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1. 
ABSTRACT  

The work oontained in this thesis can be divided into two 

essentially distinct parts which deal with spins and polarizations 

for particles of arbitrary spin and with the neutrino induced reaotions0  

Following an introduction giving a brief outline of the current 

situation and aims, chapter two contains a discussion of a covariant 

formulation for the description of polarization and the construction 

of specific spin and polarization states for arbitrary spin particles 

through a projection operator technique which results in a covariant 

spin density matrix. This is required for spin three-half particles 

in subsequent chapters. 

The general structure of the weak interaction vertex is developed 

on a current - current theory foundation in chapter three for the 

elastic and inelastic neutrino induced reactions, with emphasis on 

the best choice 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, 

which are examined with a view to suggesting possible tests of time 

reversal invariance. For the inelastic process 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 application of Ni2) symmetry is used in chapter six to obtain 

numerical estimates, and results for the differential and total cross- 
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—sections are given with reference to the nucleon processes. Finally 

the subsequent decay of the final hadrons is considered briefly to 

see that tests of time reversal invariance are indicated by the decay 

distributions. 
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1. INTRODUCTION  

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 

has been obtained from experiments at CERN(1-3) and Brookhaven
(-6) 

since Schwartz(7) and Pontecorvo(8)  independently proposed using 

neutrinos from the decay of pions as a probe. It is now known that 

there are two different neutrinos ( v and ve)
(2,)  associated with 

the two leptons p and e, and that there are two separate conservation 

laws for these two types of lepton. No neutral lepton currents are 

yet apparent, suggesting their complete absence, and there does not 

appear to be an intermediate vector boson of mass less than 2 Gev.(9)4, 

The present 	anti-neutrino experiment(10) should provide additional 

information about the weak interactions. 

The main concern of this report is the study of the most general 

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

and 

v,( vv) + Bi.p Bf  + 1 

vZ-C. ) 	Bi  ge• f  B*  + 1 , 

( that is where an incident neutrino (v z) or anti-neutrino (v ) associated 

with a particular lepton (1) interacts with a target baryon (Bi) to 

produce a final baryon (Bf) or baryon resonance (4) and the lepton (1) 

corresponding to the neutrino or anti-neutrino ), and in particular 

1.1 

1.2 



70 

those reactions 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 interaction processes. It is reasonably well established that 

there is a point interaction between leptons(12) and thus a current-

current type theory(11) ( one which essentially separates the weak part 

( leptonic ) of the interaction from the hadronic ( strong ) part ) gains 

ground. Once this hadron part is isolated from the lepton part 

predictions and relations from the various strong interaction symmetry 

schemes oan be incorporated in the hadron vertex, making it possible 

to connect and correlate the form factors occuring in the various 

allowed weak interaction processes. 

On the basis of the SU(5)(13$114  symmetry scheme it is possible to 

inter-relate the coupling constants in the allowed processes of the typo 

1.1 (where B can be any one of the eight spin one-half baryons ) and 

those in type 1.2 ( with B*  one of the ten spin three-half reconanoes, 

but not to oonneot those of 1.1 and 1.2 e However under the larger 

group involved in the SU(6)(15-17) scheme or its relativistic extensions 

( for example tl(12)(18)  ) it is possible to relate the currents of 1.1 

and 1.2 in addition to those within 1.1 and 1.2 . The two most 

favourable reactions for comparison from an experimental viewpoint are 

+nom p + 1 	1.3 
and 

v4 + 114. le + 1 	 1.4. 

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

in this context that high-energy neutrinos can be used as a probe of the 
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strong interaotions and make tests of the the recently proposed higher 

symmetry schemes ( provided there is a current-current type interaction 

where the leptons and hadrons are at separate vertices ). In this 

respect 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
(19,20) in weak interactions. 

Until the experiments of Christenson et al.(21)  it seemed that 

eventhough weak interactions were not invariant under space inversion, 

the operation of time reversal did hold. Many explanations and theories 

have been put forward
(22) 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 able to indicate the manner in which any violation occured. 

In order to discuss these polarization properties of the final 

particles it is found convenient to introduce covariant spin and 

polarization operators following Fronsdal(23)  and Michel(24) 	It is of 

course only necessary to use those relating to spin one-half and spin 

three-half partioles to discuss reactions 1.1 and 1.2 , but it seems 

worthwhile to discuss their construction for general spin and to indicate 
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the connection between a covariant density matrix formulation and the 

helioity 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 "elastic" 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 to describe those "particles" which are stable or unstable with 

respect to the strong interactions ). Chapter three is devoted to the 

study of the structure of the lepton vertex and the elastic and inelastic 

hadron vertices, with discussions on the implications of a conserved 

vector current(25) (C. V. C.), a conserved iso-vector current (C. I. V. C.) 

hyp°thesis(264  and a partially conserved axial-vector current (P. C. A. C.) 

— a Goldberger -Treiman relation
(27,28)0 The form of the lepton vertex 

(point interaction ) is well known, but for the hadron vertex several 

choices of the six independent elastio currents and the eight inelastic 

currents are available ( in each ease this is the total number of vector 

and axial-veotor form factors required to describe the process, there 

being an equal number of each ). 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 ocouring in the expression for the transition 

probability for unpolarized particles is chosen(29) -- in the manner 

familiar in the electro-magnetic interactions of nucleons
(30,31) 	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 results 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) 

( chapter five 3. Posable tests of time reversal invariance are 

suggested-- invOlving the transverse polarizatioh of the Iepton(29'3214  

and baryon(29)  ( or baryon resonance(35)). Due to the number of form 

factors, only qualitative results are indicated in these sections. 

All expressions for the elastic 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 illaioated 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 present interest in symmetry schemes for strong interactions, 

chapter six oontains results derived on the basis of applying i(12-)to the 

hadron vertex(36). N12) groups the baryon octet and the baryon 

resonance deouplet in one multiplet, thus.reldting their strong 

interaction form factors, hence the hadron currents for 1.2 are 

expressible in terms of the form faotors of 1.1. With the help of 
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the C. V. C. and P. C. A. C. the currents are expressed in terms of one 

vector and one axial-veotor form factor plus one seemingly arbitrary 

parameter. This vector form faotor is related to the electro-magnetic 

form factor of the nucleon by the C. I. V. Co 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 final baryon-- for example when it is a lambda partiole-- and the 

strong decay of the final baryon resonance are studied, again with the 

hope of providing a means of testing time reversal invarianoe in the 

neutrino interactions. 
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2. SPIN  AND POLARIZATION 

(a) The spin density matrix  

This has been considered by many authors(24'3746)  so only a brief 

introduction is given here. 

The wave functions associated with a particle will always describe 

a particle completely polarized in some direction. If this pure state 

is normalised to unity then the projection operator Pi onto this state 

has the properties: 

Tr(Pi) =1, 

(P07 = 

and 
	

(Pd = * 

with the expectation value of any observable A given by: 

<A> = <01A10> = Tr(AP) 0 

A beam of identical particles of the same momenta can in general be 

represented as a statistical mixture of pure states le> ( 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 1ft> of the spin operator in a specified direction ( the 

polarization operator ), then 

14r5=1000t> $ 

and 	<A> = Tr(pA) 

where 	p =
tJ
no% lt><ftl 	2.1 

t J 

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

(a) For a pure state p has the same form as the spin polarization 

operator ( hence pn  =p for each integer n>0 ) 

(b) p is hermit&an 

(o) <4m1Plih> = crfon 	so that if 10m> represents the state with 

spin +m in some specified direotion this leads to the usual representation 

of p in spin-space by the elements Pnm, 

In the rest system of a particle the general struoture of p is 

well known(24) 	Fora.partiole of spin j there are ( 2j + 1 ) 

independent states, hence under a rotation 

p 	pl r, 	) pD(3 )* s  

where D(3)  is the proper rotation matrix, which means that the elements 

of p transform like the components of tensors under D(3)0.1), Since 

E(.1).N.B(3), it is olear that p can be written as a sum of irreducible 

tensors of ranks 0,1, 	02j-1,2j ( D(J )61 BO L  D(24)4. D(2.1 -1); 	 

....4.D(1)t D(0) ). Space inversion commutes with all rotations, so 

all the irreducible tensors are even under space reflection and 

p = Tr(p)-,4- 	 ( SL Si + S3  SL ) 	•••••••••• , 	2.2 

where St are the components of the spin vector, Ft a pseudo-vector 

and 1,j a rank two tensor. 

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

matrix for particles of any spin. This necessitates the oonstruotion 

of a spin four-vector and corresponding spin and polarization operators 

for a particle of spin j. The approach used here follows that of 
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Fronsdal(23)  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+i ), 

rather than that of Weaver, Hammer and Good(7) who use a Hamiltonian 

formulation, or that of Weinberg(48)  who exhibits a manifestly covariant 

wave equation. 

(b) Wave equations  

The prescription adopted by Fronsdal
(23) for the description of 

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

the conditions 

(r? 	rt? 	= 0 
(11).1 

56i1sP2 (1-0.1-2 	°I.12P± )J _2 = 0 

P 0 	= 0 
Pi Pi (P)J-1 

t 1. 11  al 1  1. 2 	2 ‘. ,„1- 2 = 
0 

for integer spin j (in the usual tensor representation(49  

(2S — m)0.1) n = 0 

0 P1P2 )n 	P2111 (P )n-2 = 0 

2.3 

and by 

P Pi Pi (P )n—t 

yui 	(11  ) n 

= 0 

=0 	 2,4. 

for half-integer spin j (=n+i) in the Rarita-Sohwinger(5 formalism, 

Here (12)4 is used to signifyPiPaPs • 	Pj-iPj e 
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) do not only contain spin j (n+i) particles, 
Th

e fields 
950)1 

0
'  01)n 

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

unique projection operator §
0
4
Wv1

j(p,j) ( 
T(P)n(v)n

(p,j) ) which 

projects out the relevant part of the tensor 
'0)1 

(0
(P)n 

)0 Suitable 

forms(51) for the spin projection operator are 
I f 

000j (v)si  (P4) = (j 0-  p( 2 	2 tail 	(P))7§ 	(P) v r=4 	P2k-1P2k 	vat-1 v2e. 
L  

xrIT 0 ( 
limn) 

where 

= (-1) t..311,z111-110.1.1_ 

if j is even j - 2 
(j -1)  if j is odd, 
2 

µv(P) = v  

and the first summations are carried out over all permutations of the 

sets of indices 00.1 and (v),J, 

and 

P))-) 
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2j I rl(j-r)1 j-2r 

). (,)„, (p,j) = (2j+1
) 
y j+1 	Pi Pi (P)n-i (v)n-i vn vn 

ofimv).J(P4)°(v).1(P)a'''(u)n (v)n (P4=11+1)* 
	(in 
(v)n ' 

Now 

2.6 

can be 

taken as the appropriate wave funotions for integer and half-integer 

spin particles respootively0  For half-integer spin it is still 
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necessary to use the positive energy projection operator (i + m) in 

addition to 111. ( Note that (i + m) commutes with qt .) 

(o) Polarization operators  

In addition to spin projections it is necessary to be able to 

project out states which have specific "magnetic" quantum ntunbers. 

Whilst it is usual to choose the axis of quantization to be in the 

z-direction it seems advisable to retain an arbitrary direction for this 

axis in developing a covariant prescription. Such an operator will be 

termed a polarization projection ) operator. 

The study of the Inhomogeneous Lorentz Group leads to the study of 

the Lie Algebra defined by 

[Pti  Pp] =0 

C IA v Mpe] 	g.gyp 11.1 o 	 pr  vcr - gv 	p 	cr Mvp 

EPA.' Mtn) = ikAPv 	Pp P 

where P and 11  Itl  V  are hermitian operators. From this set of operators 

it is required to find a set of °orlon:al:ding observables. It is well 

known that 153  (=Pp j  )and Tf (=W1,1 .51  where Wii =.;s1-tivpaPvlapa  is the Pauli-

Lubanski spin tensor ) belong to this set, and that 

[Pp  WI ] = 0 

EW W = 	` emu 	P a P W • P v  

From this last expression it follows that there are three four-vectors 
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n(L)  „ n(2)  „ n(3  ) satisfying 

n.(1)  on(J) = -St j 

and. 	1.1( t op = 0 $ 

such that 

byor(t),  Tgron(J)1 = letjkl4n(k)  p 	 2.7 

thus the algebra defined by the throe generators Won(t)  is isomorphic 

to the rotation group in three dimensions, and 

= -47.n(t)%n(1) 

- -8 ( 8+1 )2 	 2.8 

Furthermore, for 	e n,p = 0, W.n has eigen-values m with -m<j<ms  

so that W can be interpreted as the oovariant spin tensor. 

Letting 0(j) denote the wave function for a particle of spin j 

and sb(j,,e) a spin j particle with component e in the direction s 

it follows that 

)mac5( 

sco4(  jse) = ecti( joe) 
	

29 

where 

mS(I ) = w(1),s  , with s2  = -1 and sup = 00 

(d) Construction 2Lapin veotors 

Explicit forms for Wa  can be found for any spin js starting from 

those for j = 3- and j = 1 

/171(0  = afip vp p uv 
	2.10 



(WU  ) a )  (P )n (P)n {w"
) 

n 
(P)+ 2  (W(1.  ) Pt ve 	t=1 	a P t 2,1 

§tig pc  (P))}41 (v)t,1  (p)n  (PA) 9 

has the required properties. 

(W(1" 	) a p v 
=
kaPP v P 

satisfy 

17(i).11(0) = 

(W01.)..W1))mv  = -2p2Ciiv(P) 

( the term §
v 
 (p) is just the spin projection operator for a spin one 

P 

partiole, so gives no difficlty }, the correct forms for j = 2 and j = 10 

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

(10) ) 	= • Z {(W(1) ) ( L1 ).1 (149.1 	t =I 	a )u ti 

and for )1W-integer spin 

  

 

44vt(I)  (P)j(P)j (P4), 2.12 

18. 

2.11 

2.13 

Written in this form 2.12 and 2.13 are cumbersome, but are not 

really difficult to work with since 

cx  NO), t(p,j)) = 0 

and 	[V?" 4001, tP (Ps i=n+:§)1 = o a,  

thus a projection operatorboould be written explicitly on the left of 

W(J)a to give a symmetric form, and one whioh clearly satisfies the 

subsidiary conditions for spin j. Such definitions ( 2.12 and 2,13 ) 

agree with the "oonventional" non-relativistio forms ( all terms with 

p or p equal to zero go to zero in the rest frame of the particle ). 

2.14 
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(e) Construction of polarilatklajmal=tatlauvam  
A projection operator can now be constructed

(23) to project out 

states with a specific value e of the spin in a partionlar direction se 

Consider a particle of spin j. Construct S(J )  ( see 249 )0 

Since T7( s(3) -.e ) = 0 with -j<e<j, it is clear that 

TT( S(J )  -- ei) with :06rill project out that part of the wave 

function with spin e in the direction six 	and the normalised (Pa  =P) 

projection operator is 

P(jse) = rer(SU 	ei) (re (et e ))w1 	 2.15 

Thus starting from a general tensor of rank j (n) it is possible 

to project out that part which describes a particle with spin j and sa 
component e:- 

4*(P)J(P'jle)  = P(j'e)(1).1(v)3 95(v)J 
and 

	

	 2.16 
001)n(P$44) = P(ise)(m)n(p)n*(v)n  

In particular it is worth noting that 

P(js0) 
01)3 (P)J 	(§ )j (v)j (P s i)  1,14=ravt)( trij crt, NJ! 

)4(9.1 (P)J (P j))  

and 

t (.4)3  riT l  P(i$j) 
)3(P).1 	0-1. Pt I.i=1 Lre PL 

2°17 

for integer spin j (t and t are orthogonal to s s  see next section ), 

and for half-integer spin j 



P(jAi)0 )n(P)n = Il( s() ± ) 
min 

2n  
where 

Xup 
= Ya(VP)+ us14 )(,0a(P)+ spa 

)1',0 

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 a form containing yy and y5  

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

table 1. 

(f) Spin raising and lowering operators 

Whilst 
0
00i 

(Poi,e)951-
(P)J 	= P(i,e)(u).! (P)J 

and 

(P)n(13144)7).(P)n(P44) 
= Km)(p)n(P)n (li + m ) 

it is not at all olear what 

(u )1 (134 	(P)i 4)95 	(P401) and.  ilt(t )
n (poi)e)F(P)n (Ppjg1) 

look like for g. not equal to i ( these terms occur in the spin density 

matrix ). However there exist operators which will raise or lower 

the spin component in the direction sa  by one unit, a fact which can 

be seen quite easily by considering instead of the Wen(t)  the 

combinations 

w.(n(s. ) 	in(2  ) ) =124 

20. 

2.18 
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44( j e )( j +e 	i)) 

12 	 a. 

w. 	 ) 	in(2) ) =4/2S.. 

Wen(a)  = S • 

These have the same commutation relations as the usual angular 

momentum operators(52):- 

[ S 	TIP] =o 

[ S 	= tat 

[ 	S.] = S 	 2.20 

Also by analogy with the angular momentum operators, if ljpe> are 

normalised states, then 

4/2.4J•ei 	-1Jpe;1> =4( 	)( j 7 e + 1  )) 
giving 

R = 	 2 	Sf 
1(( 	+ e )( 	1 )) 

and 	 2,21 

21. 

2.19 

as the raising and lowering operators which act on normalised states 

to give normalised states. 

Setting n(3  )a = sa  and di )a  in(2)a  =1/2 to  ( now sP = -1 

IP = 0, tee= -1, tos = 0 and p.t = pos = 0 )0  it follows that 

0
(p)i 

(Poise) = 1'00.1(P4a) trevi0(qj 	
2.22 

with 

(14).1
( Ps e ) 

	

4(Q41(d-01 	)fcqe)(11)(J-e) 	- 2r 
= 	2.1-u 11.110 + or  4(2) r=o 3. 

K 	112k.+02k(  ) —2r-71. PC m4.-11 . 11.2  

	

X (-1  Teti  r "115 	t I 
=1  
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for eo , and. 

§(114,-e) = (-1)E§m(psise) 

The corresponding result for half-integer spin is ( from 2.18 and 2.21) 

1- 1* °(()n (P44)  = *(11 )n (PI  i9e)  k1=1%  Pk°(v)n 

with 4R
2/ ) () (Pi e) 4 	-0)0(i)n  (1)4434-11) 

2,23 

wv o e )§(ion  

Particular results of interest are 

.0,1 	tditilt{  t=itr V • (v)j}  

for the highest integer spin state, and 

d(u)n 
(P44) = 	r-rt t t-t fte 0 t=1 P 	vt (v)n 

for the highest half-integer spin state. 

} V 

2.214. 

2,24 

It is clear that 2.18 would give 

n 
(P)n

(P4,-j) = le4 TTe 'CR oe)  =t Pt t-t vt 	n 

=undesirable form since the appearance of a common faotor 

( 
t=i 	

vt0(v)n) is essenti-J in evaluating //loon  (pffipe)F(p)n  (P407) 

Successive application of L (2.21),or 2,23, give the preferable form 

* fIr t 	I  00.0n(P042-i) = 	t=1 pt L=,d. t 0 
(V)a  

Explicit wave functions constructed from 2.22 and 2023 are in 
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oomplete agreement with those displayed in a recent paper by Frishman 

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

2 fl2j  1 2 3 	4. 

ii.. 

3A/1dt 
[ 

tt 
P v 

2 4  
1.2 (t s +s t ) 2 t 

P 2 4 v 	4  v  

1 d Y i 14)5ft -Ye 1.1)1 ii 
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The polarization operators P(jpe) (2.15) are given by 

P0,001)j(p)j  = (-1)4/(j4),Ije(j,e)(P).1 
and. 

POof)00a(p)n = (-1)11.1 Q(j,001)n rgi9e)(p)n  

where the Q(j,
e)(11) 

 are listed in Table i for the lower spins. 
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The explioit forms of the wave functions 0
0m 

 J  (pose) for 

2j = 2 and 4. , and. #
(4)n

(psise) for 2j = 1 and 3. 
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(g) A covariant spin density matrix  

It is now olear that the generalisation() of the form for p 

given in 2.2 is 

(µ)(v) 
= Tr(p){C.(or )(µ)(v)(p,j) + (PaWa)(4)(v)  + (Tap(WaWp+ 

VIA))(µ)(v) 4T(a)((§) 77%))(1)(v) '- 

withPa,Tap IT(a) satisfying 

P.p = 0 

Tap(a) 	pa (a) 

%Aka) =0 

pcc Ta (a) = 0 0 	 2.27 

((&) is to be taken as the sum over all permutations of the indices a), 

to give the (2j+1)2-4 parameters. In the rest frame this does indeed 

• • • • 
	 2.26 

). 

( the 

reduce to the form given earlier ( since Wo = 0 in the rest frame 

The polarization tensors P ( the dipole(55) polarization ), 	a Tap  
quadrupole polarization ),  	T(a)2g ( the " 224 — pole" 

polarization ) can be obtained., if p is known, from 

Pa = 41;2 >  = 114%/1)/ 
• Tr(P 

T(a) = <(;) 10WIX >  
2.28 

It is of course clear that if the density matrix is written in 

the form 

P(P)(v) =bil)e711Psise><P,3,711 
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Pe
n 

= 0 (10j  (p,jse)pooj (9.1(v)i(p,j,r) for integer spin, 

Pen  s  =f
(10n (Ptbe)PoOn (P)n (Pin (Psisn)  

2.29 
for half-integer spin. 

then 

and 

With these definitions and formalisms there is oomplete 

agreement with the spin one-half results of Bouchiat and Michel(56): 

Pa) =I( + 	) 	iY5f (Pis - 	)Af P1-1.% 40.1a111) 

x(e + m) 

= (.A.1 	P6.1-1.)( t - VG<V>)(16  m) • 

An initial particle- 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 interaction- will give all the information 

regarding the particle. How is'such a density matrix defined and 

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

which has matrix element 

la = 0 0 113  (p 4)11,01 )1  ( or 	)n  (p, Boi  )n  ). 

Then 
=(0)1)(4) ( or (B)(40 ) 

with the transition probability proportional to 

À 
A l (' )1 	(21)J 

0 
 (v)i (2)1 

(1),J)) 

( or Tt(B(u)nit(v) n T(p)n (ion(p,j)(e + m)) ) 
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By considering the subsequent decay of this spin j particle ( this 

will be a real particle, it is produced aria  then decays )) the decay 

rate will be proportional to 

where 

1  
Th(co)Pc" 00 (96 

 (v)11 
 ' 

P(J)(1 ) 
(v) = s500(P) (ppi)A(P)

i
A  (g)ge(a)(v)

(p2i) 
2.30 

(or (2m)—i(24.40t(4
)(P)

B
(P)

81
(9

*
(9(v)

(i-113) ) 0  

as can be seen using the usual Feynman Rules techniques. 

This is now readily adaptable to chains of decays, for example 

A + B C + D, D E +F, 	 since at each stage it 

will be easy to go to the relevant frame of reference ( usually the 

rest frame of the decaying particle ) with the covariantly defined 

density matrix. 

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

reactions 

and 
	v(77) + 	B +1 B B + 	 2.31a 

v(77) + B B*+ 1, B*.> B + , 	2.31b 

where in 2.31a B B + it is a weak decay of a, spin one—half particle, 

and, in 2.31b 	B + it is a strong decay of a spin three—half 

resonance. For these two oases 2.30 gives for the density matrices 

of the final B and. 13*  

(2mr (23 + m)Tap(BL )rp(zi + m).{(X OriagvT} 	2.32a 
and 

(20-1  (e 4. 0 maakopot Tvg,,( )(i n). 

x Tri(X + p)rip(v)rilj 	2.32b 
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assuming a current-current interaction, where p(Bt) and p(v) are the 

density matrices of the initial baryon (Bt) and the neutrino (v). 

p(l) is of course defined in a similar manner: 

(2p r 	p.wap(orip(x P )0TrtiS Oraga fp} 	2.33a 

and 	
(21./ ) 	p)rl  pp(v) y(X + p ).TIP mNI 6carcite  (Pt )r1,61, 2.33b 

At this stage it seems neoessary to note that all definitions 

apply to particles with non-zero mass, so oars must be taken if the 

lepton mass is to be neglected. One way out of this apparent 

difficulty is to use the fact that in the rest frame of the particle 

the polarization three-vector has the form(58)  

= 	grb mr rb p 

and this will be used as the definition of the polarization three-

vector of a particle. Here P is the polarization four vector of 

the particle of mass m and momentum ;1„, . This ER  is defined even 

for a zero mass particle. 
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3. THE GENERAL STRUCTURE OF THE MAP:INTERACTION LAGRANGIAN 

(a) Effective Lagrangian 

All the well-known weak interaction processes can be classified 

phenomenologically into three classes - purely leptonic, partly 

leptonic or non-leptonios  depending on the proportion of leptons 

present in the reaction. So far only reactions over a relatively 

small range of momentum transfer ( 4 1-2 Gev.) have been extensively 

studied, and over this range all the observed weak interactions can 

be adequately described by an effective Lagrangian density which may 

be written as(26) 

Leff = G 	 3.1 J a a '  

where Cit 
is the appropriate current and G the Universal Fermi coupling 

oonstant. The weak interaction is assumed to be due to a very short-

range force, so that the two currents interact only at the same 

space-time point ( a current-current interaction ). 

Ja  is a combination of currents due to 

(a) Leptons : the muon current j(1) and the electron 

current j(611 and 

Hadrons : a strangeness conserving current J(AS=0) 

and a strangeness changing one J(as/b) 8  

that is 

a = j( e)a  j(P)ct  agtis=0)ce  + bgaS/0)a  • 
	3.2 

All the currents in 3.2 are essential and the form 3.1 is 
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roquirodi  winos all the following are known reaotions(1.1) 

(a) neutron beta-decay (n g. p + e + rico  ) ' requiring j(e)and 

J(AS'.*.)) ( and likewise 	e + vs  ) 

(b) muon deoay (p..vti +e+17e ); requiring J(e)and j00  

(c) p + v , requiring ilj ) and J(AS=0) 

(d) hyperon beta-deoay ( A .4. p + e-  + 17e ) * requiring J(AS/0) 

in addition to 3(5)  ( and likewise K ott p + ft  ) 

From 3.1 and 3.2 it is olear that the weak interaction between 

leptons and. hadrons ( partly leptonic ) is described by the effective 

Lagrangian 	_ 

L 	j(4131(AS=0) + h•o. 	 3.3a 

for strangeness non-sbai3ging reactions ( e.g. neutron beta-decay ), 

and. by 

L 	j('61,11(AVO) + h.c. 	 3.3b 

for strangeness changing reactions ( e.g. 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 e e + vs  + ve  has a very small cross-section. 

Some experiments in nuclear physics can be designed to deteot parity 

violating contributions to nuclear forces(59) ( the J(AS4).J (AS=0) 

terms ), but it is impossible to ascertain whether this is in 

agreement with a current-current theory - the currents contain parity 

violating terms in addition to parity conserving ones since space- 

inversion is not an invariant operation in weak interactions (19 20) 
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It should be pointed out that no neutral lepton currents have been found, 

so are assumed to be non-existent0 

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

The lowest order matrix elements of the interaction Lagrangian give 

directly the observed reaction amplitudes, the higher order elements 

being in general divergent. It is in this sense that 30 is 

phenomenologioal. Even as an effective Lagrangian this cannot be 

adequate at very high energies, as may be demonstrated by observing 

that the reaction v + d" ve +p" can occur, and consists of only 

S -wave scattering. From 3.6 it can be shown that the cross-section 

increases as the square of the energy of the p -neutrino, whilst by 

unitarity it is bounded(ii). Thus Leff, has to be modified at high 

momentum transfers by generating an effective non-locality, leading to 

the convenient postulate of the existence of an Intermediate Vector Boson 

W having charge :Li unit. V 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 leptonic 

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 j(e)  and Pi) in 3.2 ocouring with the same weight. However 

the ASA° part of the hadron contribution to the weak current is weighted 

relative to the lepton currents and the ASS part of the hadron current 

- for example )C.*p + v is weighted relative toir.p + v 0 This weight-

&dug reiarkably veal' predicted and taken into account by the Cabbibo 

(6o) 
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hypothesis(61) 
 which states that the weak current of the strongly 

interacting particles is composed of currents, which are members of 

SU(3) octets, in the form 

(00s 0)J(AS=0) + (sin 0 )J(IASI=1) 	3.4 
0 being determined experimentally. No weak interactions in which the 

strangeness is changed by more than one unit have been found
(6263) 

and are thought not to exist. Thus ASA becoming IASI = 1 does not 

pose any difficulties experimentally. There is a further experimentally 

tested rule - the AS = +AQ rule(63'64)  - which restricts the number of 

possible strangeness changing reaotions, so it seems to be permissible 

to write the hadron current as 

(cos 0)J(AS=0) + (sine)J(AS=AQ) 

(b) Lepton current  

The most general Lagrangian to describe the interaction of four 

leptons ( the 4-Fermi(65)  interaotion ) has the form 

L = R G, cktp )6.4 0 + h.o. 
=i 

where Ct stands for the five possible types of interaction ( s,P,V,A 
and T ). Using the Fierz(66)  transformation whereby 

L = 	(ktv)(eOug ) h.0* 

and the fact that the neutrino is massless and has negative helicity( 67) 

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

remain. Experimental evidence traioates that for Et -decay aeGell(68) 

resulting in 

4/11 = cu(k(i-iv5)2)("iya(1-4,5)r) 	 3.5 
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It is now generally accepted that the lepton current takes the 

form 

with 
.(e) 	-00 

j(.8)  ••• TYa(1 	iY5)v(.6) 	3.6 

in momentum space for = e or p , and where vte)  refers to the relevant 

neutrino. If an anti-neutrino is involved the (1 - iy5) factor must 

be replaced by (1 + iy5). This lepton current is seen to have a point 

structure, and diagramatioally any reaction involving leptons and 

other particles will be represented by 

(o) Elastic baryon current  

Parity is not conserved in weak interaction processes, so it is 

clear that J(L1S=0) and J(41440) have both axial-vector and vector terms. 

Thus the form of Jcg due to two baryons Biand B 2  of momenta pi and 

Pa is 

ij(P )(Va  +Aaiy5)u(Ps.) 	3.7 

in momentum space. This will be referred to as the elastic baryon 

current as opposed to the inelastic where there is one baryon and one 

baryon resonance in the final state, for example v + B. B + 1 as 

opposed to v + B1. B*  + 1. From Lorentz invariance alone it is seen 

that the vector and axial-vector currents, Va  and Act , can be 



expressed as a linear combination of Ya p 

forms taken are 

Va  = giiVa  + V  Pa  + hv% 

and 
Au = gga fga 11,A9m$ 

or sometimes 

Va  = doia fivciplaco  hvg. 

314-. 

Po:  and 9140 Thus the usual 

3.8 

3.9 

to exhibit an analogy with electro-magnetic interactions. Here 

P = P + P 2 
and 

= p"'P2   4, 

However these do not seem to be the most useful combinations(29) 

to take in view of work on the eleotro-magnetic theory of nucleons. 

The ( vector ) current associated with this electro-magnetio interaction 

between two nucleons of mass M and momenta pi and p 2 is best  

written in the form 

with 
	j( e) 

	
ea(p 2 )( 2MpFc  + raFm)11(p s  )( P2 ) 	3.10 

ra EaVPAPPV5Va 

This form eliminates the terms in the produot of the "oonventional" 

Dirac and Pauli form factors (Ty and Fs ) in cross-section formulae 

for unpolarised nuoleons(30,31)0  A choice of Va and Aa  analogous to 

3.10 is 

Va  = (2%.A(42) + RaB(4! ) + 2q1E(4!))(FP 
and 	

= (2% C( ) + RaD(q2  ) + 2Pa  F( of ))( Q2  ) $ 	3.11 
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where 
P = iLl 2.2 

ms ma 

Q 
mami  

and 
R = r 

ra s. In 2 

It is felt that the combinations 1:6 and Qa  are better than pia and 12  

when the masses differ - they are proportional when za i =m 2  , and 

P.Q E 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: 

gv  = 

M M2133 4 = (111± + la a )(A 0.- B-) 	(111 	M 

MinlaP2 /1v  = (M2 4" Di )(A B) + (ma + 2  )E 

gA = D 

mim 2 QafA = (m 2- m i )(C -D) + (mi+m 2 )F 

intmothA  = (mi+ 2)(c . 0  + cm 2 •" In OF • 

The form factors entering in 3.11 lead to simplified formulae 

for cross-sections and polarizations ( see chapter ), and. have the 

following properties and/or advantages over those in 3.8 and 3.9: 

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

v + n* p + 17 
and 

v+p*n+1+ 	3.12  

is thought to obey the isovector current ( I. V. C.) hypothesis(26). 

This states that Va  and Nr a together with the iso -spin part of the 

electro -magnetic current J(e)a  form the three components of a single 

and 
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iso-spin one triplet. This I. V. CO hypothesis implies a conserved 

vector current ( C. V. C.), but the C. V. C. does not imply an I. V. C. . 

The I. V. C. hypothesis requires 

A F
C  

and. 
	B Fm 

E •••• 0 

for the processes 3.12 . 

(b) If there is a Co V. C. for AS = 0 reaotions 

E(e) 	 IP , (1124::—'m-)4A(cr) SI + a vt 	, 

SO apart from mass differences E(q2) is zero. 

(o) The divergence of the axial-vector current (804Aa) is 

;(13  2)V5{(mi+ m )C(c12) + (ra 2 " m S. )19  F(q2  )}t1(P ) 

so in the case of equal masses (mg.= m2= M) 

%Ace  = 	2 )y5u(p i  )2MC(q2  ) 

This is true for 3.12, and the form factors assooiated with <plaaAa ln> 

are identical to those associated with <vao.18aAcc i5n>' except that 

go, = 412  - na  in the latter case. Thus the assumptions that the 
- 

amplitude <vao.IdaAalpn> is dominated by the exchange of a single pion 

(for small /42) and that the axial-vector is asymptotically conserved, 

lead to a Goldberger -Treiman relation(27)  in one form faotor only, of 

the form 

c(q! ) (qiaOcr 2m 	np e  
6g 

 

where o' 	is the pion-neutron-proton strong coupling constant, and 
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the form factor air  gives the pion decay amplitude, determined from 

+ V
(74) r ix• 11 

If Aa  for 3.12 is written as 

7c4FA(cr)+claPp(cf 

N7  

comparison. with 3.11 leads to the identification 

D(q) = psy) 
C(I) - D(cf) =c  Fp((f) $ 	 3.13 

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

(d) If time reversal invariance (T) is valid, all six functions 

A, B, C, D, Es  F are real. The appearanoe 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(e) and F(42 ) in Va  and Aa are the second class 

currents of Weinberg(75) 	If Va  and Aa  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. 

(f) If a and JIa transform like an isovector, then E and 
F are 

imaginary 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, and 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 about the form factors. For other possible reactions ( see 

4.1, 4.2, 5.1 and 5.2 ) it is necessary to appeal to symmetry schemes 

and 
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( SU(3)(79)  or V(12)(36)  for instanoe ) and to relate the form factors 

tot -those in the known processes 3.12 in order to make any predictions 

( see chapter 6 ). 

(d) The inelastic baryon current  

The most general form for the current Jia for reactions of the type 

v + B B* + 1 , referred to here as inelastio ( though quasi-elastic 

is sometimes used ) is 

Ja  = 1.1(1) 2 )0( \roc(  1V 5 + Apc4)11(P ) 
	

3.11+ 

where u(p)p  is the spinor describing the spin three-half baryon resonance 

B*2  and satisfying 

(I m)u(00  = 0 

and. 
	vpu(016  = 0 

Ppu(P)p = 0 

The terms Vpa  and Apa  give rise to vector and axial-vector terms 

in Ja, the iy
5 

entering in V because the B* has positive parity. 

As in the elastio 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 

couplings for each. The usual ones taken 801  are 

Vpa  = a goce 	giii( a 2 Va+ a s Pa + a 4 (la  ) 

Apa  = a(, 	+ 1 (alya+ dap
a 	96) 
	

3.15 

for computational purposes, with 
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17,„ = 	-pa + afail2  ya  4-81/e loaet+ a 4  ja) pa 	 31  

being used. in definitions. 

If Ja  J p is formed and the spin sums over all baryon and. baryon 

resonance states taken, this leads to 24. terms Re( a t amj) 
	

There is 

a choice analogous to 3.11, namely 

vpa  = b lax+ p( b 2  Po;  b 3  Qa+ b Ra) 9  

with Apa  defined similarly, which reduces these 24 possible combinations 

to 20, as does 

Vpa  = 0 1  R.. + 4a-( 2 p+ esqa)-1- 04Veg -pa 	v 0 	 p vieaPp qv 

with Apa  as expected. This latter form simplifies the trace 

evaluations. However there is a form which gives still less terms 

Re(a t, ej) - 16 - and. looks like 

Visa  = cp( d pa  + d 2  q a+ 3  ra) y58- 4  ep vpct  Pp  % 
and 	

Apa  = gp( di pa+ al2  ga  a/3ra) + y5c1/4epvpapp  qv  . 	3.16 

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

V and A above it is only the (p )13  which contribute. 

The imposition of the C. V. C. hypothesis to this transition 

gives the linear relations 

a 1. -* (111 + m 2 )a 2 + (m 	m 22  )a 3  + cf a 4 = 0 	3.17 
and 

(m 	2 2 	ed  2  = 0 	 3.18 

when applied. to the vector currents in 3.15 and 3.16 9  the d. t giving 

the simpler form. The two sets of form factors a t and. d t are 
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connected. is the following manner: 

a 1 = 	in1m 2  a. 4 

a 2= (ern 1M 2 a s 2maa ) 

a s =d,.+ d 4 + (M 2 `• M )d3 

a 4 = a 2 d 4 + (m1+ M 2 )a 3 

and 

-Q2 m 1 m 2d/4  

a/2 = (2M 2 C1-14 	M1 M  2 d3) 

a/  s= 	— d!4 + (m1 + M 2 )13.13 

al  4 = d2+ di  4 + (M 2 ". M 1 ) al .0 • 

3.18a 

3.18b 

All form factors in 3.15 and 3.16 are functions of the momentum 

transfer e 	and again all are relatively 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 correlations
(81)

0  but the larger symmetry 

, 
scheme V(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 

(83 about them seems to be from photo-production
(82) 

and electro -production ie 
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4.. CROSS-SECTIONS AND POLARIZATIONS FOR. v + B B + 1 

This section contains a study of the elastic reaction v(v)+13.B+1 

in general terms, with emphasis on those processes where both the 

initial and final baryons are nucleons. The processes of greatest 

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

✓ p + L 	4.1a 

+ p g.  n. + 

+p e+ 	

4.1b 

4.1c 

+ p 	A+ 	4.1a 

; + n E7+ r • 	4.1e 

Only those reactions allowed by the AS = AQ rule For strange particle 

production and by conservation of lepton number have been listed in /+.1. 

There are of course the possible reactions 

✓ +Y Y + 17 

1 

	4..2a 

+ ,  4. 2b 

where Y is a suitable hyperon ( of non—zero strangeness ) 	Z, A or 

— 	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 

n p + e + v 	4.3a 

	

+ e + v 	4.3b 

	

A = p + d" +v 
	

4.30 

among others. 
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(a) Transition probability 

From 3.31  the invariant matrix element is given by 

i(e),J1(B) 
a 	a 

la e. 

M = 	71.7..(k 2 )Ya  (1;145)11(k )11(p 2 )(Va+ a4/5)11(p i) 	4.4 

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

particles and momenta is represented diagrammatioally below 

Averaging over the initial spin states and summing over final spin 

states ( denoted by EE ) , 
2.? 

Ethai2 = 0 EEi(4) .1(&)  1( EEPB) ,7(E)
vl1, 	4.5 

IsP 	
x 	 to/ x 	p  

IP 

zziO) 
P 
 it (e)

v 
= 8(k 2 ;J)P v 	

1 .6 

(La )0, =: ( 1: 1  p gva - $ vit. 1  a+  k1-1)5ml  i6.iuvpalcip)' 	4.7 

the 1-0(1-1) sign referring to an initial v (7). 

If only a certain selection of leptons is taken, for example those 

with a specific polarization vector Sa  p then k 2a  in 4.6 is to be 

replaced by ( 1c 2a--psa  ) where p is the lepton mass. The expression 

for the baryon spin sum corresponding to 4.6 is not written dawn as it 

where 

with 
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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 t) is considered to be 

polarized ( polarization vector Tia ) and all spin states of the final 

baryon (Bf) summed over, with the result that 

where 

EZ1/512 = 8G2 M k2C•PSa )nilta 	 11-.8 

113-(1)a  ± U(2 ) <QPk a  (a)>}  + {ITO-  )a ± v(2  )<QPk a  (a )410:T 

+ PO-  )a ± IV(2  )alik a  .T + 	) .k 	W(2) .k i}Ta  

Ya  <k 1  PQT> + Y. k <Ca )PQT> Z(1-  ) <Qk 1  T(a 

• Z(2  ) <Pk T(a)> , 

with <(p ) ( v ) (p )x> denoting ep vpaxa  , and the coefficients given in 4.R1. 

It is at once clear that the terms in U(2)  and V(2)  are missing 

when all the spin states of the lepton are taken (Sa  = 0). 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 and the decay rates for 4..3 . 

(b) Cross-section 

The differential cross-section for 4.1 and 4.2 when the initial 

baryon has polarization 4-vector Ta  and both the final particles ( the 
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lepton and baryon ) are unpolarized is(31) 

affglEttiTa 	 4.9 
dt 2rr(s-m 

using 4.8, where the numerator is to be expressed as a function of the 

Mandelstam variables s, t and u. 

If this initial baryon is polarized in some general direction 

4..9 contains all possible oombinations of the form factors, so it is 

very unlikely that any useful information could be obtained from such 

a situation. For this reason the differential cross-section is 

considered for zero polarization and also specific directions of 

polarizations. 

In covariant notation the differential cross- section for unpolarized 

initial baryons is 

( 

	
G'2  II(1)e')-J21A2L 

alft)d T=0 	
4..10 

where LA ) 01: 2  is given by 4.R2 in terms of s, t aria  110 This expression 

contains all six form factors, but it is to be noticed that they enter 

as IF LI2  apart from the two terms R.e(Ai) and Re( CFA) - which are 

absent if there are no second class currents - and the characteristic 

parity violating term tRe(Be). 

At very high energies 

where 

	Ni(s->*)).= -a for all t 
	4.11 

a = i(m i + m 2  )A 	M 2  )E12  X 	'(nt."' M 2  )C 	(Mi+ M 2 )F12 57  

t13312 X'" tED12 y 

( For definitions of x and y see 4.R1 ). Thus at very high energies 



m 
E12  +IC+ 

+ m 

4-5. 

4.12 
m - 	2 } 

4.13 
for m = M 2 / 

= ii(1Al2 + 1D12} 

where it is assumed that, for m 3 = Mg $ F(t) t for 

and low momentum transfers 

-fri 	MlA+Ini i + mg 21r  

for m 	m 2  9 and. 

small values of Iti  in order that the current be defined there ( see 3.11). 

It is clear also in the equal mass case that d2(0) - D2(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(BDm) does 

not occur in 4..12 or 4.13 ), a fact which seems to be well supported 

by experiment. So far expression 4.13 only deals with the case t=0. 

The modified expression fa, low values of th9 momentum transfer in the 

limit of zero lepton mass and equal baryon masses (m 1  = m 2) is 

	

dot, 741-1[(1Al2 + IDI ) 	(IAI2- IB12) -414-12 
--T=0 

	

(s! IA42 	
s-2- nil  1 12 	s  2_21e  )Re(BD1 	"14  

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 1Al2, 1B12, 'Wand I-1742  (by looking at 

da(v) + da(17)) and Re(BD) ( by finding da(v) - da(;) ). 

From 4.14. also, at t=0 and all energies 
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if A(0) = 1 and D(0) =X - which appears to be reasonable if A. is taken 

-- to be 1'15 0  With this value of A do = 1e91x10
-38 cug(GevA)-2  , a 

result which gives a simple method of measuring the neutrino flux(84) 

since this can be compared with the observed number of low ( zero ) cj 

events as a function of the measured neutrino energy, 

Assuming some suitable parameterization for the form factors 41.14 

will provide a very rough order of magnitude estimation for the total 

cross-section for unpolarized nucleons at high energies ( in the reaction 

v(;) Ni* N +p ). If 

A ( 1 - 	) 

B,scA 

and 
	D 1.14 1 - A 

F = 0 , 

integrating 4.14 directly ( which is rigourously correct if Ev» m - that 

is for high energy neutrinos ) 

a(Ev4.) = • 

/3  
+ 1 .1 52 14A2 	+ 2.44. 	(H2 (I 	)) }. 4.15 

With Mv. = MA  = 0'84 and K = 4'7 ( M. and K : and the form of A and B, 

are "obtained" assuming an Io V. O. hypothesis and MA  is arbitrary ), 

a(Ev-00*) = 0085x10-38  cd. , 

and if a larger value of 1111, say 1.0 , is taken this would increase to 

approximately 0°98x10 38ce. 	Of course the actual form of the form 

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

order of 10-38end 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 g! dependence. It is 
seen that the form 

F Lace) 

gives a constant high energy behaviour, the other choices indicated 

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 Our 	and for this reason the results with a W present 
are not displayed here. 

When the initial baryon has arbitrary polarization ( T ) da is 
a 

 
at 

given by 40, and if all the form factors are relatively real there 

can be no contribution from that polarization perpendicular to the 

production plane, for in the laboratory frame 

d 0 a 	- im(i) 	8(2.  a ) c2(s-m i  2 )-2 4.16 
p010 	unpol. 

where I is given by 4.R3 and U(04;1{2(2.1= 0) by 4084. From 4.16 

cicrt 
dot 
	22.-- sin e smIp  2 I in(pc  	4.17 

thr z 2ff  
for large Ev, with 1E 2 12  = cf (42 -42 )002 	and e the angle between 
the incoming neutrino 3-momentum (k:1) and the outgoing nucleon direction 
(2.2)0 Here oi  corresponds to a nucleon polarized in the (p2A1:1) 

direction ( the z -direction ) and al  in the ( -z) -direction in the 



reactions v(17) + N N + 1 

The ratio 

Are') PW24. ) 

can become quite large if F is purely imaginary and contributes to the 

same extent as A, B, C and Do  This of course leads to a possible test 

T ( the appearance of Im(I) in 4.16 and4.17 ) and in particular to a 

direct test of the Cabbibo hypothesis ( Cabbibo, at Dubna(78), introduced 

the specific hypothesis that the second class currents were relatively 

imaginary with respect to the first class, giving, in a sense, a 

maximal violation of T )0 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 

directicatm=sverso to the final baryon's direction and in the production 

plane ( i.e. in the direction of (R2 ,1:1)Alt 2  ) is looked at, with the 

result that 

dat) 	Re(j) 	4E „sine  
dcr 	x 	27r (2m1E 

4.18 

in the lab. frame, where J.  is given by 4.R5. In the equal mass case 

and at high energies of the neutrino ( E v) this becomes 

(§2:1=13) 	sr. 2sin 8 Re( BFI  + AD*) 
	

4. 1 9 

From 4.14 and 4,19 with F=0, D=1*15A, and BL-4.7A the ratio R ( below ) depends 

strongly on 42 , being approximately 1 at 42 = 0. If Re(BF*) is zero 

4,19 measures directlyRo(AD*). 

R  = (872:4dqrL16.)x{(apiaiir 

4.8. 
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(A,A) 

n = 1 

4-a 

n = 2 
4- 
3 

n_ 2 
23a 
37 

n = 1 

 'i2logR). 

(B,B) a2  loks3.-) zaa 
fs. 2a2  s 

32—  

(C,C) -51:10g(?), 112 Ea p  2 t? 
6e Y • --r, 

(D,D) et2  log(D i1  _za 2e s -5Te 7, 
(B,D) 2. a2 2 

a2f1. na 	1  
2-a-logb elli 

(E,E) J4?-'21oej 
u2 a2 
77 

 2 
ts 

p2 aa 
77 

al) 2a s 2 -a2 p 4"...41log(cj 2a2  e 
737 

(A,E) 412a 2: ' 4, p2  a . 2 p2  opt 14Oga) 
3s 3sufi  

unF
=i 	

t  s 
1. 
	
4-'7ost-- 

a)  2 p2  act 4. P2  ay 	1122 2  i 	3  
3s 3sr? 

P2  F L 0 P P Ft I ta FL  I ts  

TABLE 3 
The high energy contribution to the total cross-section due to 

the indicated. choice of form factor with given behaviour. Here F L 

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

(F L ,F j) is implied. Re(F L F*40 Terms of the order of p4  have been 

omitted in all these leading terms, and the expressions are for m 1= m 2 9 

a = (a + 2n? ), p = (2a + n? ) and y = (a2  rya + m4  ) 
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(c) Lepton polarization 

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 

4-vector ( Sa) is given by 

S 	=a u -IC- a 
11 	+ • K01 c 2  

using 2.28 and 2.33. Fcr the rest frame polarizatidit Treiber thist gives 

S = 	k + (R-0k2A  I  0 --.a.': 	4,21 

A 
SO in the limit of zero lepton mass ( p = 0) S = ± k 2 3  in agreement 

with the expected values for a massless spin-i particle ( from 4.20 it 

is seen that 
= -1 1-p2Te(M.1:2)-2, 

giving e= 	for p = 0 - i.e. completely polarized in some direction ). 

For an unpolarized initial baryon ( Ta= 0 ) 4.20 becomes 

pSa= ± k 2a 	P2  (U(i )a  U(2  )<QPk 1  (a )>)(u6- ek 

4.22 

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 polarization is 

ST =   (k 1 Ak ) 
11°.)61:2 	

X 	, 	4.25 

and at very high energies with the muon coming out parallel to the 

it neutrino this can become quite appreciable, with (ST 
)

2 	
if 	is 

assumed that F is relatively imaginary with respect to the other form 

4.20 
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factors, E = 0 and 	AD. Due to the many assumptions about 

the behaviour of all these form factors that are required to obtain 

numerical results, it seems pointless to try and give a quantitative 

study of S
T — see Berman and Veltman(34) 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 pit.k 2 
	SR  • (k 1  k ) and. 

0(1:2 A  (k i  k.)3 when the final baryon is not considered. 

(d) Baryon polarization  

When the final baryon is a hyperon its polarization ( Ea) is 

readily accessible from the decay products. For this reason Ea is of 

greater interest than Sa a 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 

(11(1 ).k 2  )Za  = Re(Z(i  )a+ E(2)a) + I4E(3)+ E(4))<p i  k  i  k 2 (01)> 
4424, 

where Z(1)a and Z(3
) contain products of class one currents and products 

of class two currents and Z(2)a 
and Z(4 ) are mixtures of products of 

class one with class two currents. The relevant expressions for the 

E(/)  are given in 44R6. If there are no second class currents E(2)  and 

E(4)  are absent in 4.24, whilst Z(3)  and Z(4)  vanish if T is valid. 
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Thus if there is any baryon polarization normal to the production plane 

time reversal invariance is violated. It does not seem possible however 

to say how this violation occurs - in the Cabbibo manner or otherwise - 

for if ST 0 then ET 0 of necessity ( assuming B and D are non-zero ). 

In the laboratory frame the three independent polarization 

correlations are 4.02.2, Ei1:42,2A(1:1A22)3 and Elton ( mentioned above )0  

The first of these contains far too many combinations of the form factors 

to be of any great interest. From the second 

(UM alc 2)4.1 = E v  sin Re(L) , 	4.25 

with L listed in 1..R7, giving at high energies 

aZ.R.1-1 = 2 sine Ret(1 + 1112)(AD*  + Fe) + (1 - E12)(BC*- ED*  

It is interesting to note the similarity between this form for mi.= M2 

and 1..19 • 

Finally the transverse polarization of the final baryon is 

).1:2)Z,.;1  = E L-Easin 0 Im(M) s 	4.26 - 	v rlb 

where M is given in 4.118 . This reduces at high energies to 

i.e 

am ,Z-R  en = IE 2  I sin Im((A-E)13 x + (C-F)D*y} • - 

(e) Decay rates .  

The total decay rate for processes of the type B B' + e + 

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

r 28(p 22- m22)eiki6oci2x4k 28(k 22-p2) 
lsF 

A 64 (P1'P 	k i - k2)J , 
ifzErimi2a4p 

4.27 
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where EV1M12  is obtained. from 4.8 by changing the sign of k 1  , the 
T$F 

lower sign being relevant for the final anti-neutrino throughout. 

There are several ways of proceeding with this integral, but 

it is at once clear that if all the lepton configurations and all 

directions tad magnitudes of p 2  are integrated over the result z,-.27 

will be independent of Ta  and. reduce to 

r _ 	4 
4.0 m  reLI*  ,„ dlap 	Z.L.cp 64 (p 	p 2  _ k 	k  ). 
(2r) 2r 	 2p 20  2k 10  2k 20  

This can now be readily reduced in the rest frame of the decaying 

particle (2.  1 = 0) , for U(i  .k 2  can be expressed in terms of e and. 

p s..k 1 which are independent of angles ( cf = (p 	2) and p  1 .1c 1 = 

m v  ), with the result that 

r = 6773 	u(i) ek 2  aq2  dE 	 4.29 

with 1.1(1) .k 2  essentially given by 40114. The ranges of integration 

are 
( q) _ 1 .21)(e 	)< 2eE v<(q,+  Lame-0)  

and 
P2 ‹ 12 < 	ra 2 2 , 

giving a relatively simple f dE . However de is, even in 

the simple case where all the form factors are approximated. by 

constants,,complicated.. 

If 11(s  )..k 2  had. not already been written down explicitly in 

terms of q2  and. E 	4.28 could have been used. directly by making 

use of the following easily derivable results(85):- 

4.. 28 



(a)  

(b)  

(0) 

where 

to give 

a(cf )3  f 	p(k;q) = Ile-112J5(411%- °1!$11) 

ii_(e 	f k itt  p(k;q) = 4/ { e p2  is  gm  

2q 	p(k;q) = 7T d ie -,22 

p(k;q) = d4  k 8(k 12  )a.1  k 2 8(k 22-p2 )64 (q - 	k 2),  

54. 

(In 1. -in 2 
r = 

 

VisAff(ms+ m2 )--cf 	m2 

*t6( rit  )del 

2 

  

  

4. 3 0 

where F(e) is given by 40,9 6  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(86) via 4.29 with the order of the 

integrals reversed: 

r — 	Pm-0  f um.k,dE yd.? 	 4-.31 

with 
x-y<e <x+Y 

where 
	0 < 2m L E v< m12- m 22+0 

/ (M 	••• 2m1E 
v 	

= 2mi2 E v
2 ••• E vm i km i

2 M 2 2 ^ p2 ) ••• /I2 M a 2 

(M 12 ^ 2M1E v )Y = m1E 
v
titi(M i2  m 22 -- µ2- 2m 1E v)2- Igni.21221 • 

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

the form factors by constants in the following manner: 
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1C12 3P-142 $  1D12  3r^-1(1-12 $ E".e , IFI2 Y^.1fre 

Whilst the inclusion of y (=m 1m 2  i(m 	m 2 )2  ••• cf 1-1) is arbitrary, 

it seems best to remove the denominator in IJO-  )0k 2 . This results in 

U(1. ) wk 2 M ra 2 	(21111E 1)20+ 2m 1E vi (q2  m12- m 2 2 )a t ._ 2p le 

(cf 	p2 )1(m — .2 v. + miln2V+ (12 6'J, 4.32 

where at, pl, V and 6' are independent of E and cr and are listed 

in 4..R10 4. Now re and. q4  can be replaced 

if 	dcf is to be performed first. This 

U(i  ) .k a m m 2  ( see 4.R11 ), but m J. — m 2  

m 1 for all the interesting processes 4-.33  

-a 12  by X and 4-  + 3 respectively 

gives a lengthy result for 

(= 6) is small compared to 

and. furthermore E is of 

order 6 , as is p 

(2m1E v )2c0+ 

Thus to lowest order in 6 (i.e. 82 ) only the term 

amiE  (m12_ m22)ce1+ 21_2( 2rai 2 E  2 m  E  f in.
" 

 2 
M 	 V 3.  V 

M 22 
	

4.33 

survives from 4.1111, and in particular only 

la('— 1b12 + (m m 	from a m 1.  

and 	i+ m 2 r1 al2  ni mi ma 2 lltj 'a2  I 1.12  from V 

This is good enough for neutron beta-decay where m  - -40-3  , but 

the annoying presence of the term 	12/12  in Y makes the final E 

integration awkward in this case ( since p2  may not be neglected. ). 

For the A, E and electronic decays it is possible to take p2  = 0, 

with the result that 
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and. 
(1 	2P—v)X 	v  (E v— SA) m 

(1   m 2--v)Y = 2E (SA E ) s  

where 2.m 1t, =mi+ ma• The integral over e may now be evaluated. 

to give 
6.6 

✓ Tap m U(2' ) 0 k a E v (6/1  — E )(I 	2--to v 	m 1/ dE v 

8 	

4.34 

Since 	0.2, 	) ok 2  must be evaluated. more accurately m 
than in 4.33, the next term being required, to give 

✓ — 	{ei • -mE, )11- - 	Et- - (1 ÷ 2AE 2.4.4(8.605 
30 	2  M 24- 	 21 y 2 

which reduces to 

✓ —Et, 1 307 
1 8 

i  )1a12 + !s: 	) 11312  4- 32 m 
(I  _ 	5' )1212 

32 m 

4.  11 	_3% , .
"

„)*11 6,5 TT ;J. "1 ” + 4  if 

(f) Result appendix 94.011.1  

)4.„R1 

The transition probability is proportional to K. (k 2 S) where 

Ii is a combination of the following terms as in 4.8 :- 

U(1 )a  = (41Al2  X + I BI2xf1  + 41E112  Y 	I DI2 	Pa  

+ (Id Cla y — IDI2 yDr1  + 4IE12 x — IBI2  )Q.k Qct  

—2(1AI2— 	1E12 2cr1  + IFI2 3Dr1  )k a ct  

+4Re(CFy + Aex) (P.k 1  Qa  + Q. k 1  Pa  ) 

±2Re(33e)(P.k 1  Qa  Qok 1  Pa  )1 
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U(2)  4.11n(AEYIX CFMEY) 

VO' )a442.4 (B A)e- (B 4Ay)FixPok I  Pa+ 8Re(Aey - Cex)k la  

/4,R4 (D C)e- (D 4Cx)ElyQok i  Qa  

2Re( (Ay - Ex)e- (Cx - FY)E*- 4(AC26+ EF)16)44 (Pok 1 Qa + Q.k i  Pa  ) 

7 2Re( (A B + E)ex + (C - D + 2)2E4 (P.k (Ix  ••• Qok Pa )} 

V(2)  = 214(Ay + Ex)e+ (Cx + Fy)B*+ 4-(AC*- EEN1)2cY) 

W(i )a  = 2R.4 (De+ Be)%+ (Eite+ AD32)Pa) 

)a  = 2Re( (AB*+ Feyx-i )9.4- (cD% EB xy i  )p.) 

yce  = art( (ErPx Ce2y)Qa+ (Aex + Fey)Pa) 

Z(1) = 2Im(Ce+ EDP) 

Z(2) = 2Im(AD*47321) 

with m m 2 	= (rn + 2  )2  cj and. m m 2  Yt-i :•-• On 	In 2 )2  e • 
4.R2 

In terms of the litlandelstam variables s, t and u s = (p i  + k 	, 

t = (p 	P 2 )2  and u =(pi - k2)2  with pi+ k 7-• p 2  k 2  and 
mi 2 + m22 + 0) s + t + u = 

m 1131 2U(i  ) .1c 2= (s ••• 111 22  p2  )(12-1r (n1 22  "* OE (IA + E12 — 1 B12  )x ‘m 2  

+ (IC + P12 - 1D12 	+ (s - m12 )1(1Al2 - 1E12 - 1E12)x 
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- (I cr - (Fr - ID12  )Y) + (m 12  + e- 
u)t

friP. (s mi' 	-Er 

1- B12)x + (IC - Fr - 1Di2  )Yi + 	22-  u)I(iAr-  1E12-  1B12 )x 

- (kr-  1F12-  ipr )37i 	- (P2-  t)m m 2((iAr 

- 1E1241-1 + 11112yx1 + 21B± D12  (s - ra,.2  )(s - m22-112 ) 

+ 1113  ; D12 (m 2

2 

U)(M 12 + P2 11) 

with rai.m2x-1=  (ma+ ma)2 - t and mimay-i  = (n1 1- m2)2 - to 

4,R3 

  

  

A 

The expression required. for the polarization Ton ( 4.16 ) is 

	

2111 2 I = (M12  " m 22  + 4m 1 E 1,)E U111i + M 2 )A (In 	M 2 )026X 

— 	(m — M 2 )C (M 1+ M 2 )F1D'i*y) + m 2 cf ((A + E)ex 

+ (c + F)D*y) p2 I'M (A - E)ex + (Di  C)ey) 

T. 2m 1m a((mi- m 2 )C (M 	M 2 )1113*  

T. 2m 	((n1 	M 2 )A (M i"" M 2 )EYI4  • 

The unpolarized cross-section is given by 

in the lab. frame, where 

m1m2U(111c2(2.1= 0) 

= (2m tE v )2a + 	E v( (m 	M 22  )a- ?I 2  p q2  T 2Re(Be))) 

+ (q2 -p2 )f(m1.2- 92  )(f3 + 21 B T D12 ) + rn m 2(IA12- I Cl2  ) 

▪ (Mi" M 2 )2  1E12 x + (m 	DI 2 )2  1E12 Y -Pa 1" '((lA + B12-  1B12 )x 
2 

+ (1C + F12 - 1D12 )y) + cf(ciAl2- 'Br 	oci2 - 

+ .11B Dr)} , 

with 

G2 	ok raA m  
E v 
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MlnI2a  = ( n1+ I11 2)A 	(n1 1.""' M 2 )EI2 X 	Rint- m 2 )C 	On 1 + 111 2)17 1 2 Y 

''CrIBI2 X .". 42 1D12 Y 

and. 

In i3  z On -1- M 2 *I Al2 	)X 	IFI2 y) 	(m 1- m 2 )((1 012  IDIa )y 

+ 1E12  xa + 2m tRe(Aex + CF y) 

expression required for the polarization T.1 ( 4.18 ) is 

f m 22 + 4m LE 	)-c
lr

!!
, 
 (m t + m 2 ).A. 	(M 	M 2 MD* 

% 

The 

J = (m
a
- 

+ ((MI M 2 )11 	(M 	M 2 )C)B/ 	el( (m 1+ m 2 )A. 	(Mt"' M 2 )EPP 

(M M 2 )F - (r1 1 •" M 2 )C)13* 	(m1+ m 2 )(Ae+ Feyx-i  ) 

(m I m 2 )(Ce+ rev"' )1 + 2m le ( (A + E)e+ (C + F)B1 

(m M 2 2 
)( (M 1+ M 2 )(CD

m
+ 	

;14 	••••1 
) 	(M 	M 2 )(Ae+ FD*37x-i  )) 

4,R6 

The baryon polarization 4-vector is the sum of the following 

terms as indicated in 4..24 

E(1 )a,  (1).1c i  Q•ic 2+ P.1c 2 Q•it )(13C*xPa + AelEyQa + (BD*- AC*- 10*)(xPa- yQa  )) 

BC*(2Q.k Q.k yQa+ Q.1c k 2a+ Q.1c 2 k a  ) 

AD*(2P.k 1 P.k 2 xPa+ Pok i k 2a+ P•ic 2 k i ce) 

+ 	*( P.1.-  2 Q2  Q.k1 Qe k 	) (XFice  Ace  ) 

*(1B12+ ID12 )(Pok Q.k 2"• Q.k ±P.k 2)(Pa- Qa ) 

IBNP•k ik 2a-  P.k 2k t a ) ID12 (Q.k k 2a-  Q.k 2k la) 
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E(2) = (A "' B)FM(Prk 1 Po k 2 •"' ek1ek2)(xPa  YQ.a ) 

+ (C D)E*(Q.k l Qok  2 - Q2  k l ok 2 ) (X.Pcc  "" Arg  

+ 	(2Q.k Q..k 2 -' P.k Qok 2 + P.k 2 Qek )xPa- k ik 2 Q2  (x% 

ygc,) (Qok k 2a+ Qok 2 k 01 )) Fe( (2P.k iyek 9 P.k Qak 2 

•••• Pok 2Qeks )3TQa+ k 1 ok 2 P2  (xPa— yQa ) — (Rik i  k 2a+ Pik 2k 1.01)) 

= 	(m - m 2 )Cis-  (M d. + M 2 )AD1 + 2AEMXPe (k + k 2 ) 

+ 2C1PyQ.(k + 1.: ) 

= t ((m J.+ m 2 )Fe- 	 in 2 )e") 2.rp*yr'.(k i + k 2 ) 

2E.8244 0 (k i + k 2) 0 

4.R7 

The expression for ZRol ( 4.25 ) is given in terms of L 

2m im aL = 
I 

( 11 1. 2+  M 2 2 + 4M 	v)*(((rn 	M 	- (rn 	171  2 )EiD
N 
 

+ 	(M 	M 2 	+ (M '••• M 2 )C)E31' 	(M 1 2  "' M 22  )((in + M 2)1B12  

(m 	m 2  )1D12) m iti2((A _ op+  (F  oeti ± 1312 	
1D12) 

{( 	m2 )A  - (m1-m 2 )E)D41+ ((n ± 4- M 2 )11  + (M 

M 2 )C)13)2 	(M 	m 2  )IB12 	(m 	m 2  )17)121 • 

11-9R8 

A 

The expression for E
R. 
 on ( 4..26 ) is given in terms of M 

- -- 

DI /11 2M = (M 1. 2  M 22+ 1}M lE v ){((M 1+ m a )A + (m 1-  m 2 )0PX 

"((Mi+M2)F (Ini"' M2 )C)ey-} m im :2{((m 	m 2 ).A 

+ (In — M a )EPP"' (M 	in 2 )11  + (M 1"• 2 )C)E1 
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p2 m 5,1( (m 	m 2 )A. 	(M I M 2 )*3114X "" ((111+ M2)11  

- (m1-m2 )C)Dy } + q2  [fin + m 2 )A + (m 	m 2 )01S4IX 

(- (m1+  m 2)F  + (In 	m 2 )CPPY1 0 

4.R9 

For the integral 4-c30 

F(e) 	 311  2 )11 	M 1+  In 2)W 12  (M 1 M 2 )2  1B12  12r1  (C12 + 312 ) 

+ { 1 (M + m2)0 (M 	M 2 )17137ft  12  (m1+ M 2 )2  1D12  }f t  (Cf + 312 ) 

(• 1012 — IA12+ 21E122 1 i- 21F12pri )e (2cf+iM 
+2(1D12 — 'Br )42  (cf— P2  ) • 

4.0RiO 

The coefficients 01'52, y' and 6' for !.,32  are 

a t  = la 
m 

e 1
2 

+ 314:L132-22 m i "' 0 
r I.+ 2) 	mim2 	la 

331.2 . 
di2  

m la 2 

pt = (1 1.,11.12 )( (1a12 — 11312 ) 	If12 ) - (1 In'ji(10 1 2 '" la-12  
Ill 2 

oi s. m : 	i3d7: 
	21-f• m 2

121g. 
 )
,21012 ) + 2— Re 

(171 	 m4. Gel  

v; ` (m m m 2 	 1,21a12 + (m 	
1 

m  2 )2  (lel2  1012 ) 4. ILa "-±-2121  I 1
2 

M M 2 i+ 	/ 	 M M 2 

- 2 	Mi22(7L  j12  
+ M 2 

72 (la + 0 1 2 	11)12  ) + (Jo + 	1 41 2  M  

61  =7----L-1. 21-4-7A(1a12 - 11)12 ) 4.  1c112 • in i+ in2) 
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14-0R11 

On performing f de in 1..31 

U(i  .k 2m im 2 -* (2m 1E v  rat + 2m LE 
v
12m 1.2E v2 — m1E 

	

v(3(m 2 	22 ) tr 

• m 	(m 	m 22 ..  42 )}(m 12 ... 2m  _ E 	_ 4m 1E 

1(1112_ m 22 )fig 	m im  0,t}{2m 12E 
V
2.. E m I 	2.2 

▪ m 22  ) — 31,12 	2m 12112 }(m 2.2  — 2m E v  

— p2  (211112E 2 ...  E 	 22)12..  

x (m 12  — 2m 1E 
v 

:§(16m14 E 4 — 16121.2E v3 011 	ni 	 p 2  + 4-M12 E v2 ( 

(m 12 .. m 22 ... 	4za 12112 	6E m  spa (m  i  2 ... m 22 ... 	) 
V 

m 2.442}81(m 1 2 .. 2m  E 	
• 
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5. THE INELASTIC PROCESS v + B B*  + 

The processes v(v) + B *4• 3*  + 1 are studied in a similar manner 

to the elastic processes of the previous chapter, and. it is show., that 

there exist analogous tests of time reversal invariance. Again the 

emphasis is on a detailed. phenomenological study of the reactions 

v + n .$ ler+  + r 

v + p 	N*14  + r 

5.1 a 

5.1b 

v 	p 	N*)  + r 5.10 

; 	n 	N*1" + 1+  

and the SU(3) symmetric counterparts 

v + N 	"ir*  + 

5.1d 

5.2a 

; + N 	Y + 

50 2b  The formalism as developed also applies to the v + Y YN1 + 1 

processes and. the leptonio decays 	B + v + 1 , which includes, 

among others, the fl leptonic decay. 

(a) The transition probability 

The invariant matrix element for these reactions is of• the form 

M = AifiG 13(1C 2 )Ya (1 	iY5)11(k 1 )  1:1p(p 2 )(VpaiY_ pa )u(p 1) 5.3 

in momentum space, using 3.6 and. 3.14- , where the connection between 

particle and. momenta is given by 

-1 
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Averaging over initial spin states and summing over final spin 

states ( EE ) leads to 

where 

with 

and 

ZEINI2= ik208(k 2.11) H 
pi) tiv 

H 	= -1Tr{(v iV 5  + Ate) 	+ m ) (Va v  iy 5  + AadWap(P 2,2i=3)} 
5.5 

= Yo S1Yo  

5.11. 

1 Tap  = ( Tap- 30.y)a(T.y)p)(4 + m2  ) , the spin- projection 

operator obtained from 2.6, with Oap  = gap- p 2ap 2p(n1 2 ) 

This form of Tap is much easier to handle in trace evaluations than 

the "standard" form 

(la, 1 J 
dap=  Etcp-  ycev  p+  3;72 (P 2aF  2 Yp+ P 2 ectaS 2) 	2aP 2p) (Z 2+ m 2) • 

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 11 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 5.14. reduces to 

EZIMI2 = LOA? k 2
a
X
oc 

= 4-G321P i•kap i .koc(1)(t) p 	2P 2.1:01:(2)(t) 

(P 2.k ip lok 2+ P 0-1C ip 2 ok 2  )X( 3 )(t) 	k ick 2X(4 )(t) 

+ 	2•Ir iP 1.k 2'" p 1.kip 2.k 2 )x(5)(01, 	5.6 

where the x()  (t) are listed in 5.111 and 5.R2 for the two choices of 
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V and A given in 3.15 and 3.16. X(5)(t) contains only V—A interference 

terms. 

(b) Differential cross-section 

The invariant differential cross-section for B*  production is 

da 	k 2 •X  zi.rt  - 	 it 	- 	-Y4  5.7 

assuming all particles are unpolarized ( excepting the neutrino, of 

course, which is completely polarized ) and where the coefficients of 

the X(t )(t) are to be expressed in terms of s and t ( see 5.R3 ). 

With: the choice 

Vpa  = a 1  gpa+ qp(a 2Ya+ a 31:'a+ a 4 c ) 

A 	= 	ta+ Ip(allaa+ 02P'04+ a'4%), 	5.8  

da 
( where now P'= p + p 2 ) , a, is seen to be a combination of 24. terms 

Re(a t a3/!) ) of the eight form factors . Little can be said about the 

behaviour of the differential cross-section until some assumptions are 

made for the t-dependence of the functions a t 	However for small 

da momentum transfers c- ri  depends only on the normalisation of the a t at 

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

.42.(t = 0) =.12112!.. 
dt 	1 2ff 

 

M 	(a (ma 

—ms )a3 )12 +(i+ 144. ) 2 
6021', 

OI 2 	)-(4:12 	(1:4 	rt 	tom  

5.9 

when terms in p2  ( p = the lepton mass ) are neglected.. This is the 
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reason for the non-occurrence of the doubly-induced form factors a..3  

and a'4  ( it is worth noting that the 'same' form factors - those 

multiplying the 	ourrents - in the elastic processes tAso disappeared 

in this approximation ). It is interesting to observe that if there 

is a C. V. C. then the first term in 5.9 vanishes, for c Vpa  implies 

that 

(mi+ m 2)a 2'• (M 22""' M i2)a 	q a4 = 0 for all ep 

and at t = 0 only terms in the axial-vector coupling constants are 

present - just the divergence of the axial-vector current in fact. 

For the other choice of form factors suggested in chapter 3, viz. 

VI% = cip(d 1 P 'a  + a 2  ga+ a 3camvpl"p qvY5Vp) + d 4 eflati 	civY5  

Asa  = 18011  Val- 0142  9a  + d' 3eam vioP'm  qvY5y,o) + '4 Epp vl"p civY5  

5.10 

da is a combination of 16 terms Re(d te,j) of the eight form factors. dt  

In view of the connection between the at and the d t 	the invariant 

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

concise form 

42(0) dt 	12V 	s •••• ra 
2

2

1A2ri1 j'271(ra 2.' 111 1)2 1412 + (21 1+ rn2)2 1q.12} 
5.11 

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 at from 5.9, 5,11 

seems to give a means of finding idtil if id 3.1 is comparable to 'did, 
da 

which does not appear to be an unreasonable assumption. Indeed -a.-1-;  

for t 0 takes on a very much shorter form written in terms of the 
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at form factors. At very high energies and all momentum transfers 

adi(s -oco ot) 	+ 2 )2 	" 2 r- 	M 2 )2  

Idi 12 + Cm 	M 2?"" tl Idti 12 ) + t Em i m 219  5012 

thus it is not difficult to find the high energy behaviour of the total 

cross-section for specific choices of a 1 and cr.i. For example, with 
the most "popular" type of behaviour d 	-•• d 	- Wiry the 

total cross-section increases quartically, quadratica4y or 

logari bmically with s according as n = 0, 1 or 2. Experimental 

data does not give a very good guide at the moment, but if b is 

suitably chosen then the logarithmic behaviour could not be ruled out 

( c would behave as lil log(f), so this contribution would be heavily 

damped ). Indeed with the factors ((m i  t m 2  )2  - t) occurring one 

could comdecture I d d ••••• [(nil- m 2)2- t]"1- [(m i.+ m 2  )2  - t) 	and 
still obtain a reasonable fit - this is just to demonstrate how 

unsatisfactory the present situation is. Indications of the high 

energy behaviour of the total cross-section for various choices of n 

are given by Albright and Liu(8o) for the currents defined by 5.8. 
Here for completeness th1.9 behaviour is given for the currents 5.10 

( see table 1. ). 

As in the elastic case, experiments with a polarized target 

would lead to a test of time reversal invarianoe in these inelastic 

reactions. The differential cross-section for the processes with the 

initial baryon polarized transversely ( i.e. perpendioular to the 

production plane ) is dependent solely on the imaginary parts of the 
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(1 01 ) 

n = 1 n = 2 n = 2 n = 1 

is2  e di  1049 

(1,2) 28.1442  Le 0;210120 

(2,2) 1-2aa sp 2 
2 

1 4r 
Wa S 

(3,3) ilyas s32 4 -a s 3 
rai2m220c 

 3 2 	2 	2 m 1  M 2 S 

(3:4) en)  2tis m 2 1og(i). ia2 m i m 2 2a ---v,m i m 22 s 
T2-a 	2 

(4,4) ge sm 22 T M 22a 

(5,5) = (1 :1 ) = (1  pi) 

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

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

(7,7) = (3,3) = (3,3) 
1  2 	2 7 mi m 2 2  P = (3a3) 

(7,8) = OA) = (3,4.) 
1 ...2 
--.. m im 2 2P 3 = (3A) 

(8,8) = (4,4) .3 
.1a2 m  _ 

2
ap  

(3,7) 
3a2  s
;  2

3  IL & _ f 	, 2m 1 m 2;4 1'06{71 3a  2 m i m 2 8 irm7 3m 1m2 

OA) 
5a2 2 	g.  

2m i  
4 

2m 2i lod "?"2.11.
2
, 111 2 s , 12 m 1 

(4-i7) = (3,8) = (3,8) = (3,8) = (3,3) 

0+ ,8) 41.-4-2  s OI-P  log(sj 
S M 1 

a2 	
I 3m 1 

with 	d t (t)=d t (0)(1-t/2.1-2. all' •Ii CriP4  d.c16 = adt:} (1-Va
)-n

. others a before° 

TABLE 4. 

a(s) ti 	 d L (0)d j (0) x {(i,j) entry above) at high energies, 

where (1 95), for =ample, refers to d 1  and dti  .and pa} = 2a + (m 1  i m 2 ) 
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products of the form factors ate.; or dtej a For both choices of 

form factors this cross—section is a function of a of the possible 

28 OadbiAatians, 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 reversal invariance. 

(o) Lepton polarization 

Since the matrix element of the reaction splits into a lepton 

current and a hadron current (M a L 1L, from 5.3 ), 
P P 

of the final lepton is of the form ( see 2.33b ) 

the density matrix 

P(1) a (g2+P))/(x (1 	 T 	2+ ti )Haps 5.13 

where Hap is given explicitly in equation 5.4 . It is then a simple 

matter to find the polarisation 4—vector for this final lepton using 

2.28, 2.10 and 5.12 

Pp  (1) = TrCtiv5crti vk 2 vP (1)) , 

leading to 

k 2  eX P (1)k 2.X = 	k2 + µX
P 
 — <(1,)p 	i p 2  >Y 	5.14 

where k 2.X and. X 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 I. 

The presence of the term <(P )Ps. ki lob > in 5.14 leads to a test 

of T, as in the elastic case, owing to the entry of imaginary parts 

( only ) in Y. Y is seen to depend only on those terms entering the 
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divergences of the vector and axial-vector currents, and if the vector 

current is conserved 

1* a Im(Wid,2) 

If there is a C. V. C. and a p. Co A. C. then a measurement of this 

transverse polarization will give some idea of the size of Im(d'i) and 

Im(d'2) ( if time reversal invariance is violated )0 

(d) 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 B*  spin density matrix - and its 

resulting polarizations -1  they will be derived in this fashion here. 

The four possible magnetic substates of a spin three-half particle 

corresponding to the values 2m = t 3, ± 1 of the spin component in the 

direction s are 

1r  (3,3) 	 e(eivov ) 

op (30) b  (iy5etti  _ esp)(evov ) 

Op  32-1 	(2ivytesp  e-exp)(tmEv0v) 

p  (3 CO3) =1, 	 "e4  p  (e/u) 	 5015 
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2 ( 
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as found from chapter 2, where t and tm Are orthogonal to s and to the 

momentum p of the particle ( p.s = 0 ) and. the wave functions f/(2j,2m) 

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

The most general form of the 'density matrix of the spin 5/2 particle 

can then be found using 

	

P
PI) mn EE = 	Pviltsr10p  (13 ,07  (P)n) 

	 501 6 

where 2m and 2n take the values +3, +1 , —1 , —3 and. pp  v  is hermitian 

( PP v
i = Yo P vpV0) so that Pam0 an = Pan, am 	with the result that 

P pv= pv(75 m), 

where 
* 	 1 	* 

	

pt
/11) 

= (p3  3  + 3 	p pi, 1  )t v t 	+ kfL3, 	+ 	A...19  it p  tv  + 	P191  + p-i , -1 )S12 51,  

v v 
/ 	2 	 it4 

T-7 	P-.1.9 3 '* P19 ••3) t* 	11.0.1 	a  s 	A.,19 	t 
A I , 	 11 	 11 	11 v 

	

+ h.o.} 	i(/1-19 i (s t t s )) + 11.04 pv pv 

x 	 trA {(P39  3 	3 p tp 	4- 	P...39 	+ 3' 	 p v 
2 ( 	 1 .ww )s s 	(p...„, 3 +pig, 	 v+ h. co) 3 	' 	v 

+ 4,4 
( (p19  3 S

P 
 t* v ... P-19  it  ..3  

S
ty )   + h.c.) + 

4. iy5ya  {ea( - 4/ 2 p_ 3, 3 eti  ev  4. 3 P-1.y 1 ( tp  tv"' 2sp  sv  ) + 

2 	iN 	;I( 	2 - xi, ...3 t p  tv) " ,3  (pri, 3 pt v+ p19  ..3 ep  Dv ) + "5 (P19 1  tp  Sv  

- p..14  ..i  sp tv )) + h. c0} , 	 5.17 

where complex conjugation and. interchange of p and v is represented. by 

h.o.y 

2 
f P v P v 
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for example 

t e 	 t h. Oo 	t* 

	

p v 	 11  21  

	

h. c. 	w w tat t -4.tt t 

	

p v 	a p v 

This form is seen to automatically satisfy 

P1 pp 
p =0 

11  111/ 	11/1 /1  
and 

y11 p/Iv 
=p141  11 y =0 

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

16 independent elements P2My 2n • It reduces in the rest frame of the 

spin 3/2 particle (87)  to 

p j 	= 	Z j+ A2X tx j+ A3yty j+.A.14.(xty j+ytx j) 

+ iB1(xt.Y.j-Ytxj)+B2(xtzj+ztxj)+ 1.A.5(xtzj- ztxj) 

+ B3(ytz j+ z tx j) + itit(Y tzj-  ztYj) 

+ a.z 	tz j+ B5x tx j+ B6y tyj+ /37(x ty j+ytxj) 

+ iyxtyj-Ytxj) + A8(xtzj+ ztxj) + iB8(xtz j- ztxj) 

+ A.,(yLzj+ ztyj)+iB9(ytzj-- ztyj)} 

+ 	Es! {Al Oz tz j+ Aiix tx j+ Ai2y ty j+.A13(xty j+ y 	j) 

ytxj)+Bii (xtzj+ztxj)+1Aii+(xtzj iB10(x tY  

z tx j)+Bi2(ytzj+ztyj)+1/ki5(ytzj-ztyj)} 

▪ E`Z {A1 6z  "J + Alf tx j+ Ai8y ty j+ Ai9(x tyi+ytxj) 
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+ iB13(xtyi- y txj) + B 
(x tz j+ z t2:j) + iA20(x tz j 

-ztxj)+1315(ytzi+ ztyi)+jA2i(YLzi-  zLY,1)} 5,18 

upon the substitution s (0,z), /2 t (0,x + iy), g + m 2m and 

iy54ce m) 	. The coefficients Ak  and Bk  ( listed in 5.R5 ) 

are not all independent, the 21 Ak  and 15 Bk  reduce to 10 independent 

A
k 
and 6 independent B

k 
( see 5.R6 ) to give the 16 elements P2m9 2n© 

All the coefficients here listed are real-as required by hermiticitr--$  

and under time reversal 

Akf Li Akf Li  

while 
Bkf Li 	-Bkf t J p 

thus if time reversal invariance is valid in the production process 

the Bk  will vanish. Under T, z•+ z, x -x„ 	-ya and o -. 

with complex conjugation in addition, giving the six constraints ( if 

T is not violated ) 

Pay 3 = P-.39  

1419 1 = P-19 -+1 

Pip 3 = " J7 19 .03 

P.•'150 3 = "Ply •.3 
	 5.19 

as may be verified directly from 5.17 or 5.18 • 

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

particle is given by 

5.20 



where 
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m(W ) = 
apt v P 	Y cr iivaP P 4  PoceP P 5 Po' ttv • 

resulting in 

a> = sa (Pa' 3 ". 	+ 3 P191 °. 3 xi, -1 + t {2/2 xd,i  4- if 6(p..j.9 ,3  a 

** - Pf• 3 it — I,  a1'Y 	,ic eoN,/  P*01.si 4.*3 5.21 

when the normalisation is taken as 

P39 3 + P...39 —3 + P3 p 1 + p..19  —1 := 

Equation 5.21 in conjunction with 5.19 implies that the produced 

spin 3/2 particle is unpolarized in the direction of spin quantitmtion 

sa  if time reversal invariance holds. There may of course still be 

some spin alignment in this direction since p3,3  Ay.91, of necessity. 

Thus if the axis of quantization is taken as the normal to the 

production plane)  any polarization of the produoed B*  ( in the reactions 

v At B-> B*  + 1 ) in this direction will give a test of T 	Unfortunately 

a null result for this measurement will not imply 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 + r may be more helpful in 
this respect ( see chapter 7 ) . 

(e) Result appendix (5.R)  

With the vector and axial-vector currents 

Vap = a i go+ gie(a 2 Ya+ a 3Ptce+ a 4 ga ) 

Aap = a21  gap+ qp(a12'Ycc+ ea  Pia  + 	cice  ) 



X(2 ) (t) = 
M2
212-1y1 a s. + 	) + m i sm 2 V(Y1 c 12  + xl 2 1 2  ) 

m  2 
•'•4 M  Ret(x + 3y)a a*2 - (3x + y)ei a' 21+4 m 12  (x + y)Re 

(yo 1. a i + X0 2  at ) - cym 311e(,3 a 2 "" 0 2 al*2 ) 

75. 
the X(1' )(t) for 5.6 are :- 

1 
X(1.  ) (t) = M 2  Re(a I. 2112 + all  a°N2 ) + 8111 1

3
M 2 XY(Y1 b 1 1 2  + Xlb 2 12  ) 

3.11112n124YRe(b la 2 + b 2  asa)   M M 2  Re(yb 	+ xb n a NI" 

X(3)  (t)- 4  M  1  2 XY( la 2 12 + I a t2 12 ) M iRe(a a*2  a ll at *2 ) 

3  
+ UM 1112XY{Y(la 	

1 1 1 

	

4  12  ) 	X( Ell
2a ••• at4 2  )1.1 

"4: Xe 2 	1 ) 1 	 1 at m 

	

ra 12 M 2 XYRe ( 0 1 a NE  2 + 0 2 a' 2 	 $. 2 Re(yo 	+ 
1 • X + y)m i2 Re(yb s. s. a • + xb 2 at ) 71. M 

3 
 V11-=(U 1  a 2 •"' b 2 al 2

) 
 

X(4 )(t) =4.  m im 2  (yla 12  + xlati  12  ) +4 m 3 111 2 4y( la 2  12 *"' IDA 12  ) 

- '- In 1.2  m 2 x,YRe(a Itt*2 + 	) 14: ms am2xyRe(ybsai  

+ xb 2  a °;. ) -4 m13M 2 2 xyRe(yc s aa+xc2a'% ) 

4 In 1 4  M 2 x:YRe(Yb la% -xb 2 a‘*2 ) 	m 1.2  m 22  (x + Y)leY( 1 a 3 12 

1- 	a 4 12  ) 	X( I a t3 12 .' 04 12 	+ 	In 13111  2 XY{Y(M 12  lb 1 12  

M 22  14  1 12  ) 	X(M 1 2  lb 2 12  + M 22  1 e 2 12  )1 

X(5) ( t) = Re(2a 	 2  a' I.• - m iya i a'*2 M 12 
Zrisra 2 a' * 2 ) 

where here 

and 

in M 2 	(In 1 + In 2 ) - t 

M M 2Y = 	1-  al 2 )2  

b 1=  a 2+ a 4  s  b 2  = a's+ a t4 o 1=  a 3- a 4 f 0 2 = ea- at4  0 
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With the vector and axial-vector currents :- 

Vfla  = gie(d 1  P ia+ d. 2 SI+ d 3Eati vpne  qvY5Yp) a 4 Ey vi3aPtp  Cj7 5  

Ada = C413 (d111%4- 	ga+ d i3eati vpP lovy5yp) 6-14 Ep vPaPtp civ75 

X(i )(t) = 
1 

M 1 3m  2XY(Ylb 1.12 + Xlb 2 I2 ) 	M 1 21  2 3E 

x(2  ) (t) = M i 3M 2XY(Yle 1 12 + XI° 2 12 )
3  rmim 2.6 

X(3)  (t) = 	m 1. 3111 2V{Y(I I. 12  - Id 2 12  ) 	x(Idti. 12 	1 a12 12  )). 
m 12 m 2

2 (x y)E 

X(4 ) 	
"" 8  "4414 

3.„ 24A  ,NY{y(m 12 lb 12 + m 2 2 / 0  ± 12 ) + x(m i 2 lb 2  12 + m 22 l o  2  / 2 
)
i 

(3C 	Y)M 2 M 2 2{3r( Id 1.12 '" Id 2 12  ) + x(la ta. 12 	1 d12 12  )1 

X(5)(t) = m11? 2xYRe(4d dt*4 m jxd 4 d.' w3••• M 1 yd 3 d/ 4 m 12 xyd 3e3) 

where x and. y are as for 5.111 

E = 4(xld 4 12 + Yldt4 12 ) - 2m oulle(d 34+ dAdt*4) 

+ M i 2 xy(yld 312+ XId'312 )  

and. 
b 1=d1+ d 2 , b 2 = dt± dt2 	et= di-d2 	0 2 = 

In terms of the Mandelstam variables s$  t and. u 

4p 	k p .k 2= (s —m 12 )(s —m 22 + .b) 

(s 	m 2..1.12 )( a 	12 ..112 + t) 
4p 2 .1c P 2 ok 2 = 

14-(P 2 *IC P iirk2P 2 sk 213  1. "Pk ) = (s 	m j.2  — 112  t)(s — m 22 + t 
. 

4. (a 	m 22.. 112 	.. 	2 \ ) 5 m  

2k alc 2 = 112 — t 



+ 2/3 Re(P*19  3 	P19 )) 

+ 3 P39 3 + 3 136+39  *.3) p 2/3 Re(P-'19 3 c) Pay -3)) 

) + 2 p...171 ) , A7  = 	+ 	9. 

- 3 Pa9  3 	3 A039  •••::A) 

A
10 
	3 - Re p..1,5. * A11 = 3  Re( (p—i, - 3 P-39  3) 

	

- 13 (P-i9 
	P19  .3 ).) 

P.-3, 3) + 	(P-i9-3 "‘ Ply 3)) 

	

A15  = :13- W3 Re(p19 	P.•19 3 ) 

A = - I+ 3 VI, 3 + A-.19 5 	3 	 + 2 p,,d,a) 
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The relevant expression for the lepton polarization (5.1) contains 

Y = m 1+12+ m 20 2+ m (x +y)11 21a7  I. + m ly(a 2+ M 2 0 1  

+4 m 	+ y)b ija )1( I + • 2 m 1  (a 2b 1- ainb% 

+ 2 (a 2 9. at2 0412 	1.111 2 (Ya 3a 4  + xal3a1 4 ) 

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

In terms of the currents 5.10 

Y = 	m 1 3 M 2xy(yd d*2  + xdsj. d1*2  ) • 

The coefficients Ak and Bk 
for the density matrix of the spin 3/2 

particle ( in its rest frame ) are given by 

Al 
2 / 
- 1.A 9 1 3 P-dy 

1 
= A3 

 

- 
6 	P-1,9 	+ A-, 

im(p_., 3 + Ply 

A6 = 3 1+3 (pi, 3 	"" 

A8 = A6 	A9 = A5 $ 

1 	if 
Al2 - 5•11.(a ''' 3 

A13 = 	Im(3 x39  3  +  

• A2 = e ((Piga. + P.•19  •••1 + 3 P39 3 + 3 P.-39  ••3 ) 

x 1 
+ (P191 + 	)) 9 
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In t C 91 o 	3 A.39 3) 4/3 (P19 3 j ) + 	-33  2 A17 

— 3 P-at  a) + 	(Pis, 3 + P..49 	)) 1 A19 = - A13 3  

A16 	3 	Ad, 1 

A18  = 3 .Lm ( 

A20 = - A15 
	A21 = - A $ 

and 

B1  = 

B3  = 

1 
(-P1,1 

1. 
J-1)10-19 

+ 

—3 

1 ._$. — 3 pa, + 3 P-39  —3) 	132 41 = r3  Reki919 3 + P."19 ̂ -3) 

I  
— P19 3 ) ,9 B = 3  (P191 " P..19 _i ) 

B5  = 6 ( k3 P39 3 

v. 	1 	ir 
B6 = 	pap 3 

	

3 p...39 	" P191 + A-19 ) + 2/3 Re(A-19 3 + Pi, 3 )) 

	

— 3 14.39 	- Pit 1  + 	2/3  Re(P-s, 3 + P19 -3 ) 

B
7 

, ir 3 ." P1.9 .-3) , B8  = B3  p 
9 = B2 , B10 = B2 , 

B14  =:16- (( a91 - P-19 -i) -.13 Re(P-1, 3 + Pip •••3 $ 

f 
BVI- =137 	B'15 3 = -0/21 	Andy 	+ 4/3 Re(P.•14 3 + pi, .'3 	° 

The 21 Ak are reduced to 10 independent ones by the 6 relations 

indicated in 5.R5 and the additional constraints 

A2 - A3 = Al - 2 A15 

A2 + A3 = Al - 2 A7 

A18 + A17 = 2 A13 - A16 

A18 7  A17 = A16 - 2 A5 

A11 + A12  = A10  - 2 A6 

B12 =-B7 	=133  
43  



and the 15 Bk  are reduced to 6 by the additional 3 relations 

B5  + B6  = B4  — 2 B1 

B
5 

— B
6 
= B

15 	1 

Bil  + B15  * 

79. 
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6. 15(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 calculations to be attempted, On 

making arbitrary ad hoc assumptions and introducing a large number of 

parameters ( which could be varied ) , results could be obtained, but 

a reasonable fit to experiment in this manner would not be very conclusive 

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 octet - decuplet, but the two transitions connot be correlated. 

However if the V(12) scheme of S.D.S.(18)  is adopted the baryon octet 

and decuplet can be grouped into the same supermultiplet - the 2E. - 
and ( in particular ) the two reactions v +11. 4. N 1 andv + N Nm  + I 

become intimately connected ( in a current - current theory ). It is 

on this basis that calculations are performed here, and since, with 

the assumption of an 	hypothesis, the elastic vector form 

factors can be related to the iso-vector eleotro-magnetio form factors 

of the nucleon an acceptable form for the form factors is available. 

(a) The currents  

The effective strangeness conserving and strangeness changing 

hadron currents are assumed to transform like the AS = 0, AI = 1 ( i.e. 

tpe- like ) and the AS = 1, AI = 1 ( tet- like ) component of the :12a 

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 

are then of the form 
qv 

V 	F( qg  )(Jti  + j0.7> 
 + J 1>) 	6.1 

and. 

A 	G(q2)(J52+ 4.4.<7>  4. 6.2 
2  tpe  rgiv <:>) 

where the currents J ,...... J
5 

are defined in appendix B and the 

parameters Au>, <A>, <v> and <a> have the dimension of mass. V and Ail  

are assumed to transform like members of two aifferent 143's of 11(12). 

Because 64 	( B and B*  belong to the ji4. regular representation 

of t(12) ) contains 24.2 once onlY$  the form of the hadron current is 

unique, with fixed D to F ratios. Physical masses for particles have 

been insorted in the currents, and the various couplings can be written 

down ( Kawarabarahi and White
(88) have considered this for the leptonio 

decays of the baryons and baryon resonances ). 

The current V (6.1) is the most general allowed with the 

inclusion of derivative couplings. Using the C. V. C. hypothesis (91/14=0) 

it is clear that <X> oan be fixed : 

<A>..1 	(m i - m  2)(e)wl  , 	 6.3 
so that whilst V does not appear to give a C. I. V. C. theory in the 

form 6.1 ( the C. I. V. C. is experimentally acceptable ) , it does 

taken as 

F (012)
qv  

+ p 1.14444> 
6.14. 

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 C. I. V. C. 



82, 

hypothesis F(e) oan be interpreted as the electro-magnetio iso-vector 

form factor of the nucleon, and using a normalisation such that 

p = 2.8 bohr magnetons iLi> can be fixed to be approximately 1.04 Gev.. 

For the form of F(e) 

	

F(q2) 	a 	f a 

	

4/(p
i 
 )P(42) 	

= (I  - c12/a) 	6.5 I b  

are taken. These imply Fm(q2) F(e) whilst FO(e)ti (1 + ES71-7)Fm(q2), 

fOrms not in total disagreement with experimental evidence for high 

values of I e1(89)  4. Apart from the parameter la' in 6.5 	0.74 using 

nucleon electromagnetic data ) the vector current for both elastio and 

inelastic processes is now fixed. 

By considering the divergence of A and assuming that there is a 

partial3y conserved axial-vector current ( a Goldberger-Treiman 

relation ), it is possible to deduce that <r> ant. In detail 

2NG(e).51 + 747  
qa 

= 	n  a n  grnp(1 + (mnYa)  6.6 

for small e ( for neutron /9-decay the whole range is small enough ) 

implying that <ir>mN 	n2. 

The relation 6.6 is in remarkably good agreement with the value 
of G(0) from neutron /9-decay experiments ( G(0) = 1.15 ). It is 

here assumed that G(e) has a similar behaviour to I(e), viz. 

G()
6.7 

a  

} 	 { b  4/(p2mq2)  = G(0)(1 - q2/b) 
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It is not too clear what qa  dependence a should have since there is an 

overall F2  ( = (m1+ m 2)2- e) factor in A , but 607a leads to a 

logarithmic increase in the total cross-section as against a constant 

high energy behaviour with 6.7b ( as a function of the energy ). 

The current J C pv7 p 
q
--u 

is not a 'basic' current of the S. D. S. 
vp  

theory of 1.1(12), nor is it a current of the first kind(48) 	These 

may be good reasons for neglecting it (<a>"L = 0 ), but it is here 

retained for completeness and the remaining parameter <a> varied to 

show its effect on the total cross-section. The relatively large 

value of <r>-1  from 6,6 might be thought to cause large corrections 

to the cross-section, but fortuneately it always occurs with a p2  

factor ( p is the lepton mass ) so that its effect is still small. 

'With these choices of parameters the currents reduce to 

= F(e) {(iPpEi(m 141  + m  2  ) :44 > 

LIQ  (m - m 2)  
P 	<11  > ..TP2 1)(Rp 2 )N(p i ))1,  

(M  
41>

M 2 ))(71(p 2 )r N(p 1 ))D  6.8a 

and 

= qq! 	INkp 	_ (m «>m 
 2 ) 	(m 

<a> 
+ 	

<v> 	)2. 
m )  1M 	In 2 )11:0  1;P  

ig(1) 1 4D + g/3F 6.8b 
- EELlt.11 	m 2);_ni 

<r> 	<a> 

for the octet - octet transitions, and to 

V 	= iF(q2)(1 + (m 41  1+>  m2))1ep utn  P (07 (p 2 )N(p ) . K 	V 
	 6.9a 
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and 

A = 	le 402  (1  

+ [1 

) (P 2)N(1)  a. ) 
+ 

2 Ilig1)9A(P 2)N(P 

(In ±:c"r>in  

2)  

m «
IT 

r> 

6.9b + 	
<7>

m 

for the octet - decuplet ones. 

Apart from the kinematic factors included in the above, the 

relevant couplings for the various processes are just the SU(3) ones 

given in table 5. Now all currents are known in terms of F(q2) and. G(e) 

so results can be indicated for different choices of 'a', 'b' and <a>. 

The identification of the form factors A, B, C, D, E and F of 

5.11 and those implicit in 6.8 is as follows : 

A _412(1 

B = 

2 

▪ ..(m4---m 	Q2  - 	m 	2  ) P2 AF(ci )  

(
• 	11 	m  2  )/ 01(4! ) > 

• =71.10((ra  2-
> 

	+4 
m 2 

2
s 

) "( 4! ) 
11 

C = :02  (1 —:14- (Di 1<4f +),DI  )  Q2  - on  
<a>

m 2) 	 p2  pG(c,2  

D :4-P111 111LI-h•L>=Lal pG(cf ) 
and 

• = (n1  + 	) 	(n1 - EL )  j PG( c12  ) '4. 	<a> 	<r> 

where X is the F type coupling factor and p the D + 2/3F factor 

relevant for the particular process. 

For the inelastic processes the relations take the form 

6.10a 

6.10b 

6.10o 

6.1od 

6.10e 

6.1of 



Q2  AG(e) 1 

(m a+ m 2) (maw 
<a> 

Mla M 202 aI = ((M1"" Da 2) 

,2 	M ±111 2,2 
M lam   2 ioe U. 2 <v> 

M 12 M 2 Q2  dt3 =(1 ••• (la 1:0"ra  2)  ) AG(q2 ) 

d1 = d 2 = 3 = 0 

2m im 2 d 4 =(1 + 13/11.4.">
)2)  A.F(q2 

41 
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6.11a 

6.11b 

6.11c 

XG(c12 ) 6.11a 

6.11e 

2 d.°4  = m j  Pa  d's 	 6.11f 

in terms of the currents defined in 3.16, with A. the relevant SU(3) 

factor. 

Equations 6.10 give, for m 1.= m 2  all the conditions on A, B, 

C, D, E and F which were required in chapter 3 ( D(0) = C(0) and 

F a q'), with the built - in conditions that A and. B are related to 

the nucleon electro-magnetic form faotors and E = 0. It is worth 

noting also that, again for m i = m 2, <a> occurs in F only and crr> in 

C only, with 

D = (1 4. 	) 2mer> 

(1 + -21 ) m n  

if there is a P. Co A. Co (see 6.6 ). Since the 	V. C. relates 

the vector form factors for the weak n 1\144  process with those in the 

le photo-production from nuceons reaction, it is of interest to see 

how ir(12) compares with the Gourdin and Salin(82) estimate of their 
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form factors C 1  and C 2. They obtain C 1(0) = 5'6 and C 2(0) = 0•37 

as against the ti(12) values of 3.5 and 0•25 on the assumption that the 

electromagnetic current transforms like X(3)  + 1/4'43  x(8)0 

From equations 6.11, the dominant high energy behaviour of 

the cross-section is provided by the WI. term ( see 5012 ) and is 

dependent on <a>. At 42 = 0 

213  
dit 	k (m 	9 ) 

  

<a> i 

and a value of <a>,  mB  - may ( <a> is a constant for all B-B and 

BB*  processes ) would give very simple approximate forms for 6.11 

( only d 4 dA, and d.,2  non-zero, with the q dependence of F(4!) 

and G(q2) )) whilst even such a small value would affect only the 

3 F of 6.10 and make F -g q2D for the rai= M2 processes. 

(b) Results 

(1) Elastic 

The resulting expression for the differential cross-section for 

the elastic processes is given by ( substituting 6.10 in 4.9 ) 

	

- We 	+ 4-.),Krs <pi>r 	zte <p'>(1 +-1).-1,1CP<W>) d 1om 2-  

+ m4 <4.[  I >,2 ]A.2 	( + M< > )2 p2 )12 ( t) 

+ 
 FP(

P- -.4702+ ra2)2<e>2  + m<e>1143+ m(112-.41,1f- MFD0p2e(t)) m 	Q 

X {(s ••• 111 i s )(s •• in 22) + tz}(s 	mi2)-2 



z0 p 

A i4.p 

z+ 

n sa p 

p 

• 
3 
1 

g/2 

2 

( AS = 0 )x oos 0 	( AS = fi )x sin 0 

.4.n 

x 

e 

'/2 
1 

—1 

3 

7/2 

3 

(BE) =X and (BE) 	= p for 6.10 45 
D + 2/3F 

(tb) for the IXI of 6.11 :- 
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1\ftE+ 	13  

 

."'• 

  

    

( AS = 0 )x cos 0 

P 

n 

7- 	e  
Ilk  3* Z+  

n- 	.4. =P 

itg 

3 

4 

i I 3 

i 

( A8 =1 )x sin 0 

TABLE  

The SU(3) coefficients for the elastic and inelastic hadron vertices. 
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+ 	 7 3 2  t  (Ida):  2 )2 	( 1 	M< P )2  e (t) 16°  (I 	m< d>)2  p2  G2  (t)} 

i(22(1 + 	> ) ( + m< al ) p2  F ( ) G( (  s  ni  cll m i m 2  

m 	6.12 

where M = (I + 3211-3 	m = (121-42  - 1), <µ'› = 2-1  and <e> = 1.1-1  
M 1m 1 	441> 	<a> 

This differential cross-section for: the nucleon processes 

v(v) N N 1 is plotted in figure 2 with the indicated choices 

of F(t) and G(t). For small values of t dt  ICY- does not distinguish 

between FI2I9  A. (1 - t/ar4  or 	(1 - tiar4( the curves for the 

former ohoice 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 512  A- (1 - t/a)-4( as given by 

the usual computation with similar form factors(90-92) but behaves 

as a constant as s-1,00 for e E9  A. (1 - t/a)-4  ( see table 3 for the 

high energy behaviour of the individual form factors ). No 

structure ( F w constant ) results in highly divergent cross-sections 

and a simple pole approximation also gives a behaviour worse than 

logarithmic divergence. If one of these two forms can be 

established from the total cross-section then the parameters a and b 

da 
in F and G might be found from rt  , but the experimental 

uncertainties at this stage are such that no really sensible guess 



R(E) 	R(A) 

t = 0 t = -0.2M2 j  t = 0 t = 

40 	48 

37 	48.5 

32 	50 

18 	17 

17.5 	18 

17 	18°5 

41? 

6e 

Co 

(M is the nucleon mass) 
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can be made. The parameter <a> 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 <a> would be to consider the 

difference of the neutrino and anti-neutrino cross-sections which 

is independent of this <a>, 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 E are produced - 

R(E) = a(17 +pi* n+ 1):a(i; 	E0+ 1) and R(A) = a(7; +pi* n+ 1):a(v 

+ p = A + 1) - as given below, 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. 
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(2) Inelastic  

The results for the inelastic process v(v) + N e + I are 

very similar to those of Albright and Liu(32)  ( for ? 	- Var4  
who use SU(6) to find the relative magnitudes of the form factors. 

da The values for 	given here agree with theirs at 42= 0, as of 

course they should. The results presented here are completely 

consistent.with their later paper(80) which includes a relativistic 

extension of SU(6). 

The differential cross-section for the inelastic processes is 

now given by 

) 

- A? GP  4 
dt - 12w I. m (1 + liktil>)2P2  + P2  (1 - t<a>-.2  )Gra ) m m 2  

X ((s "" 211.2 )(s " In 22) 	2t(28 ••• 2 ' m 22)) 

(P2)2(t(1 + M.qi'>)(1 + m<e>)FG)(2s - m 12- m 22+ t)}, 

6.13 

with the neglect of terms in p2  ( see 6.12 for the terms M, m, <p'> 

and <01 >). 

The results here presented are for the reactions 

v
M
+ ni* le+ + 	 6.14a 

v 	p 	lea  + P+ 	6.14b 

..,30 4. the corresponding result for viu + p DI - 	p-  being three times 
that of 6.14a . The CORN data'

1,10)  being the result per nucleon 

must be divided by two for comparison of the experimental results 

and the theory. Again the total cross-section resulting from the 
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choice 6.5b and 6.7b is constant at hirt;h energies, that for 6.5a 

and 6.7a being logarithmically increasing. Since the V-A interference 

term contains some <a> 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 possible. <a> 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 sufficiently accurate assessment of a and b could be made from 

the elastic reaction and experimental errors drastically reduced. 

To sum up, it does not seem possible to decide the best value 

of <a> though an infinite value ( its oomplete absence ) would not 

be in disagreement with experiment. Likewise it is not improbable 

that a and b are comparable with F and G behaving as (i/(P)(1 - t/a)2)-1  

being most acoeptable if the cross-section is found not to increase 

with the neutrino energy at very high energies. 
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(0) EluatLnatisal 

Figure  

The invariant differential cross-section for the inelastic 

processes 
v 	+ n 	1\13144.  + p-  ( continuous line ) 

and. 	
11  
v + p =4. 	+ p+  ( broken line ) 

with 

F(t) = (1 - t/a)-2  and G(t) = (1 - t/10)-2x(0•69). 

The curves (a)„ (b), (c), (d) and (e) are for the (a,b) of (F,G) 

equal to (0.740.74); (0974,0'86), (0'74)1.00), (0.8600.86) and 

(1.000'00) respectively. 

Figure 2  

The invariant differential cross-section for the elastic 

processes 

v +n .13+ p 
	

( continuous line ) 

and 	+p .4•114-p+  ( broken line ) 

with F(t) and G(t) and the curves (a), (b), (c), (d) and (e) as 

for figure 1. 

Figure 3  

The total cross-section correspond-in to figure 1. 

Figure  

An indication of the variation of the total cross-section 

for v + n 	le4  +p-  with a = b = 0'74 and <a>-1  = -2, -1, 4, 

0, 1, 1 and 2 for the curves (a), (b), (c), (a), (e), (f) and (g). 
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Figure 5  

The total cross-seotion corresponding to figure 2., 

Figure 6  

An indication of the variation of the total cross-section 

for v + n = p +p with a = b = 0.74 and 1<a5-1 1 = 2s  1, 2  and 

0 for the curves (a), (b), (c) and (d). The separation for <a> 

positive or negative is dependent on terms in p2  ( p is the lepton 

mass ), and is too small to demonstrate. 

Figure 7  

The inelastic cross-sections with F(t) = (1 - t/ar24R1 t/4m2) 

and G(t) = 0.69(1 - 03)-2,1(1 - tAm2). The curves (b) and (0) 

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 ic, anti-neutrino by C3 . 



0 	r* 
do. 	-38 sit  in 0 cm: /(Crev/e)` for E v = 2 GeV* 

0.3 

\\\ 

0.2 

001- 

94. 

0.05- 

0 1 
-t in SGevio?  

0.2 0.14. 
FIGURE '1 

(b) 

(a) 

(e) 

• 
• 
• 

• 
\ 	• 

• \(d) 

\ .8 • O  



2 0 	aa  4  " 0-38om? /(Gev/or for E v  = 1 ,4 Gov. 	
95. 

0 — at 

\\\ 414114,  

s4:6\  

1.0+. 

0.1 

0.02 

 

• 

 

-tin (Gev/of  
0•2 

 

(e)  
0.6 

   

FIGURE 2 



96. 

a in 10-39 e (e) 

ONO 

4 

2 

	I 

3 	3 13 

5 

FIGURE 3  



10 15 • 1 

	

	
2 	3 	5 

FIGURE 4 

97. . 



14. 

10 (0) 

a in 10-39  am.  
(e) 

/ 	 • b 
4---7----"---

(a)  

/ • / 
 

.0" se°  ... ...(b) 

/ 	oe 	 .. .0" ...- 
	 .•• .._ - 	-0" _ ,,,,...(

a  ) 
00 .....  

6 

3 in trey? 
10 

98. 

FIGURE 5  



in 10-3902.2 

3 	5 
FIGURE 6 

$ in . Gev.a  
15 10 

99. 

AIM 

7- 

• 



100. 
a in  1 0-3 9ono 

3  in Gov: 

2 10 3 	5 
FIGURE 7,  

15 



2 10 15 

1 
G• ill 1 0-39ca.g 

8 ... 

0 

4. 

6 

FIGURE 8 

101. 



102. 

7. .SUBSECILTENT DECAYS  

(a) 	The weak dace B =s B*  + 

Muoh has been written on the non-leptonio 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 4-vector 

of the final hadron obtained in chapter 4 - with the indicated tests 

of time reversal invariance - it seems fienothZe 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 element is 

	

M = 171(f)(AD  + iY5BD)u(P), 	7.1  

where AD  and BD  are soalar 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 

	

= 2(1  iY5g)(e + m), 	7.2 

where E is the polarization vector given by 4.24 and 4.R6 . 

Thus the differential decay rate ( dr) is proportional to 

IAD1 2 (p.f mm' + IBDI2(p.f mm') - 2Re(ADB*D)E4fm 
	

7.3 

and the polarization vector of the final hadron (ff ) proportional to a 
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IAD12{ zodf. P.) - (Pa mmt)D.1 IBb12{ 	pa - 
+ (p.f mm' )Ea}+ 2Re(A14)12A —. rafp,61 

- 214A1A734%)EP-2> 
	 7.4 

The terms which contain possible T violating effects are now 

E.f from ar 

and E.f and Im(Agt)<(a)Epf> from Na' 

From 7.3, the angular distribution of the final baryon 

in the mat frame of the decaying baryon is of the form 

1 + aoos 0 + fisin Coos 4, + vain 0 sin cb 

or pion 

7.5 

where 0 is the angle between the direction of one of the decay products 
A 

and the normal to the production plane (N)., the azimuthal angle 0 is 
A 	A A 

measured with respect to the plane of p l  and N (2.1  is the direction 

of the target nucleon in the rest frame of the decaying baryon) and 

the ooefficients a, fl and. v  are scalar - pseudo-scalar interference 

terms. If time reversal invariance is not violater in the 

production process then theterm in cos° is absent in 7.5 - that is, 

if the decay distribution for a baryon polarized perpendicular to 

the production plane is not isotropic then time reversal invariance 

is not valid. 
R A 

VF.N contains time reversal invariant correlations 

cos 0, cos Osin Coos 0, oos Osin Osin 



and time reversal violating correlations 

1, cos2O from the production process 

and sin Coos 0, sin Bain 0 from the decay. 
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_R 
The other two polarization correlations W-.2.1  and 

 

give rise to T invariant terms 

1, sin Cain 02  sin Ocos 0, sinFOcos20, si2Osin200  si2Osin Ooos 0 

and T violating terms 

cos Cain Osin 0, cos Osin Ocos 0 from the production 

and cos 0 from the decay. 

Of course not all these polarization correlations are independent 

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

p(4) (1 + 	+ iYA + iYre)(e + m) 

and T invariance implies that P ( = pis i P-"-i  ) is zero ( see 2.28 ). 
Pt 9  t + P-t, -t 

There are thus only 4 independent correlations, but all possible 

terms are given here to indicate the variety of possible tests' of 

time reversal invariance. 

(b) The strong decay B*  B + w 

Again the main concern is how the time reversal 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 production. The 
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decay matrix element is of the form 

l(f)ADIA(P)114 ' 	 7.6 

where p, f and k are the mcmenta of the decaying baryon resonance, 

the decay product 'baryon and  the pion. 

The transition probability for this decay is then proportional 

to 

IADI2 Tx(taPapW m')) 	. 

= iAD I2 2(p.f mie) f p a ap p),  7.7 

where pad  is the density matrix of the e relevant to the production 

process. The most general forms of p were given in 9.15 and 5.16. 

From 7.6 and 5.16, th3 angular distribution of the decay baryon contains 

at most four arbitrary constants, and is of the form(35) 

D( 0, 4) = ca cosy  6 + a9  sir? 0 oos20 + a3  sir? 0 sir? 	a4  8120 sin Ocos 

7*8 

( with 0 and 0 defined as in 7.5 ) in the rest frame of the e. 

The dominant contribution to a4  is the vector - axial-vector 

interference term, but there is a small non-interference 

contribution(96) proportional to ( 	- Lv )) where El  and Ev are 

the energies of the lepton and neutrino in the production process. 

The form 7.8 is the contribution to D( 	excluding the T violating 

terms which are of the form 

pi  cos 8 sin Osin 	Pa  cos 6 sin 0 cos 
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The expectation value of the spin of the final baryon ( its 

polarization ) is given by 

<VIII > a Trciy5vii  (/ + m0fapapfp(ge  + m' )) $ 

so clearly only those terms containing an iy5X ( where 'a' = s, t or t*) 

in 5.15 contribute , and these are of the form 

+ mm') 	a.f(ri4 + 

Now from 5.150  

1VR.N a {coA8 s Osin Osin 0 + A9oos Osin Ocos 0 + B4sin2Occs20 

+ B5sin28sin20 + B6cos2O + B7sin2Osin0cos 01 

F  
14,  A 
eIti a iA10sin20ooS20 + 

A11sim28sin20 Al 2°°s219  

+ 	A13sit?Osin Ocos 0 + Biisin Coos Coos 0 

+ B12sin Ocos Osin 

and 

1'.(ii Ab a iA16sin20cos20 + A17sin28siri20 + A18cos20 

+ A19sin2Ocos Osin 0 + B1  sin Ocos Ocos 0 

+ B15sin Coos Osin 0) $ 

where the Ak  and Bk 
are time reversal invariant and violating 

coefficients listed in 5.R5 . 

A set of sixteen independent correlations ( found by picking 

a set of independent Ak  and Bk  from 5.R5 ) could be chosen as the six 

of D( 0,0) (I T-conserving and 2 T--violating ), the six of 111.N 

( 2 T-conserving and 4 T-violating ) and the A10, A11  and A.13  terms 
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p A 	 p A 	A 

of w-.2.1. and the A18  term of Vr.(2.1,,,N) . This gives 10 independent 

T-conserving and 6 independent T-violating correlations as required. 

In terms of the production parameters ( the eight form factors ) 

the forms of D( 61,0) and <171:1 > are very lengthy. 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. For these reasons these lengthy 

expressions are not tabulated, the general properties indicated above 

being considered sufficient, 
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APPENDIX A  

Notation and normalalisations 

The natural system of units in which 1i = c =1 is used 

throughout. With this convention, to obtain cross-sections for 

the processes listed here in (cm.)2  a conversion factor is needed. 

GP The relevant value of TT  used in formulae is thus 0•83 x 10
-38 - 

thmusual result for G ( the 'Universal four-Fermi coupling constant ) 

is Gie •$. 190 x 105 where M is the proton masse 

Four - veoiors are denoted by p 	E being used for a 3-vector 

= (po $1) ). The metric tensor lip  is suoh that 

by v = aoto - &.e12 

( lower indices are used in all sections with the exception of 

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

the totally anti-symmetric symbol emvxp  is defined by Coi23= +11s 

The speoifio representation for the Dirac 

chapter 5 is that of Sohweber(97), with 

1 	
(

0 ail  

0 	

0 	
VI 	- ot 0 

Y -matrices used in 

0 1 
and. iy5 = ivoYi V2 V3 = 1 01 

0 	i 	0 	1 1 	1 	0 
where al  = ( 	0 	iCr2  = t•-.1 0 3 and a3  = ( o 	) , 

elsewhere the defining relation yilYv  -VvVii  = 210v  is all that is 



required. With the usual convention 	= yP  pP 	
Four -spinors u(p) 

are normalised to 2m, so that the spin sum E us  us  is (e m). 

The adjoint spinor u(p) is conveniently defined to be u1  (p)A , where 

'19  re-oresents hermitian conjugation and A is such that vl11  A = A V . 11 
In the above specific representation A = Yo • 

Single partiole states have been normalised oovariantly so that 

the result of integrating any f(pi 	p • • • , ) over n-particlz 

phase space is to use the form 

n 	' 
Floc f :(Pi , 	••. , Pn )( 	44 PL $(1:t 2  Et a 	ZPt ) 

L 

where 2ird Es d and 24 = 8 
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APPENDIX B  

1(12) wave functions and currents  

In chapter 6 it is assumed that the effective currents are 

given in a form which assumes the results of S. D. 
S.(18) modified, 

to include symmetry breaking, by the insertion of physical masses 

in place of a common mass for each member of the multiplet. Here 

the relevant details and results are given. 

The fully symmetric, wave function 	for the 	representation 

of Z(12) decomposes in terms of 11(4)2SU(3) as 

4/  [ABC] = 0-2 D I am, p car
}

f par  V[apy)  277 (epqsN[cep
]

y or  

s 
firsN[PY]asP erPsEr[Ya]Psq ) 	

B1 

where A, B and C are split into 'Dime and 'SU(3)' indices ap,pq 

and yr ( a, p and y = 0, I, 2 or 3, p, q and r = 1, 2 or 3 ). 

Hare 1..•1 denotes symmetry in the appropriate indices and [...] 

anti — symmetry. 

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

by 
Diapy  = (yti  telly+ gay  tpDtt vy  

with y
M 
D
MY 
 = 0 and D 	iV 

v
D 	= 

NktP1V = 	Mae); iQuY5C  
with 	y5Ny  iym Y5114y  = 0 

and 

P uY 

B2a 

B2b 
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viaPA = 9Ney (v5c)aelY ieell Y5C)airgy 
with TT

V 
 + Y5  VY  = 0 and. Uy  + 4iy

uY5V1Y  = 0 
} B23 

where C is the anti - symmetric matrix with the property that C-iTT  

(1VT  is the transpose of T ) transforms like ir 

The Bargmarn Wigner(98) equations of motion are such that 

DEOY] describes a particle of spin 3/2, Dkapiy  of spin 	
whilst 

Ir
[aPY] vanishes identically. For particles of mass m and momentum p 

these wave fumtions reduce to 

m Dia (P) = ((i 14 )Y4C)aplio,(P) o 	B3a 

El Tr(ap]y(P) = ((i m)V5C)aplIVP) 
	B3b 

and 
Vkeigy]

(p) = 0 	 B33 

Now the baryon octet and decuplet can be assigned to the 364 

lepresentation(99)  of 11(12). To obtain the form for the 'baryon 

current' the expectation of the 144-vector (V:IXI)A  between IL states 
B 

is found (I 	contains 1U.  once only ). Here yR represents 

the 16 y-matrioes and XL  the unitary spin matrices of Gell-Mann(13). 

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

the currents are 

JL  = 	F i12 DADA, 	D 
IC K 

= iP N) 	+ ge 	PQBN+11.0.) Fk 1.1 D+2/3F 	ch 	v 

B4a. 

Bob 



uv = -1-rol .‘ N p  vE D+2/3F + 35A  a
p  vDx; .DA 6p vQie 	Qv 
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9PV)(31)1/3Y—D iEtnEX(PAN + 11800) 	B4-0  

e)tp  = *132  (MY ty 5N) D„.2/31, + 114ExY 117 5DA + iiQx154Y5% 

- 4-11320/IN + h.c.) + 16QA15:0 + h.c.) 	B4d 

and 

	

	 3 , 5 	-.5 LA-2/3F (QABO 1/. 	=4:-  k, 	 h. o.) 	2E45A75Dx  nylxy5scrk A 

B4e 

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

has mass mt and momentum pt and 

P = 	+ 	Q = 	- 	and 	= epino„pvsc yxy5  

These reduce to equations 5.10 - 5.16 of S. D. S. when equal 

masses are inserted - i.e. when the symmetry is not intrinsically 

broken by the Bergmann Wigner equations. 

In these currents B4a - Bile the SIX3) content has been suppressed, 

the relevant expressions to be used in 4 being 

(tit) = NPrfrtPle PrEIXT r pq rp q 

(FITN)D  = irl),r(xL 	 p p givr ÷ Prep )1  q' q r  

01111 = BPqrr(AtIe NS 
k Jp tqs r 

and 
(Er14 = EPqrr(XL)sD p sqr • 

For completeness the matrices Xt o  N and D are listed : 
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1 • 1 * 	. 
• •) = ( • ••1 	• 

• • • 

xi a) 
• 

7,;•2  = (-1 
k 

• • 

X4* = ( • • 
1 • 

• 1 

(1 

* 	0 

• 0 	• 

d5 
x4,.. 	1 —Ain 	—314 xi 	415 xi -  15 

1\f'4-  d5 di-N*1  11)4+  • 

• 1 - 
1) and 

d3x8 = ( 0  1  
• • -2 

**., 5  = 
• • 1 

• •) 

• • 

ik7 = (. • 

Ao E+ 
+41‘-' 	

p 
zo Ao 

E' 77  +Jr 
:7)  -2J 

I 
N= 

ard. 

D333 

D.b ss 

D23 

D223 

33- 

D123 

D122 

413 

D112 D1.1 

= ciN 
1 

J3 

It is now clear 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 A + ik2 for 

the AS = 0, AI = 1 current ( 'pt.- like ) and hi' + 10 for the AS = 1, 

AI = 1 current (let- like ). 
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