a =b = 0*74 and a = b = 0°86 respectively. (a) is the
curve (a) of figure 3, given for comparison.

Figure 8
| The elastic cross-sections with F(t) and G(t) and the curves

(b) and (c) as for figure 7. (a) is the curve (a) of figure 5.

The experimental values indicated are those from reference 10,

Neutrino experiments are indicated by ® , anti-neutrino by T
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7. SUBSEQUENT DECAYS

(2) The week decay B= B + T

Much has been written on the non-leptonic hyperon decays(95 ) using

various models and symmetry schemes, Such discussions would be out of
place here, but in view of the expression for the polarization L-vector
of the final hadron obtained in chapher L —~ with the indicated tests

of time reversal invariance — it seems sénsibbe to ask if these teste
manifest themselves in the decay of this hadron. Furthermore,
violation of CP invariance might show itself in this weak decay.

The most general form for the decay matrix elemeni is

M= {I(f)(AD + iysBD)u(p), 7.1
where AD and BD are scalar and pseudo-scalar form factors ( functions
of the covariant momentum transfer (p - £ ), which are here allowed
to be complex, and p and f are the momenta of the initial and final
hadrons. The initial hadron is now assumed to be produced in a
neutrino reaction, v + N= B + 1, and hence has a well defined density

matrix
p(8;) = £(1 = wd)(@ + m), T2

where I is the polarization vector given by 4.24 and L4.R6 ,

Thus the differential decay rate ( dI') is proportionsl to
‘ 2 ' 2 oot} %
[a)2 (pof + mm') + IB|? (pof - ma') - 2Re(A B )E.fm 7.3

and the polarization vector of the final hadron (Wa) proportional to
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IADI"‘{ zof(ﬁ,fa + pa} ~ (p.f + mm')%a} + IBDI"‘{ Z.f(ﬁ,fa - Pa}
+ (pof = mm')za} + ZRG(ADB;}{%%OL - mipoc}
- 2Im(ADB;)<(a Epe> » 7ok

The terms which contain possible T violating effects are now
Z.f from dl
*
and £.f end In{ABY)<(2)Zpf> from W,.
From 7.3, the angular distribution of the final baryon ( or pion )

in the res® frame of the decaying baryon is of the form
1 + @oos 6 + Bsin Bcos ¢ + ysin Osin ¢ , 7+5

where 6 is the angle between the direction of one of the decay products
and the normel to the production plane (ﬁ) ., the azimuthal angle ¢ is
measured with respect to the plane of }E}_ 4 and _IJST_ (;‘éi is the direction
of the target nucleon in the rest frame of the decaying baryon ) and
the ooefficients o, f and ¥ are scalar = pseudo-scalar interference
terms., If time reversal invariance is not violatef in the

produotion process then the:term in cos@ 1is absent in 7.5 - that 1is,

if the deoay distribution for a baryon polarized perpendicular to

the produotion plane is not isotropic then time reversal invariancé

is not wvalid.

A
FER.E contains time reversal invariant correlations

cos @, cos Osin 6cos ¢, oos Bsin Osin ¢
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and time reversal violating correlations
1, cos?6 from the production process
and sin @cos ¢, sin Osin ¢ from the decay.
A A A
The other two polarization correlations ﬂR.p_i and ﬂR. (p1.N)
give rise to T invariant terms

1, sin Osin ¢, sin Boos ¢, sirffcos’d, sirffsin’¢, sirffsin gcos ¢

and T violating terms

cos Osin Osin ¢, cos Osin Bcos ¢ from the production

and oos 0 from the decay,

0f oourse not all these polarization oorrelations are independent

-~ the density matrix of the decaying baryon has only four elements :

P(E) ~ (1 + P + W0 + D £QT)(F + m)

snd T invariance implies that P { = W} is zero ( see 2.28 ).
9 hae” Bl

There sre thus only 4 independent correlations, but all possible
terms are given here to indicate the variety of possible teste of

time reversal invariance,

(b) The strong decay e B+

Again the main concern is how the time reversad violating terms
occur in the angular distribution and polarization of the final
baryon. These decays are strong, so parity violating effects

do not arise from the decay process but from the produciion. The
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decay matrix element is of the form
u i '6
W(eagy, (o), 7
where p, £ and k are the mcmenta of the decaying baryon resonance,
the decay product taryon and the bion.
The transition probability for this decay is then proportional

to
2 mof 1 t
FREENRCXCRED)
= [a |2 2(pet + m')l‘r{fapaﬂfﬁ}, 7.7
where o o is the density matrix of the B* relevant to the production
process. The most general forms of p were given in 5.15 and 5.16.
From 7.6 and 5,16, +hz angular distribution of the decay baryon contains

(35)

at most four arbitrary oonstants, and is of the form

D( 6,¢) =04 co0 + aysirffcos®P + dgsinfOsin’¢ + g sirffsin geos ¢

| 7.8

( with € and ¢ defined as in 7.5 ) in the rest frame of the B,

The dominant contribution to a; is the vector - a.‘kial—-vector

interference term, but there is a small non-interference

contr:i.bution(%) proportional to ( Ej - E‘; ), where E, and E are

the energies of the lepton a.nd neutrino in the production process.

The form 7.8 is the contribution to D( 6,¢) excluding the T violating

terms which are of the form

P1 cos 6sin Osin ¢ + Bycos Osin Ocos ¢ .
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The expectation value of the spin of the final baryon ( its
‘polarization ) is given by
S s ' '
> oo wvey, (F + m)e,n, (¢ + mt))
so clearly only those terms containing an i‘yfi ( where 'a' = s, t or t*)
in 5.15 contribute , and these are of The form

m
8, (pef + mm') - a.f(p“ + fuﬁ")’

Now from 5.15,

W_RQ:I\I o {Aecos Osin Osin ¢ + Agoos Osin cos ¢ + Bh_sinzecosqu

+ 35811'12 Bsinf¢ + Bécos"e + B7sin"’esin doos qS} ’

A { . .
W_R.E,_ o iA,lOs:Ln"‘Gcosa¢ + Ay sifOsif ¢ + A, 00570
+ A,]Bsinaesin ¢cos ¢ + B, sin Ocos Ocos ¢

- 4+ B,,8in fcos Bsin qb}

12
ﬂR.(ﬁi,\ﬁ) ¢ {A1ésirf"6cos’¢ + A17sirf65irf"¢> + A1800336
+ A19sirP6005 ¢sin ¢ + B1l|_sin Gcos Ocos ¢

+ B15sin 0cos 6sin qb} s

where the Ak and B, are time reversal invariant afid violating

k
cocfficients listed in 5,R5 .

A set of sixteen independent correletions { found by picking

a set of independent A, and B, from 5,R5 ) could be ohosen as the six

k k
of D( 6,¢) ( 4 T~conserving and 2 T-violating ), the six of ER.ﬁ

( 2 T-conserving and 4 T-violating ) und the Aygr 444 and A3 terms
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of ﬂR.ii and the 4,q term of ER.(;E,,,\i\\I) » This gives 10 independent
T-conserving and 6 independent T-violating cofrelations as required.

In terms of the production parameters ( the eight form factors )
the forms of D( 6,¢) and <v;;1 > are very lengthye They shed no light
on the structure of the T-violating terms, and even in the case
where most of the form factors are neglected, no further inferences
can be made to aid the interpretation. TFor these reasons these lengthy
expressions are not tabulated, the general properties irdicated above

being considered sufficient,
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APPENDIX A

Notation and normalalisations

The natural cystem of units in which & = o = 1 is used
thr-oughoute With this convention, to obtain cross-sections for
the processes listed here in (cm.)® a conversion factor is needed.
The relevant valus of %;T- used in formulae is thus 083 x 107° -
~ thecusual result for G ( the 'Universal four-Fermi coupling constant )
is M ~ 1°0 x 107> where M is the proton mass,

" Four - vec::':oré are denoted by p , p being used for a 3-veotoi'
(p=(po s2) )o  The metric tensor ‘%.lv is suoh that
8,b,8,, = &b = 2b
( lower indices are used in all sections with the exception of

appendix B, where both upper and lower are used for clarity § 'and

the totally anti-symmetric symbol eu Mo is defined by €oiga= +1.

The specific representation for the Dirac y-matrioess used in
chapter 5 is that of Schweber(gn, with
1 © 0 o
”°=(o 4l ""=(-m o)

) 0 1
and i?5 = oYL Ya¥s = ( 4 0 ) )

where 01=(10 :))’ 5“’9"’(.-(: :))and 63:(:3 -:)’

elsewhere the defining relaticn yuyv - y?y“ = 2%“) is all +that is
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required, With the usual convention P = ?u D, Four~spinors u(p)
are normalised to 2m, so that the spin sum §_us uy is (¥ + m).

1

The adjoint spinor u(p) is conveniently defined to be u'(p)A , whers
1} represents hermitian conjugation and A is such that v.iuA = A ?11 °
In the above specific reprcsentation A = yo.

Single partiole states have been normalised covariantly so that
the result of integratiﬁg any f(pus Das ses s M) over n-particls

phase space is to use the form

o
e[ 20 By een s m) g'&“n Sn-m®)) &@-m)

vhere 278 = d and 2ré =6
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APPENDIX B
V(12) wave functions and currenmts

- In chapter 6 it is assumed that the effective currents are
given in a form which assumes the results of S, b. S.(18) modified,
to include symmetry breaking, by the insertion of physical masses
in place of a comon mass for each member of the multiplet.e Here
the relevant details and results are given.

The fully symmetric wave function \P{ ABC} for the 36k representation

of T(12) decomposes in terms of U(4)RSU(3) as

o 1
YiaBc} = a% Plopy}ipar} * “par [epy] * T (epqutamy,rs

S <)
N 3
* s pyla,p ¥ Crpstlyals,q ) ’ B

where A, B and C are split into 'Dirac' and 'SU(3)! indices ap, fq
‘and yr (a,B and y=0,%,20r3, p,ganir=1,20r3 )
Here {**°] denotes symmetry in the appropriate indices and [+<<]
anti - symmetry.

Suppressing the SU(3) indices , the wave functions are defined

by
Diapy} = (yu C}aﬁDnv+ '-ﬁzowc)aﬁb vy
B2
with YIJDN}’ =0 and DN’Y - i')’v my =40 ) } :
N[“ﬂ]? = CaﬁK)' * (YSC)aﬁHy *+ i(yp‘yf;c}aﬁnpy
| } B

. -yN - -
with Ky ?5y+i?p?5pr 0

and
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Viapyl = g% +( }aﬁvv * l(”uVBG}aﬁVw

} B2o
1

iy = =% V =0

with Uy + vsvy 0 and Uy +3 vyvs Wy P)

whers C is the anti - symmetric matrix with the properéy that G 19T
( vT is the transpose of ¥ ) transforms like ¥ ,
The Bargmann = Wigner(%) equations of motion are such that

D{aﬁy} describes & particle of spin 3/2, N[aﬁ]y of spin ¥ whilst

'V[cy 6v] vanishes identically, For particles of mass m and momentum p
,‘.J
these wave funciions reduce to
m Dy g1 (0) = (6 + mly ¢) 0D (») B3a
gy ) = (ol o)

and

v[aﬁy] (P) =0 . B3e

Now the baryon octet and decuplet oan be assigned to' the 2@-
representation(99) of ¥(12)se To obtain the form for the 'baryon
current' the expectation of the 14lh-vector ()’.RA‘ }z between 364 states
is found ( 364 8 36l ocontains 143 once only ). Here VR represents
the 16 y-matrices and A' the unitery spin matrices of Gell--Ma.nn(JI3 ) .

If unequal masses are used for the baryons the results obtained for

the currents are

By = 1P| NN) 2’2—

=l(
u 2

D ’ Blha

(\3&\»

/\A

WDy *
(F )D+2/3F '{e AT QBN + Beos)

+ 1_'_‘-23?Q AVyD}\. +5 ADA’Y“Q(DK ) Bib

-M-
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£ 4
J;Lw =1"'*-Pal5.\ v )D+2/3F 7\ 137 »\} vckq‘t +4i(PIlQV
- QpP )(— )1/3F-D uvx)\(PhﬁxN + h.ca} ’ Bho
{
'325 =3P \}Y }D 2/37 * 40,7 uV 5 1QA )\Y V5% 2
- %in(ﬁuN N hac.) + i(gqukﬁ}\N + hoe,) Bhd
and se = 3 4= 3 -
F o =3 (T o + (QBN + heou) + EEDYD, + 574D
Bhe

where the initial particle has mass m and momentum p, the final partiole

has mass m! and momentum p' and

- E— o E:u = 2 - B-'— =
P = a - mt ? Q=5 m! and ru Ew:cAPvQcYAYB

These reduce Lo equations 5,10 = 5,16 of Se De So when equal
masses are inserted - is,e. when the symmetry is not intrinsically
broken by the Bargmann - Wigner equations.

In these currents Bha ~ Bhe the SU(3) oontent has been suppressed,

the relevant expressions to be used in JJ'R being

(Rewly = (g - gl )7

(Fow), = ®e(A Jw? + MEng(A )7
(Brn) = ﬁpqrr(ﬁ};e tqse

and - -
( ro) = qurr(A‘};Dsqr .

For oompleteness the matrices A s N and D are 1listed :
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D3aa
Dias
Dzaa

Dzaar

:Q.Sa-

Diza

Dias

°+ A9 5t p’t
JZ T 1
v=! zr E 8 o
o JZY%
| - - A
P= = /e
Q-
Dol Lo
= 4(5 = J3=
Dias J% Y:.”' \/%on
Dite Disg N* J% e

1w W

It is now olear how the relevant coupling strengths given in table .

5 are obtained.

The asumption about the transformation properties of

- the weak interaction currents requires the combination 3.1 + i7\.2 for

the AS = 0, AT =1 current ( 'p'- like ) and A

4

AT = 1 current ('K~ like ).

+ dA

5

for the AS =1,
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