
PRODUCTION OF STRANGE PARTICLES 

by 

BRYAN ALEXANDER ORMAN 

A thesis presented for the Degree of Doctor of 

Philosophy of The University of London and for 

the Diploma of the Imperial College. 

Department of Theoretical Physics, 
Imperial College of Scienco & Technology, 
LONDON. 

May 1964. 

I' 



2. 
PREFACE 

The work described in this thesis was carried out in the 

Department of Theoretical Physics, Imperial College, London between 

October 1960 and May 1964 under the supervision of Professor Abdus Salam. 

Except where stated in the text, the work described is original 

and has not been submitted in this or any other University for any 

other degree. It consists of two related parts : (1) The Theory of 

Electroproduction of Strange Particles and (2) The Weak Production of 

Strange Particles. 

The author wishes to thank Professor Abdus Salam, Professor 

P.T. Matthews and Dr. T.W.B. Kibble for their continued encouragement 

and guidance, and other members of the Group for helpful discussions. 

He also wishes to express his acknowledgement to the Thomas and 

Elizabeth Williams Trust for the Award of a Scholarship for three years. 



C O N T E N T S 

PREFACE : : a 

Page No: 

2  

CONTENTS 	: : t 1 3 

ABSTRACT 	: : : : 5 

INTRODUCTION : : : : 6 

PART I 

THE THEORY OF PITCTROPRODUCTION 

OF STRANGE PARTICLES.  

i. Notation. 	 12 

ii. Kinematics. 	 14 

iii. Construction of the Invariant Amplitudes 
and the Mandlestam Representation. 	19 

iv. Calculation of Residues of Poles. 	27 

v. Angular Momentum Decomposition. 	34 

vi. The K Contribution. 	 53 
* 

vii. Evaluation of Fi(B.A.) and Fi(K ). 	
56 

viii. Solution of the Dispersion Integrals. 	59 

ix. The Differential Cross Section. 	62 

x. Numerical Analysis. 	 69 

PART II  

THE WEAK PRODUCTION OF STRANGE 

PARTICLES. 

i. Introduction 	 89 

ii. The Scattering Amplitude. 	91 

iii. Calculation of Residues of Poles. 	94 

iv. Angular Momentum Decomposition. 	98 

v. The Differential Cross Section. 	106 

3. 



4. 
Page No: 

PART II -contd- 

THE WEAK PRODUCTION OF STRANGE 

PARTICLES 

vi. 	Numerical Analysis. 	 120 

FIGURES. 	 126 

REFERENCES. 	 137 



5. 
.ABSTRACT 

We study the production of strange particles and in particular 

the electroproduction and the weak production of K mesons. The electro— 

production of strange particles is governed by the matrix element of 

the interaction lr+ N 	K + Y, where Y is a virtual photon, and the 

main case of interest is in the energy region where a PA_ or an F
5/2 2 

resonance is dominant. Using the method of Blankenbecler and Gartenhaus 

formulae are derived for solving the problem in this region. The weak 

production involves the matrix element of the interaction W + N 4 K + Y, 

where W is a virtual intermediate boson for the weak interaction. 

Formulae of the electroproduction type are again derived for solving 

the problem in the resonance region. 
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The discussion of the electroproduction and the weak production 

of strange particles follows naturally from the study of the photo- 

production of strange particles. This extension has its analogue in 

the much discussed sequence of processes- the photoproduction, the 

electroproduction and the weak production of pions from nucleons. 

The photoproduction of pions from nucleons played an essential 

role in determining the nature of the pion-nucleon interaction and in 

the assignment of the spin and parity of the higher pion-nucleon 

resonances
(1,2) The angular distribution data of the photoproduction 

of pions has also been exploited(3) to determine more accurately the value 

of the pion-nucleon coupling constant. 

The eloctroproduction of pions extends the pion photoproduction 

process to that of production of pions by a virtual photon and thus opens 

up tho analysis of the electromagnetic structure of nucleons and pions. 

In this case the theoretically interesting processes are confined to 

those experiments (4,5,6)in which the barycentric energies in the final 

pion-nucleon state are dominated by the first pion-nucleon resonance. 

The theoretical approaches to the pion electroproduction problem 

have been many. Curtis(7)  and Dalitz and Yennie
(8) used an adapted 

version of the Weizsacker-Williams method and later Fubini, Nambu and 

Wataghin(9)  applied dispersion relation techniques in the static limit 
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through an extension of the photoproduotion theory of Chew, Goldberger, 

Low and Nambu(1o)to obtain a first determination of the isovoctor form 

factor of the nucleon. This work was extended to the relativistic case 

by Blankenbeclor, Gartenhaus, Huff and Nambu(11)  using the method of 

Blankenbecler and Gartenhaus(12) to write down an approximate solution of 

the dispersion relations. In the framework of the Mandelstam representation 

Dennery(13) has used a completely covariant treatment making use of the 

Cini-Fubini approximation(14)  to the Mandelstam representation and 

Barbour(15)  used an extension of the N/D method to multichannel processes 

as proposed by Bjorken(16). Salin(17)  has further used a semi-phenomenological 

isobar model to obtain the neutron form factor in good agreement with the 

results of Stanford and Cornell(18). 

Weak pion production - the production of a pion by high energy neutrino 

collisions with nucleons - introduces the axial vector current of weak 

interactions so that the axial vector form factors must be employed in its rr 

discussion. The conserved vector current hypothesis of Feynman and Goll-Ma419)  

makes it possible to relate the vector part of weak pion production to the 

isovoctor part of pion electroproduction. Thus Dombey
(20) has extended the 

eloctroproduction analysis of Blankenbecler, Gartenhaus, Huff and Nambu
01) 

and Dennery(21) has extended his earlier work on the electroproduction of 

pions. 



8. 

Since the original investigations on the photoproduction of K mesons(22-24) 

the most extensively discussed process and the simplest experimentally is 

p --> e 	
(25,26) + A. The recent work at Cornell 	has yielded several 

angular distributions for this process in the energy range from 934 Mev. 

to 1160 Mov. Furthermore, the polarisation of the A at 90°  in the 

barycentric frame for several energies up to 1160 Mev has boon reported by 

the same group.( 27) As was clear from early measurements, the production 

near threshold is oonsistent with the K*  A system being in an s -state 

and at 1000 Mbv, tho appearance of polarization of the A and a gentle rise 

of the angular distribution in the e forward direction indicate that 

higher partial waves are beginning to be excited. As the photon energy 

is increased the A polarization and the 90°  cross section remain essentially 

constant(27) while the angular distribution becomes more peaked in the 

forward le direction.(25,26) More recently(28)  it has been shown that this 

behaviour is also obtained at a photon energy of 1200 Mev. 

The K+ photoproduction experiments are of theoretical interest as they 

provide, in principle at least, a model independent method of determining 

the KYN coupling constants by extrapolating the differential cross section 

to the one K-meson exchange pole in the forward direction. The hyperon 

exchange diagram gives rise to a pole in the backward direction and the 

residue of this polo is proportional to the hyperon magnetic moment. Hence 

information on the magnetic moment can be obtained from K meson photo-

production experiments.(29) 
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Several specific models
(30-34) have been proposed recently for 

strange particle photoproduction. These models include contributions 

from the Born terms, the exchange of the K and various resonances. 

Payyazuddin(3°)  considers low energy production with only s and p 

wave contribution through the Born terms, K meson and N - the first 

pion nucleon resonance. The model of Kuo(31)  and Beauchamp and Holladay(32)  

incorporates a Pi resonance that has been suggested by Kanazawa (35) to 

explain the bump in the total cross section for the associated production 

process 1E + p 	K°  + A. The parameters in this model have been 

determined by fitting the angular distribution at low energies but it 

predicts the wrong sign for the A polarization and gives too flat an 

angular distribution at 1200 Mev.
(27,36) The models of Hatsukade and 

Schnitzer(33) and Gourdin and Dufour(34) are similar to each other in that 

they take into account the second and third pion nucleon resonances, 

N
** 	*** 

and N 	respectively. The importance of the higher of these two 

states in associated production by pions has been discussed by Rimpault(37) 

who finds that a resonantstate is consistent with a partial wave 
1/2 "

8) analysis of this reaction. Hoff
k38) arrives at similar conclusions in his 

re-analysis of the same process. 

The question as to whether, apart from the Born terms and the exchange 

of the K 	the resonance in the T= channel is a PI_ or an 	is still 
2 	 1/2 

an open one. This means that any discussion of the eloctroproduction and 
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weak production of strange particles must make full allowance for either 

possibility. Since the experimental situation would favour a Panofsky 

type of analysis, we employ the theoretical technique of Blankenbocler and 

Gartenhaus to derive the differential cross section for the region in 

which the resonance dominates the process- the two resonances being 

discussed simultaneously. 



PART I 

THE 'THEORY OF ELECTROPRODUCTION OF 

STRANGE PARTICLES. 
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i. NOTATION 

We shall use the units'h = o = 1 and in these units, energy, 

momentum and mass have the units of a reciprocal length. The metric 

used will be 

(x0,x1,x2,x3) 

goo= 1 811 = 822 = 833 = -1  

abP =aob0 	a. b 

	

a 	a a = 	 -- ( o 	
t 

	

a x 	a x2 	:x3  

and the y - matrices used have the following properties 

Yµ  y
v 	

= -2g 
	 ( ) 

where yo  is anti-hermitian and /4 = iyo ' 71 I  Y 2 and Y3 are 

hermitian. 5 
 is defined as 

5 = Y1 Y2 Y3 14 = -iYo i Y2 Y3 
	 (2) 

and is also hermitian. The following representation will be used for 

the Y - matrices in the reduction to barycentric systems 

Yt 
	o 	-iqr  

r = 1, 2, 3, 
isr 
	0 



Xr  (8) 
u (p) = 

(P + 

1 

 

1 

o 	—1 1 

13. 

iyo  = Y4 (3) 

   

and 

We shall also put 

= i•y4 	 (4) 

and the spinor u(p) satisfies tho equation 

(i — m) u(p) = 0 	 (5) 

with the normalization 

u(p) u(p) = 2m 	 (6) 

For the reduction to the barycentric system we use the following explicit 

form for the Dirac spinor 

ur(p) 	

(Po+ m)2 	0  

+m 	xr 

c 	 ) 

	

(7) 

where)Cr 
is a two component spinor. Thus 
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Let the four-vectors r i rv  22 p1v p2 and q correspond formally to the 

incoming particles (Figure Ia) and define as the three invariants 

= (k + p1)2 	= 	(q p2)2 

u 	(q P1)2 	= 	(k + p2)2 
	

(9) 

t 	(k + q)2 	(p1+ p2)2 

	

where we have used k = r1 + r2 	The four-vector k corresponds to the 

virtual photon. 

Conservation of momentum gives 

k + pi  + q + p2  = 0 
	

(io) 

which implies that we can select only three independent four-vectors. 

These we take as k, p1  and p2  or kl  q and P = 2 (p1  - p2) whichever is 

the more convenient. 

Now k2 = A2 	q = m
2 p2  = N2 and p2  = M2 where m, M1,M

2 
are 

1 	1 	2 

the masses of the K-meson, nucleon and hyperon respectively. If the 

square of the virtual photon mass (-7F) is taken as constant then there are 

only two independent scalars related by 

14 -10 s + u + t = m2 + M2 + 

Each of the three invariants, s, u and t represent the square of the 

total energy in the barycentric system for the reactions 

I 	k + p
1 

	

P
2. 
	(",y" + N 	K+ Y)  
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II k p2  -4 '-q - P1 
	("/" 	E) 	 (12) 

III k+ q 	-P1-p2 	(ny,  + K --> N + Y) 

and these three reactions must be considered together if one uses the 

Mandelstam representation. 

In the barycontric system for reaction I we define 

	

k = (ko 	1) 	P1 	1 	9 71)  

	

= (go 	A) 	-P2 = 	e2 9 

giving the identities 

2Wko = W2  - M2  - W2 	2Wqo 	
= w2 4. m2 _ m2 

2 

076 	= w2 4. x2 4. m2 	2 	2 	2 2W 	= W 	- m 	+ 112  
1 	2 

(13)  

(14)  

k2 = k2 + W 
2 2 2 q = q - m 

and 

= W2 = (total barycentric energy for reaction I)2  

= ( ko  + 61 )2  = (62 4. 010)2 

u = m2 + M2 - 2q0  si  - 2qkcose 

	

= 
m  _ 2 	.,2 

	

2 
	A 	- 2ko e2 - 2qkcose 
	

(15) 

	

t = H21 	2 	+ M2  - 2€e2 + 2qkcos0 

	

2 	2 m - 	- 2q0k0  + 2qkcos0 



. k 

16. 

where 	cos 
a.. k 

q = !al 

k = I 

q k 

From (8) and (13) we have 

1 
uN(P1) 

 

(s 1+ 1,11 )fr 

and 
	

13Y (-P2)  = 4( 

('2 mdr 

	
(e2 + M2 2 2  ea )  

In the barycentric system for reaction II we define 

k = (K0  K) 
	

- q = (oto, 

p2 (E2  ,-K) 
	

P1  = (E1/-s) 
	

(17) 

with the following identities 

2uKo 
= co2  - m - w2 	2c°61O 

W2 - _ 
m21 ? 

. W 

= 0? 4, lei  - m? 20E1 	24E2 
.002 + 4 +7t2  

K2 = K(!)  + 'N.2 2 	2 	2 
Q  = Qo m  

(18) 

and 

u =.0.2  = ( total barycontric energy for reaction 11)2  

= (E1+ Qo)2  = (E2 Ko)2  

(16) 



	

s = M
2 
- 	- 

2KoE1 
- 2QK cosci 

= m2 + 	M
2 2Q0E2 	2QKoosci 

(19) 

t = m2 - W2  - 2KoQo  + 2QKcoscif 

= 	+ 	- 2E1E2  + 2QKoo4 

17. 

where 	cos 9C - 
Q . K 

i. 	I 
K =  QK 

From (8) and (17) we have 

1 
(-p1 ) = - N 	

(E
1 
+ 

 

- 2 	) X 
• E

l 
+ M

1 

 

 

(20) 

and 
	

1 
(P2) = 	X

.
I 

(E2 /12)2 

	a .K E2+M2) 

Finally, in the barycontric system for reaction III we define 

k= (X0  x) -P1  = (1)10' 72) 

q = (o ,- -P2 = (P20,  2)  
with the following identities 

(21) 



22 xo 
= 	7‘,2  M m2 

22to o= 22  + 	2  + m- 

x 2  =x2 + 
0 4 

221310 

2 21320 

22P2  = 

= 22  

2 
= 2  

(22  

whore 	211 = M1  •i• 11,2  

and 

= (total barycentric energy for reaction III)2 

= 	w0)2= \ 2 (p10  + P20/ 

	

s = M1
2  - 2 
	

2p10"0 - 2p Xcos 

2 = 4 + m - 21320 wo - 2pX cosi! 

u = x ,..i.  + m2  - 21310 Coo  + 2px cos* 

= 12 - X2 - 
2P20 X  o + 2p xcos* 

2 • where 	 = 	x  cos* 	 P = L2 x= 	2111 
P 

From (8) and (21) we have 

f_
P1 1 N 	/ 

1 

 

X 

 

   

(16)  
( p10+ 111 )  

p10+ M1 

 

(P20+122 	'2)  

18. 

(22)  

(23)  

"4- /4.* - 12 

.2 

-A2)(22  - 412) 

152 - M1  

and 
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iii CONSTRUCTION OF THE INVARIANT AMPLITUDES AND THE MANDELSTAM 
REPRESENTATION.  

The S-matrix for electroproduction may be written as 

Sfi  = Oft  + i (27)4  64  (p
1
+p2+q+k) Tfi 	(25) 

with k = r1+r2 
and  r

1, 
r
2 representing formally incoming electrons. To 

the first order in the electromagnetic coupling constant(8) we have 

("- 1321 -11 -1'2 1 T  I P11 rl> = < 1329 -(1  I 'To P1> °A 

with 
0 ii(-r)'rµ  u(r1) 

 

(26) 

  

(r
1 
 + r

2/  
N2  

	

The matrix element <-p2, -q 	p1;›, is the matrix element for the 

photoproduction of a K meson by a virtual photon of four momentum 

k2 = (ri + r2)2 	- 	 (27) 

It is this matrix element which has to be examined in detail and the 

separation (26) can be represented formally as in Figure Ib. 

To construct the invariant amplitude we employ the method of Ball(3 

Since we are dealing with a process of first order in the electromagnetic 

coupling constant the T-matrix must be linear in e
A 
 We can therefore 

write 

T = M
N
e
A 	

(28) 

and the most general M that we can write is 
A 
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MU  = kµF1  + q4F2  + P4F3  + iY0F4  

(29)  

+ iotiv  kv  F5  + ic4v  qv  F6  + 	Pv  F7  

The F!s are functions of the invariants which we can construct from the 

three independent four—voctors k, p1, p2  andyp. Such scalars are 

sp u and t. Hence we can express each of the F's as 

f,
"I" (s

lutt) Oi  
i 

(30)  

where 

Oi = ( s VP Al II 
yc2

s V 111 7 V 7'2 1111129 WA) 

By the use of the commutation rules for the matrices and the Dirac 

equation 

- M1 ) u(p1 ) = 

171 (-P2) (42 - M2) = 0  

we can reduce equation (30) to the form 

F = 	a (s,u,t) + b(slutt) g 	 (31) 

A further application of the above techniques enables us to write 

/50 	B1  + 151B2  + qt1B3  + P4B4  

A Ir.k B
5 
 + i y.k kµ 

B
6 
	 (32) 

+ i y.k (111  B7  + i y.k PB8 
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Hence the T.-matrix can now be written in terms of eight relativistic but 

not gauge invariant quantities Ni  

8 

T = 	2 B. (8,u,t) Ni 	 (33) 
i=1 1  

where 

i y.e 	 N5  . y.e y.k 

N2 = 	k.e 	N6  = i y.k k.e 
	

(34) 

N
3 	

q.e 	N
7 	

i y.k q.e 

N4  = 	P.e 	N8  = i y.k P.e 

Even though the vector e
A 
(26) has both longitudinal and time-like 

components the Lorentz condition 

k
A  eA 
 = 0 	 (35) 

is still satisfied. Thus imposing gauge invariance on the above T-matrix 

i.e. replacing e
A 
 by k

A 
and requiring the T.-matrix to vanish, we have the 

two conditions 

(s led B2  + (u-M2)B3 + (t-m2) B4  = o 

B
5 

+ (s - 11.) B6  + (u-4)B7  + (t-m2) B8  = o 
	(36) 

We hrs therefore left with six independent functions and the set we 

USG is suggested by the Born terms derived in iv. 

Thus for the KY parity even vie write 
6 

T = 2 	A! M! 	 (37) 1 i=1 



with 

	

	 22. 

(T ,'Y) 

ML = 2 (P, q) + (P, k) 

= Mt
3 	- i ('Y,ry q.) 

M' 	= -2i Or y p) ^ Mi(r;f) 	 (38) 

MI
5 
 = (k, q) 

= 	(kiy) 

where we have used an abbreviation for the gauge-invariant combination 

(a, b) = a.e b.k - a.k b.e 

ThelatsarerelatedtotheB.ts as follows 

= 2131  + MI  (B6  - B7) 

(t - m2) AL = 2(B2  - B3) 

A3 = 2B8 	B6 - B7 

A' 	= B6 - B7 
	

( 39 ) 

(t - m2) At = B2 + B3 

A6 = -B8 

For the case of the KY parity odd the form of the T-matrix is the 

same as above with the inclusion of a factor iy
5
. Thus 



6 
T = 	E 	A.1  iy5  M! i = 1 

6 
T = 2 	A. M. 

i = 1 

where 

. =iY5 M 

It is this form of the T-matrix that we use since there is now convincing 

evidence that the KY relative parity is odd(40). 

The A.'s are functions of isotopic spin as well as of s, u and t 

and may be further decomposed into an isoscalar and into an isovector 

part, these designations referring to the character of the photon current. 

That is, the photon may be regarded as an isotopic scalar plus the 

third component of an isotopic vector. Denoting the isotopic index of 

the outgoing Z 	hyperon by p, we have three isotopic spin invariants 

for the reaction i'le" + N 	IC + Z, 

= 
1 	( Tp  T3  + 	'U p) = 6 R3 

v-  = q't 
13 	3]  

Thus 

	

A. 	= Ac )  V+  + A(  -) V-  + A(°)  V°  

	

1 	1 	13 	i 	R 	R 

for 2  production. 

23. 

(40) 

(41)  

(42)  
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The projection operators for isotopic spin 3/2 and are given by 

	

(P3/2 )133 = 3 (2603 	i[TP 

1 

	

P 	P = 3 — (2 V+  — V—  ) 

and. 

(Pi)p3 = 	(o133 i[euP '13] 

I  (v+  + v) 

We observe that P3/
2 and P1  are linear combinations of the V

+
0 
 and V 

corresponding to the isovector part of the photon interaction. The scalar 

projection operator ep  contributes to the I = 2 amplitude only. 

As theA hyperon is an isoscalar we have the following isotopic spin 

invariants for the reaction my" +N 	K+ A 

S+ = T
3  

s°  = 
	 (45) 

and so 

A. = A(+) S+  + A(°)  S°  1 
	 (46) 

for A production. 

The isotopic spin 3/2  is absent here and S+ and S° both contribute 

to the I = 2 amplitude. 

(43)  

(44)  
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The values of the V's and Sts for a particular reaction are given in 

Table Io 

TABLE I.  

, 	,+% Matrix elements of IN +-) and Sko) for the possible charge .o configurations. 

v4" 	' . v- vo s+ . so 
. 

"r" + P / le + le 1 0 1  - - 

" Y" 4.  P 4 K°  4. 2+  0 ,A A- .- - 

Dri + p -, K+  +A - - - 1 
. 

1 

6r" + n ...) K°  + 2°  1 0 
. 

-1 
- 

- - 

ityil + n  , lc+ 4. 2  - 0 
. -',/. ii.  - - 

, 
"y" + n 4 K°  + A - 

- - -1 1 

The choice of the invariant spin matrices Ni(34) does not introduce arty 

kinematical singularities in the Big  and so these amplitudes are taken to 

satisfy the Mandelstam roprosentation(P)  

Thus 

	

Ri(s) 	Ri(u) 	Ri(t) 
B.(slu,t) 

	

s 	M2- u 2 	m2 - t 

(1) pi  (s1 ) ds' 1 	02)(ul)dul 
	 j. 	s 

st 	s 	(P+M2)2 	u' -u 
1 s 

(P+141)2 
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p(3)(v) dt' 	13.12(s19111) 

1 	I 	11  Ids' /du' 
(A+111)2 	t' - t 	 (st—s)(u'—u) 

(47) 

where the cuts are the same as in the usual Mandelstam representation 

due to the character of the virtual photon. 

Since the amplitudes All  tk3  A4  and A6  contain no kinematical factors 

in their relation to the B!s (39) they will have the same representation 

as the B.'s. The representations of the two remaining amplitudes
' A2 and A5, 

can be constructed by combining the expressions for the amplitudes B2  and 

B
3 

according to combinations of (39). 

In the framework of the Cini-Fubini (approximate) one-dimensional 

representation (14)  we may write our dispersion integrals as 

A.1(s,u,t) = B(t) 	r 2 
1- 	

1(s) 	
+ 	 + ri(t)] 

	

1....  h1- s 	M2

ri(u) 

- u 2 

+ 
lai(sl,t)deri 

1 	
b.(ul,t) du' 

i 
C 
 1 

 + ...) 7t 	r 

	

, 	s' - s 	.7t 	u - u 

1 ci(tIls) 
+   dt' 	(48) 

7t 	t' - t ... 
where 

B(t) = 1 	for i = 1, 3, 4, 6. 

B(t) = I 
2 	for i = 2, 5. 

t m  
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The spectral functions ai  bi  and ci  can be obtained as the 

imaginary part of the amplitude for the reaction in channels I, II and III 

respectively. The poles arise from diagrams shown in Figure II and the 

residues of these poles,r i(s),Pi(u) and 11(t) will be derived in the 

next section. 

iv. CALCULATION OF RESIDUES OF POLES. 

For fixed t the T-matrix is written as 

A 	-i(q-k)- 
T(s,u,t) = ie11,) id-tx 	2 

and the absorptive part is given by 

<-132 I e(X) [4) jp(- 1) f Pi  > 

(49) 

x 

Im T (5,10) 	e d4 -i(q-k)  x e ,' 	I I- \ -p21 Li i)] I Pi> 
(50) 

so that 
A  -i(q-k) 

Im TI = 	dxe 

and. 
A  -1(q-k)2 

Im T
II- 2  e1.1 	e 

2 	
--P2k (51)  

(52)  

These correspond to the two terms of the commutator and give the absorptive 

part for reaction I and II respectively. Introducing the complete set 

of states in (51) we have 



28. 
-i(q-k) 

Im  T1  = .01  ©µ 2 	 d4x 
- p2  1 j (2) n/ Y  y 

49Y (- > 
e (27e 	a(pn  - k - 131)1D2  lj (0) n191(> 

c(n,y Ijt(o) I p1 

where pn is the four-momentum of the state Inly>. 

The lowest possible state with the same quantum numbers as 

(53)  

is the single nucleon state which corresponds to Figure II(a). Inserting 

the single nucleon contribution gives 

, Im TI =7u5(s-111) 	e K-p2 I j(o)lk-Fp1  0+p yij 0) p 1 	1 

(54)  

where 2 indicates the summation over the nucleon spin. 

In the same way we take (52) and insert the complete set of states 

which results in the form 

Im TII = e(270 2 6 (pn - q - ) (-p2 t(o)1  n y> 
11,1( 

Kny ij (o)1 pi  > 	(55) 

The lowest possible state that has the same quantum numbers as (...p2  I jµ(o) 

is the single hyperon state (Figure II(b)).Thus 
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Im TII --1̀ Nu m22)  2 (IP <-132 jA(o)  1cl  + P1 

• Kg + P1Yj (o) p1 > 
	

(56) 

where y now 

Now 

<k 	P1P[tt(°)  

<-P2Iiµ(°)1(1+  

and < g.  + 

p21j(o)lk+p1  

. 

p1  l 

denotes 

j(o))p1) 

the summation over the hyperon 	spin. 

is the 	KYN 	vertex, 

is the 	YNN 	vertex, I Pi> 

is the IrYY 	vertex, P1> 

is the 	KYN 	vertex. 

Since the photon is the only virtual particle, we have, by general 

consideration of Lorentz and gauge invariance, the following forms for the 

vertices : 

p21j(o)lk+pi> = 	-p2) ir5gy  u(k+p1) 

Pli (°)IPI>= 171(q+P1) iY5gY u(P1)  

Lc 	P11 jp( °)1P1, = 71(k+Pl ) 	[G1Tp. 
	 (57) 

+ G26 	i-(k+p1)-(p1)i v  :I u(p1) 

and 
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where gy  is the renormalized KYN coupling constant and G1I G2  and GI, GI 2 
are related to the renormalized electromagnetic form factors of the 

nucleon and hyperon respectively. The isotopic depenencp of these form 

factors are as follows 

NUCLEON FORM FACTORS. 

G1
o 	G V

S 
 . 	. 1 1o 
	

.ffe {F1p(x2) + F1n(x2)] 

G1+ =  2 

S+ 	V+ 	i 

	

= 	= --p. - [F p(w2) - F1n(x2) ] 

S 	Vo G2°  = G2 = [1/11) F2P(W)  + ilnp2n(X2) ] 
S+ 	V 

G2  = 02—
+ 
. 	r- „ 

' 
,
2p`

,2) - .2- L p 	I4" n 
F
2n` i 

x2)/ 

with the normalization 

Fln(o) 

and 

P2n(0)  = P1p(0)  = F2p(o)  = 

HYPERON FORM FACTORS.  

G
'V 
° . erG(+)  A) (_2‘ - - u1(-)(0)] i Go 
 
v° 

‘ 

G 	 1+) (x2) 1 	f G  ( 	 + Gi (-)(7t2) j 1 	-ge V- .  

I 	e 0(T)  (- 2N) G1
V  + = A, 	= G 1 S+  

s 	(A) 2 o 1 	= e G1 	(x ) 

(58)  

(59)  
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) 	
11  02

Vo = i 	
( 

LP+  G2
+ ) 
 (*X + _ G(2-)(1.2)] 

I   

G2
V- = .,i,i+ 2 G(+)(7t.2) - 11_ 4-)(W2)1 

''' G2
V+ = gA µT - 

a(T)(,2) 
' 	' 

G2 
IS o 	= 11A  Gn 	J 

(), 2. 	G2

S+ 	gZ 	
14T  

G(T) (72) 
g
A 

where µ+ - o and µT are respectively the anomalous magnetic moments of 
7 7 

the2+,2  and 2 and the transition moment associated with the TUP 

	

vertex. The form factors 	 2 G - T  have their obvious meaning and are 1 9  

normalised as follows : 

G (A)(o) = G1(T)(o) = 0 and the rest are equal to unity at1k2  = O. 

Hence from equations (54) and (56) using (57) we have 

	

MITI =70a-14) 71(-1)2) iY5  g1  (V 	M1) 

iep  irG1  yp  +G2 pv  o kv  ] u(p 1 ) 	(60 

and 

Im T11 	2 .%15,(u- M) 13(-p2  ) ieµ 	1  [Glyp 	2 + Gta tiv  k v 

(p1(1+) iy5 g  u (pi) 
	

(61) 

Using the standard techniques we can reduce these two expressions to forms 

involving only the invariant Ui. Thus 

g. 



f: 4+)(7%2) 	4°)(.0) 
s (0) 
K 
	a le (65) 

Im T1  .7tO(s-M1) 	+ G2  (M3  - 

—iy5  Gi  ( q.s - 2P.$):Igy  u(p1) 

and 

Im TII  =7to(u—M) 7.1.(—p2 ) [(G,; + 2AV H1  

K4) G2 + iy5  G. (2P.s+ ci•S)] g1u(p1 ) 

For the reaction III (Figure II(c)) we have the following single 

K-meson pole contribution 

[: iy q.e1:1 -I Im TIII 'Ite)(t  -m2) 	2) 	5 (2+k) jis u(p ) 	(64)  

where3K(TF) is the electromagnetic form factor of the K-meson. The 

isotopic dependence of9K(X2) is as follows 

.[ Ffc+)(A2) 747.) Fi(co)(x2)] 

32. 

(62)  

(63)  

J K 

V,S F(+) 4o) with FK 	K  

We observe that in (62), (63) and (64) the electric charge terms, G1,G1 

and3K are not gauge invariant when taken individually whereas the magnetic 

terms are. The non gauge invariant terms can be made invariant by adding 



the quantity 

k.e sy iy5tr...).K. 4. GI  

1 	1 	2 

which is identically zero on account of the Lorentz condition (35). 

Thus 

33. 

(66) 

6 
A.(B.A) M. 

i=1 
gy  

[ G
1
M1 +G2  (M3  - 114 ) 

m2 - 1 

 

 

G1  (M5+ 2M2) 

(M2   -s)(t-m2) 

GI (2M2  - M5) 

(4-u)(t-m2)  

+ 2G2) M1 	(M
3
i-M4) Gt 2 

— u 	 (67) 

(GI - Gi  -1) 2M5  
72  ( t-m2) 

and by comparing this expression with (48) we obtain the required residues 

of the poles, namely 

r1(s) = gyGi  r 1(u) = gY  (G1T + 2.01) 

r2(9) 2gyG1 	Z,2(u) 2gyGI 

r3(s) gya2 	r3(u) = 

r4(s) -gyG2 	r4(u) -gy% 

r5(s) gyGi r5(u) -gYG 

r(s) 0 	r(u) 0 

o 	i 1 5 	2g, 
r
5
(t) = 2 	- G1  1) • W 

(68) 
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v. ANGULAR MOMENTUM DECOUPOSITION.  

In order to project out the angular momentum otatoo of the Born terms 

we employ the following method. The T-matrix is first reduced to two-

component Pauli spinors in the barycentric system of reaction I and the 

resulting Pauli amplitudes are then expanded in terms of electric, magnetic 

and longitudinal multipoles. These relations can be inverted and, with 

the aid of the inverse relations:between the Dirac and Pauli amplitudes 

(Ai  and J  t. 1  respectively), the required multipole projections of the Born 

terms can be performed. Finally, the isotopic projections of thesejiR(B.A) 

can be obtained by utilizing the isotopic dependence of the form factors 

given by equations (58), (59) and (65). 

S -CHANNEL REDUCTION.  

With the identification 

17 

6 	 f' 
;Y(  -P2)  ill  Ailli uN(P1)  = XY 

and the following forms of the fi's 

6 
2=1 aifi 	x,N 
i 

 

(69) 

 

f1  = i a.a q2 f4  = i 02..ag.a — 

clicf2  = 0.2g. Q .(kA  a) 	k2f5  = i 42.k k.a 

qkf3  = i 0.k ..q.a 	qkf6 = i g.g k.a 

where a is the gauge invariant three vector 
e  a = e 	ko 2-* 

(70)  

(71)  
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we can relate the j its to the A.'s with the aid of the barycentric 

relations (13) and the explicit forms of the Dirac spinor given by (16). 

The resulting set of linear equations are as follows 

k 13.1 	q. 
= F1 	Al + 	

(A
3
+A
4
) + (M-M

1
)A
4 o (w -) 	w 

X2 A6  W - 111 

-01 132  
cik(1/1 +M1) 

(lac 
F2 

Al 
	(A

3
+A
4
) (w-M1)A

4 W +1.1
1  

X
2 

A6 W+M1  

- 02 3 _ 2 3X2 
- F3 

  A2 + (A3
+A
4
) 

qk (W+1,11) 	W + M1 	
W + 1 

71-11  

q20 	
- F

4 W 
	 A2 + (A3

+A
4
) + 	 

- 
A5 	(72) 

2
(W-M1

) 	 W - 	1 

0 41 23'5 	- F = - A
1 
+ a/12 - (W-N

)A4 q.k A
5 5 1k  

(w+mi) A6 

	

'36 	ko 	q.k 
F6 	Al  aA + 	 e

1
+VE

1 

	

qk 0 	2 	c4411  (A3+ A4)  
2 

 

k (W + M ) 
+ q.k A

5 	6 	Al 
1 	(A4- A6) 1 



where 

a, 	3 = .. q.k + Wk o 

, 13 = 2Wko 	'e 
3 + tz n. 2 

(61+111)  

	

02 	(s1+M1)(62+M2) 	02 

	

1 	 2 

To perform the multipole expension we proceed as follows. We 

expand into a complete set of states of orbital angular momenta 1 and 

among these states some will refer to states of total angular momentum 14 

and others 14. These states are separated by the introduction of the 

projection operators 

1 + 1 + 0 .L q 	1 - .L q 
P
1+ 

- 	 
-7  21 + 1 	P1 	21+1 	(74) 

where Lq = 	giN  V
q 
 is the angular momentum operator of the K-meson. 

A further classification pertaining to the photon state must also be included 

as some states transform as transverse pseudovectors (magnetic with parity • 

	

.1+1. 	 .1. k-1) 	), others as transverse vectors (electric with parity (-1) ) and 

still others as longitudinal vectors (longitudinal with parity (-1)1). There 

is no scalar radiation here because of the Lorentz condition (35). Thus 

we have 

Magnetic 

Electric 

(75) 
Longitudinal 
	

a.k 

Scalar 	a  

36. 

(73) 
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Finally, as the relative intrinsic parity of the initial to the final 

states is odd, we must include the factor a .a on all terms. 

Hence the required multipole expansion takes the form 

=  [1  . PP1+  a.L. 	+ i  P 	a.L. Pbl  

E1+1 

+ a ..g. 	a.ktA El-1 	 (76) 

- 1(1+1) 0 	P1+  a.k 1,74.1  

- 1 2 P a.k L
+
1-1 	(21+1) P1(cos0) 

where P1(cos0) is the legendre polynomial of order 1 and the following 

	

notation is implied (Multipole 	absorbed giving a (KY) state of total 

angular momentum j=1.16±i (for magnetic radiation 1=1 and for electric and 

longitudinal radiations IK  = 1 + 1). 

When the above operations are carried out and compared with 

6 
f  

	

2. 	 (77) 
i=1 

the required multipole expansion is obtained namely 

= 2 [(1-1)/4_1  + (1+2)/17.+1  + E1+1  + 	T(x) 

1(1+1) 1+2  + 1 c   :I PI(x) 

3 = z 141-1 + m1+.1 

= z 	- 

+ E
+1  + E1-1  :1 P"(x) 1  

- El 	- F-1]1: 	Pi:(x) 

(78) 
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35  = 	+2[1 LI._1 	(1+1)I.1+1 	(x) 

136 
	-44  + z 	- (1+1) L+1  Pi ( . 

The final stage in the s-channel reduction involves the inversion of the 

relations (72) and (78). The set of six linear relations (72) can be 

inverted in a straightforward manner to give 

W 

2

2-IA:2 

Al 	
1 	 X2 (W+M1  - 2 )  F1  + 	

k° 	(W+M1  + 	F2 

	

4W ko 	111 W- 	e1+V l 	 Vi-M1  

F 	F
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A
3 
	1 11--.F + o 	1 	F 	X2  (F +F ) 2 5 6 

41712k 	
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2 w2 _m 1 
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F
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2
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W _ M2 

	

	
x2 W+M 

I 
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4 	
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l 

L E'1 
	

o 	 F + 	 (F5+ F6) 
4V1 k 	c

I+I/LI WM1 	
w - 	2 	2_112 

o 	 1 
II 

- q.k ( F3 	+ 	
F
4  )  

w-m 	w+m 

	

1 	1 

 

X2 
F6  (79) W 

 



F
3 	

F
4 + q.k (  

W -M1 	W + M ) 1 

A
5 

 

M 1 

q.k 4-- 2  

W + M1  - (F1+F5) + 	F6 W M 

39. 

4W ko 

 

	

ko 	W +M1 	
(W+M4)a 	-1 

+ — 	F
2 
+F 3 4' 

	

+M
1 	W _M

1 

/72 

A6 - 	- (F1+ F5+ F6)  - 4W ko  

k
o 	F2 el+ Mi 

To invert the multipole expansion (78) we employ the orthogonality relations 

of the Legendre polynomials. The results are 

1 	+1 

2(1+1) 	-1 
dx [ji P1( x)  .12P1+1( x )  

P1 -1(x)  - 131+1(x)] 
21+1 

P1 -1(x)  - P1+11 
21+1 

dx 	 (x) + 170 P 	(x) J1 1 	J2 1-1 	 3 

E 
1 	+1 

2(1+1) 
-1 

dx -11 P1 	3 (x) -, 21+1(x) +Y1 
P1-1(x) -P1+1(x)  

21+1 

+34 (1+1) 
P1(x)  P11-2(x)  

21+3 	(8o) 
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r7 	
P1-1(x) P (x) 

	

dx 1 	x 	11 TP1 	 2P1+1(x)  
' 	

Ij3(14.1 ) 
21+11+1  

Pl -2(x)  - P1(x) 
1 

21 - 1 

E1  
1 

21 

L+ 
1 

1 +1 
dx [(f t  + x 73+ .75)P1(x) (xY4+3.6)  Pi+i(x)] 2(1+1) 

-1 
1 	+1 

L7 1f dx(+  
J3 .fj5)  21 

-1 
P1(x) 	(al -6) Pi-1(x)] 

This completes the s-channel reduction. 

U-CHANNEL REDUCTION 

7:n order to perform the reduction in the U-channel we introduce the 

S-matrix for the process y + Y -3  K + N . This process is equivalent to 

Y + Y 	N + K by invariance under charge conjugation and by the 

substitution rule we can obtain the S-matrix element for y+ *t 	IC + 

from that of Y + N 	K + Y by replacing p11-p2, u(p1 ) and ;.(-p2) by 

-p1  po  v(-p1 ) and ;.r(p2) respectively. We then have the S-matrix in the 

form 

S = i(244  o(k+p1+q+p2) ;(p2) T v(-pi ) 

with 6 
ti 

T 	
1 
A. (slut -0 Mi  

i=1 
(81) 
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r(112)[ 

Using the identification 

6 
2 	A.M. ] 3. 	3. 
1.1 

v(-p1) 	x 

i=1  

6 
[ 2 7. 3. f3. . 	x_ (82) 

q.k 

(i)-M2 01(w-M ) 
41 = F1 Al + (A4  A3) + (co+M2 -2M1) 4  

/-1  
6  co — m2 

1 q.k 
- F

2 
= 11 - 	(A4-A3) - (co+2111-112) A4  

QK Jt)-4-11.2) 

W  A6 

+M2 

+ M2  

with thefi  . defined by 

f1 = i 6 .a 	Q2 f4  = . 
CL. 

g Q.a 

QK f= 	.(KA  2) cp.g 
	2 NK f

5
=ig .K K.a 	(83) 

Q.K f 	g.a 3 	- — — —  QK f6 = 	K.a 

We can relate thell 1 13 to the .A.'s with the aid of (17) and (20). The J 

required six linear relations are 

(84) 
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3 + — 7k. 2  

......, 	•-•-• 
( w—M2+2M.) .A4  — q.k A5 1  

K 4. 	o 	(co+. /12)  A4•6  
E2+M2  

(85) 
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We observe that the relations (84) could have been written down from 

the relations (74) by means of the substitutions 

A. --) + A. ( + for i=112,4, - for i = 3,5,6) — 

ko  -31 Ko, k 	q -) (4 	3 w 	ci 	E2  

c2 ,) El ' 	
a ,) ay R .3 73; 1 1 01 , 02 4 02 

and17--2 except for the coefficient of A
4 

where the masses arise through 

the term M
4 

of (38). 

The multipole expansion for the u-channel may be obtained directly 

from (78) by invoking the substitutions 

and 	 + 
(Multipole)1 	(Multipole)T 

We finally invert the relations (84) to complete the u-channel 

analysis. 
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T-CHANNEL REDUCTION  

In order to perform the angular momentum decomposition of the t-channel 

we again use an identification 

171(-P2) 	

, 
i=1 .7; 	v(-p1) = 	L?_1 	fi 	

x 
(87) 

where the T%'s are defined by 

P I 1  = 	ea 4  = 	( x A  a) -- -- 

P I2 = a . (2 A.2) 	xY.5 = i x. a 	(88) 

 

2 p x f3 =g..22.(A A A) - 
P x

2
= 	•(2A24.) E.°A 

with 

  

eo 

  

 

a = e 

  

2t 

 

    

xo 
The use of (21) and (24) enables the above identification to be made and 

therelationsbetweenthei t s and the '47E.Is are as follows 

1 —1  
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02 _ A 2 
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	 (q.k 	k2 ) 112  
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(q.k 3 - k2X6) S2  

61 Sij2 	- , = 
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X (X 	AX ) + 2  0 	1 	4 	-A  (q.k A3 - k2X6) 

O1 -3 1 -1 3 = F3 = (T1 A  14) +5214 	 (89) 
2p2x 
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fl 2x - 2 AP.k 
	 (W3  + 1-6) 
22 

- 31  ,i6 -F6 = A3 +A6 x2 p 

We now proceed with the angular momentum decomposition of the 

amplitudes. To facilitate the decomposition we introduce the helicity 

amplitudes as treated by Jacob and Wick(41). The virtual photon has 

helicities A = + 12  0 and the anti-nucleon and hyperon can take helicities 
Y 

N = 	and WY 	2  = + respectively. Vie select only the +1 and 0 1   

helicities for the virtual photon since the case of W = -1 is completely 

equivalent to W= +1 by parity considerations of the resulting helicity 

amplitudes. The following coordinates for the three-vectors 2 p x and a 

are also selected 

x 	xcos* e
3 
 -Xsin* e = P 23 

with 

a = t i - (cos* el  + ie2  + sin* e3) forX = +1 
— 
	 (9o) 

and a = i 0
3 
 for X\r = 0. 



= +1 

6 
Inserting (90) into (88) the complete amplitude La = 2 

i=1 
takes the form 

f 

f̀ 2 

f 1 
2 2 

(91)  

which can be equated to the Pauli spinor form of the helicity amplitudes, 

namely 

Thus 

1 1 	Ill 'FT 

sin* 

1 - cos* 

fl1 1 + fl  
72- 

sin* = 

(92)  

(93)  

47. 

= ( Ji - fi4)  

-(52  - f.4) (1-cos*) 	(J1 	1*3 54)sin*
/ 

sin* j,  2 
+ 	4) ( i+cos 



1 	 1 f 1 	1 	f 1 1 
2  

48. 

1 + cos* 	1 -cosh 

 

The general expansion of the holicity amplitudes is given by 

W 	x (010 
d' a b 

1 

(j-4)(k-Xd I Tj(S2)Xa X1D) P7c 

RI*  
• D 	l5,0,41 hg 

for the process a+ b 	c d with h.= Wa -Wb and µ = Tb 	X A • 

Hence in our case we have 

2  (0-4) T11 	d10 (f) 22  Px j 

	

fli 1 	
1 

= pm= 2 (J4) T+ 1 	d11(*) 

	

- 2 	px 
(94) 

f111 = 	Z  (J4) 
22 	

1/77 

T-+1 	J d1-1(*)  

1 = 
`2 -2 

1 	z  
i==== j  
P x 

T 1 
10
(*)  

where tho energy dependent amplitudes Tj:}: 11  are the T-matrix elements 

for the transitions initiated by a photon of helicity +1 producing a hyperon 

of helicity +2 and an anti-nucleon of helicity 4 with total angular momentum 

J. The first superscript on Tj  represents the hyperon holLcity and the 

second that of the antinucleon. We can now use the explicit forms for the 



djM) appearing above, namely 

49. 

1 
d
10
(*) 

NiJ (J+1) 
sin* PS (*) 

(95) 

d
J 1
(*) 

1  J-1 	
(1 - cos* ) 	(1-cose 
	 Pt + 	P" 

1 + cos* 	2 	
J-1 	2J (J+1) 	

J-1 
 

	

J.  / N 	 ‘ 

	

d
1-1 

 kill) 	P 
J-1 	

(1+cos*) 	(1+oos* )2 

1 - cos* 	2 	
i- 	

J-1 + J 	23(J+1) 
P" 
J-1 

Inserting these expressions into (94) and using (93) we have 

- 2  (J4) p-  Pt  J 	J j 

whore 

J 

- 2 

J 

= 

2 aJ (j11+1+(j+1)P3-1 )  

J (1.4.  (JP" 	+ (J+1)PJ-1  ) 
+1 

(JPJ+1 
 + (J+1)PJ-1  ) 

[1 	J : 

T+ -1 + 	T-+1 
J 

(j+i) G4:3- Pyj 

-(J+i)(aJ 
	J  
 P 	+ 13+JPS)) 

(3+-h-) ccT  Py. 

(96)  

(97)  
J(J+1) 	‘/2 p x  

+ T--
J

1  
—  

441 

= 	

T 

\p (J+1) 



and 
1 

foil = 	djo  (*) o 
.176-3

0 

 

1 
f 11 - 	2  f Px 	J 	 - (J44) T-4.°  do-1(*)  

But we also have 

dj o = P (*) o 

(loo) 

 

and 

d
J = dJ i-1 	10 

 

) 

so that we may write 

50. 

= o 

Vie can immediately write down formulae analagous to (91), (93) and 

(94). Thoy are 

— +.0s, ,T 	- sin4f5
4 
	cos -4r sink!, 

sin 54  cosisinV5 	ji+cosIt / (98) 

coslifj5  = f°11 
22 

Li(wy= o) 

sin* (J4  - cosh 6 ) = f _11  
2 2 

(99) 

cos*= - 

cos* 	= 

(s+i)Y(;)  Pj(*) 

j:4 + B (s4)11(2)  P3_(*) (102) 



(1) T++°  

J 

(2)  

(103) 

where 
51. 

J(J+1) I77 

We now analyse the amplitudes a-, p— and 10-(192). The parity operator 

t 	on a state 1J M a  Xb> gives 18:11.13(-1) 
J- 
sa sb IJ M 	-Wb  > and 

SO 

	

,h(. 14- ±>+ 1-  ;>) 	have parity (-1)j  

( 1+ 	
I - 
 ; 	) 	have parity (-1)j+1  

and 

have parities (-1)j  

and (-1)j+1  respectively. 

This means we can form the following amplitudes under parity conservation 

   

Tj 4 [11 o> ± 1-1 

Tj 	o> ± 1-1 

 

   

(104)  

    

bel =A[(441±K—-11 

 

and also the equalities 

KT.T- IT1-10> 

(7±kTT1-10> 
(105)  

  

    



52. 
Hence on rearranging (104) vie have 

+ -1 	-+1 
a 	T T

J  

(106) 
4-11 	--1 

b = T 	± T J  

where now the amplitudes a+1 b+ represent transitions to final hyperon- 

% antinucleon states of parity (-1)J.  and the amplitudes a 9 b represent 

transitions to final hyperon-antinucleon states of parity (-1)j+1. The 

former are therefore magnetic while the latter are electric. The only 

further questions is that of determining the total spin of these four 

hyperon-antinucleon states. 

It is a well known fact that for states labelled by the third component 

of spin # + +> , A [1 'f,-> +I +>] and I 	are triplet states (spin one) 

andi14*.-) -1 -+>J is the singlet state (spin zero). With our labelling 
of the helicity states 	the 1 + -)>,f1++%>.+ -)01and -+:› are 

triplet states and1 
41.

1+-1->  -I - -)jis singlet. Hence vie may write 

a
+ m 

a = E 

	

+ 	• 
bi ="rnil 

	

13J 	C JO 

(107) 

where the first and second indices denote the total angular momentum and 

the total spin of the YR pair in the final state. 

For X = 0 (longitudinal transitions) we have 

oo> = (-1)J  oo 



and hence 

a 112) _ -  [<+ ± + <- ,(  

53. 

-7)1 Tj  I oo > 

\ 
with parity (-1)

J  in the final (triplet) state. Summarizing we have 

T+-1 + T-+1 + a - 	
J 	J 	= EJ1 J J(J+1) /2p x 

T+-+1 + 
133 	

(J(J+1)y172717- 
	=11 

T+-1 T
-+1 

J a 
J(J+1 ) )15 x 

T++1 
	T-1 

rj  - 
\P(J+1) ‘,/71)rt 

T-H-o 

=L
J1 

2 	TJ  
-+o 

J 
NIT(J+1)1/77)—c 

triplet (-1)j  

triplet (-1)j  

triplet (-1)j+1  
(108) 

singlet (-1)j+1  

triplet (-1)j  

triplet (-1)j  

J1 

E
J1 

P x 

vi 	THE K CONTRIBUTION.  

The e resonance in the K- it system at 880 Mev and I=z (42)  can 

contribute to the t-channel through Figure III. The spin of the K*  is 

now established to be unity (43) and its parity -1 ( 44). If the spin 
* 

of the K is zero, then it will not contribute to this reaction since 
* 

zero spin (s-wave Klcresonance) would imply that the relative IQ' parity 



54. 
* 

is odd and by parity conservation the KK vertex eould not exist. 

2 
We introduce the K* by a pole at t = N*  and since the K* has isotopic 

spin L-  it will contribute only to the I=2 component of the scattering 

* 
amplitude. By Lorentz and gauge invariance the 'YKK vertex can be written 

as 

A ( .x2) µvicp k q 
V 	p (109)  

* 
and the NYK vertex can be shown to be 

/71(-P2)i[  gK* A( GK* a11v 
(-131-132)0 v(-P1)  

The vector boson propagator is given by 

(110)  

   

 

14.  _ Q2 

  

Thus the contribution TK
* to the scattering matrix is given by 

T
K
* .6 (k+q-Q) 	As 1.1v ,xp 	e k q 

p 

 

 

a 

  

  

(112) 

i [ g*  ya  + 	cox  (-p1-p2 )x  v(-p2 ) 

Because of the complete antisymmetry of the e 	and the fact that gimp 

Q = k+q the second term in the numerator of the propagator drops out. 

After a somewhat lengthy computation the result is 



r 1(e) = A g*A 	+ 	t 

2 (q.k + k2) r2(K*) = A [ 

r3(1C4f ) A 

2 	q.lc 

A 

k2  

-2 P.k 
r5(K*) . A G*  

2q.k + k2  

1'6(1(41)  = A  A Gid 

G* 1 

(115) 

T * - 	 
K 	M2 

A 

 

171(-132) 	g* ( °M1 - '4)  

55. 

 

t 

 

(q.k + k2) 

	

 	M2 - GM3 2 q.k + k2 

2 P.k 

	

 	M5  + AV[6):1 v( -p1) k. 2q.k + 2  

If we now introduce a factor 

K
* 	r (e) 

Ai (sIt) * 2 
M4F 	t 

+ G tM1  

(113)  

(114)  

in the equation (48) then the residues of the K pole will be given by 

The isotopic dependence of the form factor A(1.2) is given by 



56. 

and 

v,_ 
A '

) 

X
v. = 

2r 	= 
	

—7'IT 

v 
Ao = W

s ..... 

s 
Xir  

s 
A °  s 

for K production 

for K production 

(116) 

where we have used A= X 	
3 

I; 
 v 
X 	as the coupling constant for the VOK 

vertex. 

vii EVALUATION OF Fi(B.A) and Fi(K*) 

The task of evaluating the Fi(B.A) and the Fi(K*) is quite simple. 

The ( F.1  ILA) can be obtained by inserting the relations (68) into equation 

(72) with the aid of (48). The results are as follows (the subscript Y 

being omitted from g) 

gal  

	

gG1 	
+ gGt  

1 	

(W-M1)gG2 	( 2112 	1 
F(B.A.) = M2 r s 	-u 	H2  - s 	2 

1 	1 	
u 	W 	) 

 

gGi 

  

gGi (W+M )gG2  
	 +gG- 

S 

 

2M2 

 

1 
F2(B.A) - 

    

 

s 

    

W + Mi 

      



F
5
(B.A) - 	 

W
2 	2 

(w-M1 ) gG2 gGi 	 gG.; 

(117) 

+ M
1 	1 

gG+ 	( a2
(81+1111)( 	) )(e1+161 ) (4-u)  

F6(B.A) = 
W+M1  

570 
-2gGt 1  F

3
(B.A) - 

(w+mi  )(M-u) 

2gG' 
1  F

4
(B.A) - 

(IV-1111)(4-u)  

2glk  

2gG 

u 	(W-M1)(m2-t) 

2gG 

pm. 

(W+M -2M ) gG1  
1 2 2 

N2 2 - u 

2q.k g 

2 (m2 	t)  

-gG2 
ko 	W + M1 

gG 
(ko(W+2M2-M1) +2q.k) 

81 14.11 	112 	S (Ymi )(4 u)  

2q.k g 

W2 (m2  - t) 

In the same way the Fi(K*) can be evaluated by inserting the relations 

(115) and (72) with the aid of (114) and (48). The results are 

(q.k+k2)q.k  
F1  (e) 	 

A 	

.! (W 	+ 	)+G (t- 	 ) 
M2 - t W -M1 	W - M1 
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[i 	

X2 N g -G 	(V1+1.1
`2 
+ 	) 

VI - 11
1  

(118) F
4
(e) A 

- t 

(qk + k2 ) A A 	/ 	gok 
F2(K) CN+M2  + 	)+ G b 

M- w +M1  

F
3
(K ) 

A 
2 

g + G 	M2 + 	 
VI+M1 - t 

F
5
(e) A 

  

I._ 

(W-M )g + G 	 (VI+Mi)(VII+M2) - m2  

 

t 

 

    

F6(K*) - 
A [-g 

(W+M2)ko  + q.k 
+ G(u - 	+ 7‘. 2 )  

M* -t 8
1 
+ M

1 

-G 
(kot + A (q.k + ko(W+Mi)) ) 

8
1  M1  

(45) 
It has been shown that the ratio g/G is oqual to the ratio gv  /d(o) 

where gv  and d(o) are the vector and induced vector coupling constants 

for the leptonic decay of the hyperon. d(o) is usually neglected in 

comparison with gv  and so in what follows we set G equal to zero. 

J 



59. 
viii SOLUTION OF THE DISPERSION INTEGRALS.  

We employ the method of Blankenbecler and Gartehhaus
(12) to solve 

the one-dimensional dispersion relations in the energy region in which the 

P1 resonance or the F5/2  resonance is dominant. This is the method that 

has been applied to the electroproduction of pions by Blankenbecler, 

Garthenhaus, Huff and Nambu
01) and to the weak production of pions by 

Dombey
(20) in the energy region where the first pion-nucleon resonance 

( P3/2  resonance) is dominant. This approach is quite general and can be 

applied here with only minor changes. 

	

It is assumed that the resonance- the P1  or the F5/2 
	in the 

s-channel dominates the ono dimensional dispersion integrals so that the 

results are confined to those experiments in which the barycentric energies 

in the s-channel (the barycentric energies of the final KY state) are near 

the resonance energy. No assumptions concerning the effects of recoil are 

made nor does the method employ a partial wave expansion. In the case of 

photoproduction at low energies an expansion of the amplitudes in inverse 

powers of the nucleon mass may be presumed to converge rapidly since 

the only terms that occur of order M-1  are 1171  and (W-M) 1171, which are 

small. In the case of electroproduction there is an additional quantity 

available, namely the square of tho invariant momentum transfer given up 

by the electron, 71.2y and terms like 72(W-M)-1  M71  also appear. 

Such terms are not small since wide angle scattering of the electron can 

	

produce the resonance energy in the s-channel even with X2 	Thus 



6o. 

the recoil expansion is inconvenient and the method assumes no such 

expansion. 

We assume that the amplitudes in the dispersion relations have a 

certain known phase and that the contributions from the u-channel can be 

neglected in the spirit of the K-meson photoproduction analysis. Thus from 

(48) we may write 

B.A 	Tr* 	
1 	

°a 	Im .A.(st,t) ds' 
A. slt) 	A. (s,t) + At (s t) + 
1(  1 	1 / 	so s' s 	(119) 

t where so = (TO
1  + µ) . 

By a slight extension of the method of omnes(46)  the following formal 

solution of (119) may be written 

Ai(s,t) = Bi(s,t) 

where 	p(s) = 1  P 

(st)  sine (st ) B1(s',t) ds/ oxp (D+16) 

so 	st - s  7C 

°° 	6 (s1 ) ds' 

so 	s' s 	(120) 

and 

Bi(s,t) = Ai(B.A) + Ai(e) 

A first approximation of (120) can be written as 

exp(p+ie) 	(.°° e — P(st)sino(sl) B. (s1  t)dsi  1R  
A. s4t) = Bi(s,t) 
( so s 	s 

( 121 ) 



(s t 	B.(s,t) + 	 2.  — /sR— i r 

B.R  (s t) 

(123) 

61. 

where BiR
(st) are the resonance projections of the Born approximation 

B.(s,t). Further, for s in the resonance region we may expand the 

exponential terms as 

010(s) 	p(s1) 
	

1 + a (si - s) + 	 

Under the integral the second term will be small compared to the unity so 

that near the resonance we have 

Ai(s,t) = Bi(s,t) + 
exp i8(s) 00 sino(si) BiR (sit) dsi P 

S
o 

S 	s IC 

(122) 

The principal value integral gives the enhancement to the resonant state 

and, in general, will give the enhancement for a resonance of width P 

But in the resonance region we know that a Breit-Vigner formula approximates 

the dispersion integral hence we expect the form 

or in the resonance region 

Ai(st) 
B. (s t) 

 

— 8/s 	it 	 (124) 

It is this form that we are interested in and our next task is the 

determination of the resonance projections of the Born approximation. 



F2  

and  \(1T112  

(, .r )2 m2 M1 1̀"1  

spins T 2  

( 128) 

We write 	 62. 

.A ABiR (s2t) A/1(s9t) 	(125) BiR(s't) m  

Now from (72) we see that the omplitudel i  - are linearly related to the %i 

amplitudes Ai  and as it is more convenient for the differential cross 

section evaluation to work in the barycentric system of channel I the 

expression of interest will be 

13.  

 

iR 

 

1 - sR  ir (126) 

where again iR  represents the sum of the resonance projections of the 

amplitudes P4i(B.A) andji(e) given by (117) and (118) respectively. 

ix. 	THE DIFFERENTIAL CROSS SECTION 

Recalling the definition of the S- and T-matrices, (25) and (26), 

and the normalization of the spinors (6) the cross section can be written 

in invariant form as follows 

d 3 	
—2 3r 1 	d322 	d 2. 

da =  	6  D.-p Fral2 ( 	) 	 
(27t )5  32 F 	

x'l f' 
I)20 	°le 	r20 

(127) 

where F is the flux given by 



63. 

Since we require the cross section for inelastic electron 

scattering, that is, only the final electron being observed, we must 

integrate out the final hyperon and meson momenta. This is easily performed 

by noting that the quantity 

dE2 	dg 
el 4  (p 	) 

2 - -1 
(129) 

P20 	go 

is a Lorentz scalar and may be evaluated in any frame, and in particular 

in the barycentric frame of the final hyperon and meson. It is therefore 

identical to 

1111c2 	q2 dq 

82 go 

which can be integrated to the form 

12 Till 	a 2 

If wo now express the final electron integration in the overall laboratory 

frame and introduce capital letters for laboratory quantities then the 

differential cross section for inelastic electron scattering becomes 

( 62  + qo 	d 2 a. 

d20 

= (27)5  

R
2 	2\ 

32 M1
R
1 

(130) 
dR d2 "*.• 2 R2  
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where the electron mass has boon neglected where convenient and the 

quantity Krre> is defined by 

<Tye>  = 	\To  r 	
q 
	 (131) 

It is this quantity that has to be determined and for the first stop 

in its evaluation we recall equations (69), (70) and (71). If we write 

with 

la 	+ 1 Cr.z.if';‘1Za 12 16 a 	a 1 

„ 
+ 6. Aga 3 + i c3.g 

(a = 1,2,3) 	(132) 

2 

k2 (x  Id)  

(133) 

Q.  a gels ° a, d2 i ash 	

ko 
 (1+ 4 45))  

and 

(-r2)Yµ u 	(r,) 

11 	 k2 

then 

Ta,f3 EaP (134)  

where 

and 

TaP =2 Trace 

Ectp  = z Trace 
(135)  
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The electron contribution EaP  may be easily computed to give 

2e2 

6 2r aR 	 la r  1(3 ka  r1 p rlakp + 2 1"26a(3 

 

(136)  

and the tensor Tap can be written in a simple form as 

4 
Tap  = 2 Ti  Lao  

i=1 

with 
^ ^ 

L2 	= k k LaR 	aP 	a p 

Lap 
= qaqp 	 L110  = 

gakP 

(137)  

It should be noted that since e0 is symmetric the tensor Tap should also 

be symmetric. This moans that L4 P should really be symmetrized. However, a 

when the contraction (134) is performed the resulting expression will be 

correct. The saturation of the tensor Tap with the tensor EaP gives 

2o2 

	

(2 r2 	 3 
2) T1 2k .r + 

	

1 	--- 1 2 	1 1.4 

+k2 
+ 1  -- (2 r .k r .k 2k2  r .k + i%2k2) T2 —1 — —1 — 	 1 — 	— 2 

+ % + 1 	(2 	.g — 22.1s mi 	+ 'X2 2) 

+ 	(2r1  .k r 	r .k — k2 r 	+ 	2 	T 
— 1 	—1 	— —1 	— T4 

qk 

(138) 



This means that the differential cross section takes the form 

im• 

66. 

[ 

Quantity in square]] d2 
brackets in (138)  

(139) 

d
2 Q 	e2 

	

R2 

dR2  d2 = (27t)5 	16111R1 	X4  

and the integration implies that the unit vector 
AN, 
 must be taken over 

the whole of its three dimensional space. In order to perform this 

integration we take k fixed and the angles a, 0,11  and 0 are defined by 

the configuration of Figure IV. The relevant formulae for the integration 

implied in (139) are 

d2 . sine de
9. 

dlo 

and 

cosa = cosOcos III+ sine sin* cost,  

The 	integration can now be performed to give 

+/ j[(138)]d (cose) 	= 	I F(cose) d (cose) 	(140) 

-1 

where 

F(cose) = T1(p14122) + T2  

and 

+ T3(oos2Op1  + sin2ep2) + T4  picose 

131 	1 = r2  cos2* - r
1 
 kcos*+ .TW 2  

92 = r
2 sin211r + 	A2 

 

(141) 
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We have yet to define the four quantities Ti  (i=1,2,3,4) and as they 

do not occur explicitly in the final form of F(cos0) we omit to give them. 

Instead we write 

F(x) = A(p1+p2) + 33(E p 1 ) 

C(g P1x2 	( 1'-x2 )P2 ) 	r(xEpi ) 
(142)  

with 

A 	2 .141\ 4_112 - 2x Re (41  r2) 

B = 
-141212 417512 41112 

+ 2Re (7) 	-x725  x  7'5 r6)  (143)  

C =1112  +11-4\2  + 2Re 	+12  43* + 	r) 

C = 2Re 1 , 2 + 4.1 1523 + 1 'f6 +1321; +f3 tc5 14196'  

- (12 ti*3 -131: - 4 T; )  
and 

.7\4 
k4 0 

Since we are only interested in a P1 resonance and an F5/2 resonance 

in the s-channel we keep only the relevant multipolos as given in (78) 

and insert them into the functions A,B2C and D of (143). The final 



12x 3x 0 1
3- 

2("x2-1) 0 0 E
3- 

3 3 0 L
3
- 

-15x -15x 0 

-15x  -6x -9x  

15x2 
15x

2 (5x2-1) (145) 5  I  16 / 

68. 

integration over cos9 can then be performed. Thus for the two cases we 

have 

P1RESONANCE. 

and 

1 	= 	= 	=:5 	=0 

= 	M1- 	J 6 	= 	L1 - 

Thus F(x) 	= P2  112 	+ 	L2 
1 	I- 

and 
+1 
f F(x) dx 	= 2 

-1 	
... p2(111...)2  

2] 
(144) 

F5/ RESONANCE. 2   

Inserting these values in (142) and (143) we have 



I 	23)  + 3 (3.1 L3:1 F(x) dx . 18 p2  (2m23_ + E  
•••••• 

(146) 

45 54 9 45 A 

P(X) = P 
2 
( 	+ 	x-  + 	xm.) (M3_)2  
4 	4 	4 

2 ' 2 	2-  - 
n 	( 2 , _ 54 ,2 _ 	x4)  (E 3- )2 
r"  

+ c:11( )2  (1- 2x2  + 5x4) (1,3..)2  

	

+ p2(- + 81x2 	x4) (m333_) 

and so 

69. 

x. NUMERICAL ANALYSIS 

In order to use the quantities given by equations (144) and (146) 

to compute the differential cross section we must project out of the Born 

terms and K terms, given by equations (117) and (118) respectively, the 

relevant multipoles. Those are M and L for the PI resonance and 1- 	1- 	7z' 

113_,E3...and113_fortheF/resonance. Vie treat the two cases 
5 2 

simultaneously and from the relations (80) we have 

M1-
=2 

 

-1- L1_ = 2 

dx1I
-1 P

1 
 (x) 	2 P o

(x) + -1  

dx[ 	+ x33  -115:5) Pi  (x) 

iluo(x) - 

+ 744) 



functions occur 
+1 Pn(x)dx 

n(a) = -1  a + x 
+1 

*n(a)=.-  

xPn(x)dx 
n( = a+ X 

a - 

and +1 

M 	d0P3(x) +2P2(x)  + 3- 
b -1 

( P2 ( x ) - P4( x ) )1 
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+I 
E
3- 	g 

= 	I
1 
 dx1-1:3P3(x) 	22  (x) 4 

7 J 3 (I)2 
 -P
4  ) 
	5 4 (P13 )1] 

+1 	 (148) 

L3- 7 f dm{ ( 41+43+45)  P3(x) (44 4736) P2(x)] -1 

It can be seen from equations (117) and (118) that, with the aid of 

(15), the denominators in the expression for Fi(B.A) and Fi(K*) which are 

cos° dependent can bo written as 

X2 + 2ko e2 

2qk 

2+ 2q0ko 	(149) 

2qk 

1 

	

112  - u 	2qk 	a + x 
	a 

1 	 1 	1 

	

m2 - t 
	2qk 	b - x 

	b 

1 1 	1 
c - b 

c - x 

1;2_ in2 

  

- t 2qk 

On performing the integrations in (147) and (148) the following 

+1 Pn(x) dx 

-1 	a x 	(150) 

+1 	xPn(x) dx 

-1 	a. x 



+1 Pn(X) dX 
Q1.1( 

P- X (151) 

with 

Pi = [gyGi, y, gyGt 
1 9  7-2/ 77K/ gAi 

(154) 
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which may be expressed in terms of the Logendre functions of the second 

kind, namely 

Thus 

2( -1)n  Qn(a) 

2( -1)n -14n(a) 

2aQn(a) 

= 2Q1(a) 

n(a) = 24h(a) 

(n31) 

(n ?„.1) 	(152) 

Oa) = 2Q1(a) 

The expressions for the relevant multipoles as given by (147) and (148) 

can now be evaluated in terms of the Otn's and each multipole will, in 

general, consist of a sum of the six form factors G G' G2,GI 	and .A 
1/  1/  	2/ K 

with certain coefficients which are VI and i'iN2  dependent. It is 

convenient to rearrange those linear sums and write each multipole as 

6 

Multipole = E 	p 

i=1 
1 	

‘( 

m1.

. w_ w2) (153) 

where 
GI 
1 G

2 	
G,t, 42 = 2742  = 

	1  

2M1  



72. 
We now list the expressions Ni(W,W ) of (153). They oro 

M1-  (p1) = 
	a6 

M1- 02) 

111- (P3)  

= 

= 

2 "7 

a8 
1 

a3.  3 (Q0 - Q2)  
(155) 

M1_ 
(p4)  = 	c'2Q1 	a3Q0 a463 (Q0-Q)  

M1- (P5 
 ) = 5 1  (Q02) 

M1- 	6 (P ) = 	(24k)-1  [ (Y1+ cY+2 Y4  )C/1  -1-yQ 3 0 

4.  y5 ...31 	Q0.4)2  ) 

(156) 



( 1 5 7 ) 

L1 -( P 6 )  = (2qk)-1  Fii3+"14+Y16) Qi+  Y.15Qo 

and 

M3_ (p (P ) = M3_(p2) = 0 

M3-(P 3) = ..1 al . 	( Q2 - Q4)  

M (p ). I r 
3- 	4 	-3-  1_ CG 	G3Q2 a4 (Q2-Q4)] 

m3-( P 5) = 1 	1 
a5.  7 (Q2-Q4)  

(158) 

M3_( P6) = (50.k)-1  [ (Y1+0  Y2) Q3+ (Y3+0Y4) Q2  

+ y5. ;1/- (Q2- Q4) ] 

E3-( p 1) = E3- (p2) = 0 

E3_( p 3) = 31  ...4cf.1 . 	(Q2  Q4)- 31:56. 	(Q1-Q3) 

E3_( p4) = 3 [-a2Q3 a4Q2 	4°4. 7 (Q2-Q4)  

+ 3°13' 5 (Q1-Q3)i 

-3a16' (Q1-Q3) ] [E3,...( P5) = 	1 4 05. 7  (Q2-Q4) 

E3_( p6) = (6qk)-1 1-(Y1+ cY2) Q3 + (y3 cY 4)  Q2 

7 -d 
+4y5. - 3  Y11 	(Q1-Q3)  

730 
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L3-(P1 ) = L3-(p2) = 0 

L3_(p3) = 1.  a3 43+ (a6 2 a8) aQ2 614 Q2 

1 L3_(p 4) = [(as4-a2-  012) 43  + (2 a9 -a13) aQ2  -0
5 Q2 j (159) 

L3,..(1) 5) = 	.(13c57 -(310) Q3 + (69 - b08) Q21 

L3_(p6 ) = (6qk)-1  [(y.13+oy14) Q3+ ( Y15+ 0y16) Q21 

where the arguments of the Qn(a) are given as a = a for pi tp22p 3  and p4, 

a=b for p5, and a=c for p6. 

The coefficients of the Qn(a) are as follows 

W + M1 -  2M2 	 2M2  01  (W-M1) 
- 	 a2 2M202 	 2qk 

2M2  (w + M1) 	 W + M1  G3  
20 	 02 

1 	 2qk 
a5  = 	 a6 - _ 

02 
	

2M101  

2qk(11+M1 ) 	 2qk 

01 (W-M1) 	
a8 

M201 
2qk 



2q2 02 (VI-1-2112 - M1) 

2qk 2M2  

q2 ko
2 02 

qk 

0
6 

 

08 

0, - 
ko

2 

02 h2 

qoko 02 09 
	2 

a  3.:1_, 
2 - 	2x2 
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0 

 

k o 
1 

 

 

a2 

k2 
a 

3 	
2qk 	a) 

C3
4 

2qk 02  

 

0
5 

'co  (w+2M2-M1) 2%k0  

201  

ko k
2 

l0 	 2 qk *A. 0 

612 
= 

k2 07-211-1-11 'd 1 
13 = 

2q2 (v1-M1) 02  

2qk 02  2qk 

 

9 
W+1.1 1 
2 01  2 

014 = 
05  

2M2 

 

011 015 =0 3  +06  a8 

 

016 = a °9 	°,4a °2 o12 -013 

= b a 	- a -0  17 	7 	10 	8 



Y13 = - M2) 

5 Y 
oi  

Y2
= qk01 	3 01  

q2k2 
Y 4 	= 

[(1714-M1 )(V4M2) 

(W-FM ) 

qk 
2 / k VI 

qk 
= - 

02 

1.  Y1 	Y14 
02 	 2 

q0k0] 

02) 

  

76* 

   

- 011   (1-m1 ) (w-m2)  

 

   

   

Y15 = 
qk ko  02  

e 1+ M1 

 

k2 

    

1(16 = q202 	- M1)  

'Y.11 = 02 (W-M1) 2 

   

(160) 
6 1+M1 

   

al 6 = k °2 

 

It is apparent that the above expressions are far from easy to 

manipulate in any differential cross section formula and in order to 

proceed further we resort to a numerical analysis. Vie calculate the M(pi) 

for a fixed value of W and a range of '12. With m w= 1 the particle masses 

are M
1 
= 6.80, M

2 = 8.10 (for A) M*  = 6.55 and m = 3.58. The 

Qii(m) are determined from their expressions in terms of the hypergeometric 

function - the general formula being 
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Qn(Q) 
r(i) r(n+i) 

211+1  r (n+ 2)  
a-n-1  10(i-n+it in+1;n+; 12  ) a.  2  

(161) 

so that 

	

1 	1 	1 	1 
mgo(G)  = 1 2 

	

3a 	5u 	9a 

	

. F 1 	1 	1 	 1 
3a2Q1  (a) = 1 + 3 1 2 +---4.— + 	6 + —8— + 	 

	

L 5a 	7«, 	9a 	lla 	i 

6 
15a Q2  3 	(a ) = 2 cl.  1 + 

70 + 

10 
"la:11-il (a) = 2 [. 1 + 	+  ,J ,3 	

9a
2 

{ 

15 
315a5Q

4
(a) = 8 	1+ 

	

+ 

11a
2 

 

The fixed value of is taken as 

for A production are presented in Tables 2 and 3 for the Pi. and F5/2  

multipolos respectively. 

Now the multipolos occuring in equation (144) and (146) are determined 

by the sum (153) so that the form of the vector p i  given by (154) is still 

required. In the framework of the method described in (viii) the values 

already obtained aro exact and as the determination of pi  involves a complot 

. 

5, 

75 

+ 

50. 

+ 	
 

The results 

) 

+ 	
6 

7a. 	33a 

35 	140 

+ 14 3cP 

5

] 

20 

+  

35 
4+ 	6 

33a 	143a 

210 	210 _ . + 

+ 39aP  

315 
+ 

143a4 	143a 

2 
12 and % 	= 

221a
8  

10 (10) 
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TABLE 2  

i 	5 10 	1  20 30 40 50 

M(p1)  -0.0268 -0.0288 -0.0325 -0.0358 -0.0388 -0.0416 

M(p2)  1.319 1.418 1.598 1.760 1.904 2.046 

M(p3)  0.0132 0.0144 0.0167 0.0188 0.0209 0.0230 

M(p4)  0.1759 0.1666 0.1419 0.1114 0.0718 0.0197 

M(p5)  0.1180 0.1153 0.1099 0.1048 0.0997 0.0946 

M(P6) -0.9474 -0.9578 -0.9622 -0.9535 -0.0387 -0.9263 

gp1 ) -1.0397 -0.5390 -0.2792 -0.1851 -0.1400 -0.0973 

L(p2)  0.2712 0.2759 0.2755 0.2643 0.2438 0.2165 

L(p3)  1.0030 0.5015 0.2426 0.1505 0.1108 0.0697 

L(p4)  -0.3182 -0.3144 -0.2969 -0.2700 -0.2486 -0.2222 

L(p5)  -0.8840 -0.3947 -0.1561 -0.0813 -0.0440 -0.0280 

L(P6) 0.5577 0.5698 0.5838 0.5890 0.5840 0.5762 

i. t 
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2 	
I 1, 

(x10 -9 \ 
5 10 

. 
20 30 40 

. 
50 

M3-(P 3)-0.0050 -0.0059 -0.0076 -0.0093 -0.0108 -0.0119 

M3-(P4) 0.278 0.311 0.362 0.394 0.390 0.383 

M3-(p5) 0.26o 0.246 0.219 0.195 0.173 0.155 

M3_(p6) -1.84 -1.98 -2.18 -2.29 -2.34 -2.37 

	.  

E3-(p3) -0,655 -0.681 -0,718 -0.742 -0.754 -0.760 

E3-(P 4) 0.621 0.386 -0.098 -0.577 -0.814 -1.36 

E3-(P 5) 1.06 0.906 0.690 0.548 0.502 0.388 

E3_ (P (P 	) -0.707 -0.626 -0.485 -0.373 -0.264 -0.183 

	4,- 
I,3-(P 3) 0.312 0.305 0.282 0.252 0.220 0.180 

I,3-(P 4) -1.73 -1.75 -1.73 -1.64 -1.48 -1.31 

L3_(P5) -0.273 -0.209 -0.128 -0.082 -0.054 -0.035 

L3-(P6) 1.75 1.78 1.79 1.76 1.71 1.61 

, . . 
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knowledge of the nucleon, hyperon and K meson form factors we employ 

an approximation. We set all form factors equal to their values at T,2 = o 

times the factor 

a2 T.2 	1 -2 
F (W) = 	1 4, 

  

(162) 

  

    

with a = 0.8 fermi. 

21 In this way we do not take into account the splitting between F1p‘
fr
4/ 

/ and F
2p

Ch2  ) and the non-zero value of F1n
(x.2) (47).  We are still left 

with the problem of the hyperon magnetic moments. As they are unknown 

the only guides for fixing their values are the symmetry theories. 

We shall use the values predicted by the octet model of unitary symmetry of 

Gell -Mann and Neteman (48). Even hore, there are three possible couplings 

of psoudoscalar meson to baryon, that is, pure F -type, pure D-type, and a 

mixture of D and F. The most favoured coupling is a mixture of D and F, 

and wo select the couplings in such a2  way that gg
11

/g z 	-N5 with 

2 /4 JIE  )2 	 ,NN  gA 	negative and 	 es.) 1.2. The same type of gm  7C,  111  4n 
coupling as that for the psoudoscalar meson with the baryon is used for K* 

so that we write w 	of (116) as 

v s 	02 
	

F2 

4. 
	 (163) 

where F 	is now dimensionless. We set F = 0 and select 	in such a FT 
 



and n 

• 2 `In 'In 

with 

L  n = 1.79 "13  

T 2 	n 

= -1. 91. 

81. 
2 

F2 g K*N2 

4i 

 

4.3 	 (164) 

 

The valuos of the hyperon magnetic moments are given by 

ThustheisotopicpartsofthevectorP.may be written as 

e  gA  
F( 2) 

2 
1, 0.346, 0, -0.141, 

1, 0.578 

 

 

(165) 

so 
.251,-- -0.141, P. = 	F(x2 ) 

[ 1, 
	0.0647, 0,  1 2 

1, 	0 i 

with the aid of (58), (59), (65) and (116). 

The only further parameters to be fixed are the positions and widths 

of the two resonances in the expression (126). Taking the P1  resonance at 

1700 Mev with full width 60 Mev(31) and the F5/2 resonance at 1680 Mev 

with full width 100 Mev we have the values 12.36 and 12.23 for WR  and, 0.0362 

and 0.0604 for r, respectively. 
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The differential cross section may now be written (from (139)) as 

d20 	e2 gA 	1 	qR
2 
 EF (1N?)  -.1] 2  

A 	.L (72) (166) 

	

dR2d2 	4 7c 	47c 	r 2 8 7zM1  R1 
 w 

A 

where L(T2) is given by the functions on the right hand side of (144) and 

(146) andP i  in (153) is replaced by the expression in square brackets in 

(165). 

Until now we have only considered the virtual process YN --) KA 

and in order to compute the kinematical factors of (166) and the functions 

, N P1  and p2 of L(h
2) we have to relate the laboratory quantities of the 

eYe vertex to the barycentric quantities. 

With a Banofsky type of experiment the quantities R1, R2  and aL  are 

programmed together in such a way that V remains fixed (at 12g in our case) 

and X2  varies. By considering the invariants (p1+r1+r2)2  and (r1+r2)2  

in the laboratory frame we can relate R1,  R2  and al,  to W and X 2. The 

relations are 

W2 = M2 - 2R1R2 (1-cosaL) + 2M1 (R1'd  -R-) 
	

(167) 

and 

X 
	= 	2R1R2 (1 -cosaL) 

where al,  is the laboratory scattering angle. 

In the quantities of (141) only x  and r1  aro unknown in terms of 
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W and W2 since all others are given by the relations (14). The 

required expressions are 

r
1 

2M
1
R
1 
 — 

2W 

  

 

(168) 

and. 

r
1
kcos 	•- = k

o
r
1
+ ••X2  

In what follows we fix al,  at 60°. Thus the relations (167) will give 

R
1 

and R
2 

in terms of W and W
2  for the required ranges. Typical curves 

are presented in Figure V. The quantities required in (144), (146) and 

(166) are presented in Table 4 and the relevant multipoles for the production 

of K°A and 

Finally the 

eAviathePlorFiresonances aro presented in Table 5. 
5/2  

differential cross sections are presented in Table 6 and in 

Figures VI and VII. 

Thus with the aid of the Blankenbecler and Gartenhaus method of solving 

the dispersion integrals in the energy region of the dominant resonance and 

the form factor approximation employed in obtaining a numerical estimate 

of the differential cross sections we arrive at the results presented in 

Table 6. 

It is evident that the first result of this analysis lies in the 

/ 
large difference (about 103  cm2  /Mbv) between the P1 and the F5/2  differential 

cross sections — a result that could have been anticipated on general 
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TABLE 4 

5 10 20 30 40 50 

P1  0.910 1.39 1.68 1.52 1.25 0.880 

A l  0.102 0.777 6,09 21.5 59.6 140 

A 2 2.80 6.02 13.2 20.7 28.4 36.2 

P 3 1.39 2.57 6.39 9.95 13.6 17.2 

R1  8.17 9.03 10.6 11.9 13.2 14.4 

R2 0.612 1.11 1.89 2.52 3.04 3.48 

C(w2) 1146 298.8 50.47 13.92 4.917 2.033 

where C. - 
q R2  IF(7)) 2  

in 10-9 
8 ic M1 17 R1  W 4 
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TABLE 6 
	 86. 

d20 
P1(10-37) 

2  
-4 F 	( 1/ 	0 	(3) 

5/2 - dR2d2 

X2 K+A K°A + K A KoA 
-. 

5 599 53.1 15.0 11.3 

10 204 36.4 7.88 8.15 

20 29.1 29.0 4.98 4.52 

" 	30 9.89 23.3 3.60 2.81 

40 9.76 21.5 2.87 1.97 

50 12.3 19.7 2.26 1.46 
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considerations of the angular momentum barriers involved. Once the 

photoproduction analysis settles the question as to whether the 

dominant resonance is a Pi or an F5/2  the relevant coupling constants and Pi 

mgenetio momentp will be airili1;01e„ 

The second result, and the more important, can be obtained by noting 

that the expressions (153) and (154) for the multipoles will give a 

general form of the differential cross section which is a homogeneous 

quadratic in the form factors with known (constant) coefficients. Thus, 

when the electro-kaon production data from a Panofsky type of experiment 

and a firm knowledge of the hyperon magnetic moments become available 

this form of the differential cross section will enable a determination 

of the unknown form factors to be performed, in exactly the same manner 

as has been carried out by Salin(17)  in his determination of the neutron 

form factor from the electro-pion production data. 



PART II 

THE WEAK PRODUCTION OF STRANGE PARTICLES 
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INTRODUCTION. 

To extend the analysis of Part I to the weak production of strange 

particles, that is)  the production of a K meson by high energy neutrino 

collisions with nucleons, we require three working hypotheses. They are the 

Universal Fermi Interaction (U.F.I), the intermediate boson hypothesis and the 

. * 
Conserved Vector Current hypothesis (C.V.C.) . 

In order to explain the remarkable universality of the vector coupling 

constants in g-decay and in (3-decay (remarkable, since strong interactions 

clearly play an important role in the latter but not in the former) 

Feynman and Gell-Mann(19) proposed for the weak intoraotion Lagrangian the 

following expression 

G 
JJ

4 
(169) 

where J stands for the sum of the leptonic current 

'sc, (11-Y5)0 + i7y4 (14-y5)11 

.A 
and the strangeness conserving jg  = 30  + 3g  and the strangeness violating 

s = sv + s
A currents of the strongly interacting particles. The C.V.C. 
4 

hypothesis makes it possible to relate the vector current iv  to the isovector 

part of the electromagnetic current by a rotation inisotopio spin space. 

For an elucidative account of Weak Interac4ons wo refer the 
reader to the review article of J.C. Taylor[49). 
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Thus the current j is proportional to the + component of the total 

isotopic current J
12 
 the isovector electromagnetic current being 

proportional to the z component of —4° 
Similar assumptions cannot be made for the axial vector current .A 

for if it were conserved the decay rate of the charged pion would vanish. 

A The treatment of j by Gcldberger and Treiman(50) 	(51) and others 	assumes 

a partially conserved current and the essence of their treatment lies 

in the assumption that the one pion pole dominates the unsubtracted 

dispersion relation satisfied by the quantityedat4i) . Although this 

could be employed here in our analysis it is rendered unnecessary as we 

write down the vertices associated with the various poles on general 

invariance grounds. The resulting form factors are treated as in Part I. 

Since the leptons interact weakly in a vector (or axial vector) 

combination with the strongly interacting particles it is possible to 

introduce non—locality in the form of an intermediary charged vector boson 

W— in analogy with mesons and photons in strong and electromagnetic 

interactions (52).  In such a case we write 

----P 
= g/-2-  J 95, 	 (170) 

where J is the total weak current, 9f is the field operator corresponding 

to W and g is a coupling constant. If the expressions for the amplitude 

for neutron (3—decay obtained from (169) and (170) are compared then 



8 

g4 	 G
2 

( 	+ m2)2 (173) 

G 2 g - 
2 1-2- 

(171 ) 

where M is the mass of the intermediate vector boson and it turns out 

that 	
10-5  

G = ---- 	 (172) 

We assume that W exists, though by (171) the results of the current- 

current theory are reproduced by letting M 	that is, we have the 

limit 

as 	00. 

Thus the results of Part I can be extended to weak production; the 

virtual photon being replaced by the virtual vector boson and the current 

J (26) having an axial vector part as well as a vector part - the vector 

part given by the C.V.C. hypothesis. 

ii. THE SCATTERING AMPLITUDE.  

Vie follow the procedure of I iii and relate the T-matrix to the 

S-matrix by 

Sfi 	ofi + i(2704  64 (p1+p2 + q + k) Tfi 

To first order in the weak interaction we assume that the leptons interact 



and 

lilA = Kp2 - g tAµ f P1\ j ( 178) 

92. 

with the strongly interacting particles via an intermediate boson of 

mass M, illustrated formally in Figure VIII. The strong current consists of 

a vector and an axial vector part and we write 

whore 

and 

P2, -q, - r2  IT1P1  

2/- 
= 	g ,/2 

J
A  

r;) 	= \-P2  -q 	Ju  l Pi> 91 	(174) 

1-a( -r2) 	(1+y5) u(r1) 

(r14.r2)2 -M2  

= V
A 	

+ A
11  

(175)  

(176)  

Now (-p2  -q 	p1), is the matrix element for the weak production of 

a K-meson by the virtual weak vector boson of four-momentum 

k2 	
(r 1 21 

)2 	- 

and it is this matrix element that we have to analyse in detail. If we 

employ the decomposition (176) and define the quantities WI., and JA  by 

= <-P2 - q I Vu P1/ e 
	

(177) 

then 

= Tilv  +IDA  
will be the matrix element in question. 
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In the case of the final lepton being an electron we can neglect the 

mass of the electron and it is easily seen that the vector e will obey 

the supplementary condition 

k[1 c 	= 0 
	

(179) 

Throughout the subsequent analysis we treat the final lepton quite generally 

and only set me= o for the differential cross section computation. 

By the C.V.C. hypothesis we can relate the matrix element 
	

to that 

obtained in the electroproduction analysis and the essence of this part lies 

in the decomposition of')IlA  in the spirit that1151, was decomposed in PART I. 

We write for the axial vector part the following relativistic 

invariant decomposition 

8 
= 	E 	A. m. 

i=1 
(180) 

with the eight invariant forms given by 

m1  = 	('r.q'r•8 	6  Y.q) 	m5  = i Y.k 2P.e 

m
2 = 2P. e 	 m6  = 	q.e 

m
3  = q.s 	 m7  = k.s 

m
4 

= iy. 	 m8  = 	k.c 	(181) 
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iii CALCULATION OF RESIDUES OF POLES.  

We adhere to the notation of I iv and discuss the various graphs 

of Figure IX separately. 

Single Nucleon Term.  

By general considerations of invariance the WNN vertex : 

k+p1 p.   4 (0) p1 > may be written as 

+ G204vv  G3Ty5  +iG415.175  ]u(p1) (182) 

  

so that the contribution of Figure IX(a) is given by 

Im T1  =7co(s-M)71(-p2)iy5gy  (041+M1) 

is [ Giyii+G2apv  kv+ G3y4y5  +iG4y5kp ]u(p1 ) (183)  

Now the first two terms in the square bracket of (183) have been dealt 

with in I iv and contribute tolrill  so by (62) we write 

Im T I  v=n6(s-1112).71.(-p2)gY  G1L11 + G2 (M3-M4) 1 

- il,'5  Gi  (q.c - 2P.e) 	u(pi) (184)  
I 

We are left with the evaluation of the last two terms in (183). Using 

them.is we can write 

Im Ti = i7cO 	 gy  LG3(m1-m3) LG3m4  

+ G4m8  ]u(p1) 	(185) 
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Hence the residues of the single nucleon pole term are given as follows 

rs(A1) 	g:379-1 	rs(A4)  = 

rs(A2)  = 2gya1 
	

rs(A5)  = gy°1 
	(186) 

rs(A3) = 4G2 	rs(A6)  = o 

for the vector amplitudes, which are identical with the expressions 

(68), and 

rs(A1) 

rs(A2) = 0 

rs(A3) —gig3  

rs(A4) 	AG3  

rs(A5) = o 

rs(A6) = o 	(187) 

rs(A7) = 0 

rs(A8)  = gyG4 

for the axial vector amplitudes. 

Single Hyperon Term.  

The contribution of the single hyperon graph, Figure IX(b) can bo 

written down immediately as 

Im TII .no(u- 2  )u(-p2)isg 
	1 [Gt  y g  + 2 V V 

+ Gvy5  + iG4kµ'y5 (41+)+112)iy y  u(p1  ) 	(188) r'  

The first two terms in square brackets above contribute to Im Tv and have 

been evaluated in I iv giving 
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Im Tv  =905 	) (-p2)g_ r  (G, 	2AG,) 11 	 1 2 1 or L  

- (M3-114) G2 + iY5  GI (2P. c + q.c)J u(p1) 	(189) 

The contribution of the remaining terms in (188) to the axial vector part 

is as follows 

7teo (u-4) 13( -p2) gy(-i)[(mi+m3) G 

- Am GI 4 3 	m8  o;i1 u(pi) 	(190) 

and identifying this expression with 111A  (180) we have the following 

residues from the single hyperon pole 

ri'Ll(A1) = gy  (G. + 2 AGO 

ru(A2) = 2gy GI 	 (191) 

u(A3)  = ru (A4)  = ru(A5) 	-gyG' 2 

u(A6) = 0 

for the vector amplitudes, and 

ru(A1) = -gyG1 

ru(A2) = 0 

'11(A3) = gyG.  

ru(A4) = gy  

for the axial vector amplitudes. 

11:1(A5)  = 0 

ru(A6)  = 0 
ra(A7) = 0 

ru(A8)  = gyG  

(192) 

Im T4  = 
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Single K-meson Term. 

The K-meson contributes only to the vector amplitudes and so by 

(68) wo have 

2gy  
rt(A5 ) = 2 

7\. 
(GI 01  -IK) (193) 

rt(Ai)  = 0 i / 5  
and 

rt(Ai) = 0 i = 1,...,8 for the axial vector amplitudes. 

The isotopic spin dependence of the amplitudos for the process 

'VI" + N 	2+ K will be similar to that of the associated production 

process 74- N—) Z.  + K. 	If p is the isotopic state of the 	W and a 

that of the produced 	2 	then the isotopic invariants are 

AaP 	= 	6 a,13 

A- ap 	2 [ "C 

so that 

A. = A.
+ A+  + A. A 

1 	aP 1 aP (195) 

for 2 production. 

The projection operators for total isotopic spin Z  and 3/2 are given 

by 

(r3/2)aP = 

(Vap 

A+ - A 
 

aP 	aP 

AaP + 2A
aP 
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For the process "W" N -4) A- IC there is only one isotopic 

invariant T so that 

A. = 
1 	Ap 	a 	 (196) 

for A production. 

iv. Angular Momentum Decomposition.  

The methods of I v are adapted to decompose the amplitudes into 

multipoles, In the electroproduction case the multipoles that occured 

were magnetic, electric and longitudinal - the scalar multipolos being 

eliminated by the Lorentz condition k. e= 0 (35). In weak production 

the Lorentz condition only holds for an electron being produced and in 

order to decompose the amplitudes quite generally we include the scalar 

multipolos. The Lorentz condition will only be imposed in the differential 

cross section computation. 

With the identification 

171(-P2)1TIA u (p1) • ix 	 (197) 

where 8 
2 

i=1 
and 

• = 2.12. 	k 25  = c. c o.k 
q k222  = 2.3.0 .k k. 8 	(1.26 = g..1.`; 

	(198) 
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q2k23  = a 0.k 2. e 	k E
7 

= k. s 

q kZ 	cyca• cyok 6 4 =  	0 8 = 
6

0  

we can express the Dirac amplitudes Ai  in terms of the Pauli amplitudes 

/ i 	with the help of the relations (16). The resulting expressions are 

1-10 

'71 
 - (v4M2) 	A4 q 02 

F2 	

0 1/2  -A2 + A7 
+ (w+m1) (A5 - A8) q k 2 

01:13  F
3 	

-A1 - A2 
- A

3 
+ (w+mi) (A5+A6) 

q k 

R
4 

o114  
- (82+152) Al - 	1+82) L2 + clo13 qk 

+ A
4 
- ko  A

7 
+ (w+m1)[1(e1  -1-€) A5  

F
5 - 

F6 = 

02  

jk 

q ol  

- go A6 ko 

= (W  - M2) Al  L4 

= Ai  + A2  + A3  + (17-M1) (A5+A6) 

(199) 
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F
7 	--

,7
— 

 
- A

2 
- A

7 
+ (w-M) (A5 A8) 

k 0
1  

ti 

S  
138 - 	

8 
	

(er M2) Al  + (s1+c2) A2 	- --a0 3 0
1  

+ A4  + koA7  + (G1-M1 ) 11(e1+62) A5  

-qo A6 ko 

These expressions can bo inverted, giving 

2WA1  = F5- F1 

(0)2  A
2 . 

(w+M1 ) { F8+ }0F6  + ko  F7  - F5  I1 

- (17-M1 )1154 	go F3 	ko 	- F1] 

(217)2  A
3 
= 

(V4M1 )(1 F1 	(774-82) F6 - F8 - ko F71 

+ (W-M1 )11F4 - F5  + ko  F2  - (1) F3 J 

2W 
A4 = (V7-M2) Fl 	(W+M2)  F5 (200) 

(2W)2  A
5 
 = -F

1 
+ F

4 
- F

5 
+ F

8 

qo (F3 + F6)  'co (F2+ F7) 
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(2W)2  A6  = F. -F + 	•-F 4 	5 	8 

(17 -"O(U34426) ko (F2+F7)  

/ )2  A
7 	

(W+M1  )I-F8 	(V14.e1  ) F7 	go + 	F6 	F5  

(W 	M1)F4 + q0 F3 - (fi-fe1) F2 - F1 

(0)2  A8  = - F1  + $4 - V5  + F8  

+ q0( F3+ F6) - (w+ 1) (F2+ F7) 

The multipole analysis of I.v follows through with but slight 

modification. The vector part is identical with that for the photon and 

the treatment of the axial vector part is carried out as follows. 

We note that for a vector boson inducing a magnetic transition of 

order 1, the parity of the initial state is (-1)1+1, whereas for an 

axial vector boson it is (-1)1. Now an initial state of total angular 

momentum 14 will load to a final state of orbital angular momentum 1f=1 

in the vector case. As the relative intrinsic parity of the initial state 

to the final state is oven for the axial vector boson (which will require 

that an additional factor of G.J. be included on the left of the summation 

in (76))the final state will have orbital angular momentum if  = 1+1 and 

therefore total angular momentum if  - v. The electric, longitudinal and 



102. 

scalar transitions can be treated along similar lines. The overall 

result is that the following replacements must be effected in (76): 

(Multipole) 

1K 

---> (Multipole) 
IK  + 1 	(201) 

so that the decomposition of 	into multipoles is given by 

[ 
21 	1 0 	+ A = 
1 i .-`a El 2-4k in 1+1 

+ 1  2aa P1 SAM1-1 

- e 	L. 5:-  - P1 2.2c 	+ P E 1 	1 -- .k  --AC 1 

- 
+ 

2°1-s (1+1)+ 
 

:41 	-e'h 

+ - P e (1.1-1) 	.rP 1 	o 	t../ 1 	1 co  151 

. (21+1) Pl(cosO) 	(202) 

On performing the operations indicated in the summation above 

and identifying the final expression with (197) and (198) the required 

multipole decomposition of the A is obtained: 

- 4.(14.2)1-04-1 	Ei I pi(x) Ji +E 

 



13, = r1f 1 	0.+1>c4;1]  pi(x) -, 
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sl E 	+Fi-  +iri+11 P5x) 

2  [151 - (1+1)5 	Pi(x) 
1 

115  = 	 [1f 1  ri_ i 	( 1+1 MI P3.4.1] 

(203) 

"  
= 	1 	[(1)11. -ED P1-1 	(E 1 +rnI) P1+1 

.17 = -15 x6 	 [( 1+ 1 ),,(431 Pt 1+1 	1‘4-  Pt 
r 1 1"11 

= [0:061 

1 

	p
1+1  - 

1
51 Pi"1 

These expressions can be inverted to give 

 

+1 

dx [71 P1-1 +15 P1 -73 

P1-2 P1 Til 21-1 

1 

+1 1 	 P - P1+2  J , 

131 P1+1 5P1 +1,13 , 20.1.1) 	"1 	 121+3 

+1 P1-2 	- P1 dx [ 	 5 31 P1-1 	P1 ../ +11 (1-1) 
21 - 1 

.46 1 

P
1-1 

P
1+1  

1 

21 -1 

21+1 



E - 

1 +1 	 P1 P1+2 
1 

.r dx P 	+1 P 	(1+2) 
2(1+1) -1 71 1+1 

j5 1 73 
	21+3 

—16(1+1) 
P1-1 P1+1  

21+1 
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1 

 

T 
dx 	(,)-1  + xj3 +12) P1-1 +(+ 	) P1  5 6 7 1 

21 

 

 

-1 

  

1 +1 

dx (11+ 

-1 

 

x x  3 	2 P1+1 + 5 + x76+) P1 2(1+1) 

  

s; - 
+1 

dx17A P
1-1 

+78 Pli 2 1 	-1 

 

 

+1 
dxl 	P1+1 + 4 1+1 	8 1 

2(1+1) 	-1 

  

5
+ ` 

 

 

(204) 

 

Finally, using equation (187), (192), (194) and (199) vie can write 

down expressions for Fi(B.A). They are 

ro  (121) 	(W+M1) gy  G3  

; (F2)  = 	(W4411) gY 04 

rs  (F3) g. 0 = rs (F6) 

rs  (y4) = 	(W+Mi) gyG3  + (W+Ni) Aso  gyG4 	(205) 
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r8 
(F . ) 7 = 	417-211) gy  G4 

rs (F8)  = 	(W-M1) gy G3 4. (W-M1) ko gY G4 

r
u  

(F.) (W+21„12- Mi) gy  

r 
(F2) (V1+111) gy  

ru (B,3) = 2gyG 	= -11A) (206) 

ru (F4)  = [(WI-2112  -1/11) -2qoigyG 	ko(W+Mi) gyG4 

ru  (F5)  = 	-(W-2112+111) gy 

ru  (F7 ) = 	-M1) gy 

r  (Y8) 1.07-2m2+mi  
r, 

) -2q.0] gya.:3  - ko(1,7-M1)gyGt 
4 

and 

Pt  (F1) = 	0 	i = 1, 	8  (207) 

This completos the angular momentum decomposition for the s -channel. 

As the analysis of the u and t channels does not enter into the subsequent 

work we omit to give it. 
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v. THE DIFFERENTIAL CROSS SECTION 

We treat the case of the final lepton being an electron and so 

the supplementary condition will reduce the number of effective amplitudes 

from eight to six in the axial vector part. The results of I. ix equations 

(127) to (135) can be taken over for the present analysis if we employ 

the following substitutions; 

equation (132) 

equation (133) 

4 1-- 1- 	. 
0 

( 

a 11  --> 

I,i A 
..:t a 

:1- + i 11,, ) 	e v 	A a, a 

= expression (133) 

(208) 

= Sita C3a, 

+ v.g 6.k ka  +k 74) 
0 

+ 2.A.  2.k qa.  

+ 2.h 6a5 + 	k + ka ( 	—Lc j8)   
0 

(209)  

where we have used the supplementary condition k.e = 0 to eliminate the 

terms proportional to eo.  

Hence 

Tap act.3 (210)  

where now 

II 
Tap = i Trace T a  v vv * + 'IL tl.A p* .... 	0Ja J 

. )-TA fiv* 	i  v +  p 	CL p 

(211)  
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and 

2 g4 

e 	
2 0)2  
	 Trace L_il y (1+y5)/2  ya,  (1+'Y5) 
( +  

 

(212) 

  

This trace can easily be performed and gives 

16g4 

saP 	74112)2 
2 r

la
r
ip 	ka

r
1p 

k
p
r
1a 

+ 2 7s.2 6ap +i 	k r ap 3q p 1 q 
(213) 

whore the Greek indices run over 1, 2 and 3 and the Roman indices over 

o21,2, and 3. 

When the tensor contraction (210) is finally executed the resulting 

expression arises from symmetric and antisymmetric products. In the 

tensor eaP the first three terms are symmetric with respect to the 

interchange a<H4 p whereas the last term is antisymmetric. Denoting 

those by esaP 	
A
P 

and e and the corresponding symmetric and a anti— 

symmetric parts of T
aP 

by Ts and Tap  the contraction (210) becomes 

1111  2 es eA Ts 	TA  aP aP 	aP aP (214) 

After some lengthy calculation of the traces the following expressions are 

obtained 

P 
s 	 '1  = 	( ao + 1) a,P + (p

o 	
131) [ 1. a, 1133 
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+ 	(Y.+1 	a.  f3 ) q q + (60+61 ) 	(qa 	+ 41c1131Za) o  

[2 	c ( 6 tti 	+6 ing  11a ) 2 Im (mo) • qp, 	o   

(• Sa Ci.p +6041  cia) 21m kmi  ( 215) 

and 

aP TA 	(eo+e1 ) (1\00,1 p, 4a)  

+ i8ar3y (1o  y+ 11cl y ) 

r 

▪ ikog 	(ccovkp 	..7\12  Ca) 2Re (m0 ) 

• (c 	lqp  —60:cia) 2Re (rni )) 	(216) 

where 

ao = 151t2 +11I2 
 

— 2x Re (Y1  16*2 ) 

k 4  _ 2  k 2  1 
k0  ko 	ao 	[ 1 

2 
( 2 

ko 

 

(Ti ) 2 x Re 



Yo = 
	

+0412  2Re oi  • 4  + J2  j3  
* 1* 

x  

2 
= —2 (k 	{1 	(f— )2  6o 	xYo 	 2Re (Ti ) 

o 

109. 

( 217) 

eo = [1 — 

1 = 3'116 +12 :IC; + J2 5*5 '1371 +731; 

+ 741 	x (13 :5*6 73,7 2 +1414'5)  

132 1 2  
+L512 .1.t..7612 + 2Re 	106* 	1•1 

( 1:75 — 3c07 2 5 

+ x% J6 ) 

for tho VV part 

1112 +11512 412 + 2x Re ( 1r5) 

)72  + 	7A  2  47_ + 	78  1 2 
o 41-  I 	r 	o 	I  

	

+ 2Reir + 2x1j5  +x (,1  + 	 k 
( L I 	 2 ko 

Ri  



(31+ x?,3 +.15)1* 

kk 1 
(x14 + J6): 0 

2  o 

+16 

kg.* 	Hie 
41 J3 - J-5J4 

110. 

1 = 1 3 12 4116 1 2  2re ( 1  -6 	3 5 I  * f T '- 4 3  6?) 4   
if) 1 = 	2Re (tit ) (218) 

01 
	21m (T2 ) 

= 3`14(-1  +111,*5  4571  + (2x 3  +16 )7; 

+ (11.1+ A -1-0 (f7  + k * 
4-8 )  0 

+ (1=3 -15 +316) (12 	0 

for the AA part, and 

10  = 2Re j1 5 

rf11 	2Re  1 1 

— !I--2x 	11 2 1 	2 5 
te 1 

J2 15 

m0  = j1 ( + 04)* 0 

:4  

}5{52 
*  

=I1 7  3 +5216 

for the VA and AV parts. 

m1 

(219) 



eThe quantity yrr 	can now be formed by contracting the relevant 

parts of (213) with (215) and (216). Thus 

(72 + M2)2 2 

16g4 	 
11111 

  

= (ao+a,i ) L2r2i  - 2k r + 3 2 
2 X  

 

( P0+(31 ) 1212 (ic- tN1 )2  k 
2k2 	+ 	k2] 

rri ) 
12

2(a•r1)  
2 	 2 2] - 22.k A..s1  + 

(6o + 1 ) 	 _q.k k.r1 	k2 2. 1  r -- - - qk  

.a.k  

- 2 Im (m0) 

-2 Im (m1 )  

q
1 
k2 	

r1  .kA 	k2) -  

T1 64ivg. (2a.1:1 

-(00 + el ) —I po (11.!CAL) 
qk 	• 

 

{ k2 r10 

 

1 
k r .k k -1 	c 

  

-211 qs.•1 r10 	r1 kol 

ko  
-2 Re (m0) —2 	k.ri  - h2 2..zi] 

qk 



1 
- 2 Re (m1) 	r10 (a.k ook 	2

k2) 

-ko (a•h-g..-111 	2)  (220) 

  

Hence the differential cross section takes the form (c.f. (139)) 

d
2 	

g4 	R2q 	1  

dR2d2 	- (2 '45 21,11R1W 	
(72+112)2 

  

R.H.S. of 

(220) 

 

aF2 

   

   

(221) 

To perform the integration indicated above we first of all note that 

the scalar and triple scalar products occuring in (220) can be expressed 

triconometrically with the aid of the angles defined in Figure N. Thus 

d2 = d(cos0) (10 

cos a 	= case cos* + sine sin* cos 0 

sin a. sin W = sin.9 sin 0 

and 

ja.ri  = q ricosa 
	

Icor = kr1  cosi/ 

= qk cos9 

.E.1111 = rikIsin*sina sin W= rikq sin*sin0 sin 

so that all quantities under tho integral in (221) can be expressed in 

terms of the angles*,0, and. The integration over 	can be performed 
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immediately since the functions of (217), (218) and (219) are 

	

independent of 0. Integrating over 	and redefining the integral 

of (221) as 

+1 

f 4 7c F(cos0) d(coso) 

-1 

vie havo 

P(cos0) 
	

(ao + al ) (P1+P2) 	(Pot-131) p1 

. + (yd+y1 )(cos2Opi  + -os ln2  p2) 

(222) 

	

(60+41 ) coo 	- 21 pi  — 210  p3 	1cos& p3 

+ 2 Re (m1 ) sin2  0 

where p
1 
 and p

2 
are given by (141) and 

= 2  r1  (k k 0cos *) 
	

(223) 

For convenience we decompose the function F(cos0) into parts 

arising from pure vector, pure axial vector and vector-axial voctor 

interference terms. Thus 

FKO) = F (0) + FAA(0) + FvA(0) 	(224) 

and the three functions are defined in Tables 7, 8 and 9 respectively. 
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As we are interested only in the Pi- and F5/2 
resonances we proceed 

with the cos0 integration by retaining only the relevant multipoles in 

(203). For the P1  resonance they are 	1,1_ and E1_, 5.:11 _ for the 

vector and axial vector amplitudes respectively. For the F5/2 resonance 

they are M3_, E3_, IJ3" and103_, E3_, 53_ for the vector and axial vector 

amplitudes respectively. It should be noted that the supplementary 

condition allows the elimination of either the scalar of the longitudinal 

multipoles. This can be seen by noting that the combinations 142  + 
o 

and 	+ t18  modify the multipolo expansion (203) and thereby 

introduce the quantitydr+ k  S which we denote by S. o 

P1  resonance. 

For the axial vector amplitudes we have 

Ck 
f 1 	S 2 	ko  

= 	= 
5 

= = 0 
o 
k 78 

and. 

2  = M1_ J• 6 = L1— 

E 1 — 	ko 

Ix=  
I 	j 3 == 4 	sa 5 0 

for the vector amplitudes. 



3 -3 

(227) 

2" 

-9x k + k
o 

 3x 

(3(5x2  -1) 

-15x 

-9x 

3 
2 

2 (5x--1) 

15x 

0 

0 

0 

0 

\\ = 

83- 

ko 3- 

We therefore have that 

. 
F (x) 
vv 	= P2 (11-)2 p1 (L1-

)2 

FAA 
(x) 	

P2 1- )2  + Al ( 

F
VA (x) = 4 p3  

„ 

(225) 

Thus 

+1 

F(x) dx = 
-'1 2 [ 

P2(M1-)2 +6) (I'1-)2  

4p3  

S )2 + ( Lc 12  
-.1..P2‘`1-/ 	Pi` ko -/  

(226) 

F5/2 
resonance. 

For the axial vector amplitudes lie have 
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and for the vector amplitudes the required expression is given by (145). 

From (146) we already have that 

+1 
Fvv(x) dx = 18 j p2 2(M3-)2+(B3 -)

2 4.    
j  1 (L3-)2  

-1 
For the pure axial vector function FAA(x) we have from table. 

[.! 
' 	1  FAA(x)A(x) = p2 	+ 27x2 _ 	 x`- 	] on3-  \2 

+ P2  2  (1 - 18x2  + 25x4)] 2 
[ 

• p

2 	
51 x2 	12 
4 

• P1 	
1  [--4 (.1 	2x2  + 5x4)] 

0 

Thus 
+1  

FAA 	 3 (x)dx = 18 R2  (3 - )2  + 2 ( F3_)2  + 3pi  (t-- 	j2]  (228) 
-1 	 o 

For the interference function FVA(x) we have 

FVA(x) = 9 P3  [I(25x4 	18x2+1) 1(4[3..) (111...)-(E3_)(E3_)1 

+ 2 (5 x4  - 6x2  + 1) (E3..) (01_) 

+ (5 x4  + 6x2+ 5) (M3_)  (F3-) 

so that 

••• 

(")1_)( e3) 



By equations (204) we have 

+1 

-1 
ditIlpo  1g6  1  (P 0-P2) -P2  )1] 3  E _ - 2 

k 1  
k 	1- =  2 

0 

+1 
dx{ .4341+ x 3  + 

-1 

120 

#06 FVA(x) dx = 72 p3 L2 (M3...) (i;_) - (B3..) (43..)1 	(229) 

-1 

Collecting terms together we have for the F5/2  resonance 

+1 
F(x) dx 

-1 

r r 
\2 4.(.23..)21 4. 3f3.1 (L3_)2 = 18f P t2(LI 2 3-/  ‘ 

f r 	/%4_.2 4. 1,,1 f  k S3-}2 
0 

12  (t3..)2 + li" ) 	jv  ‘ k 	3-.1  0 

+ 4P3  2  (M3_)(c) - (E„) (1)1 11 
L 

(230) 

vi. 	CAL ANALYSIS. 

In the framework of our analysis the numerical analysis requires 

the form of the multipole projections of the Born terms Fi(B.A) 

given by (205) and (206). The relevant multipoles are 	and S1-
for the pi resonance and 

'?3_,13_ 
 and S3-  for the F5/2  resonance. 

+.16 + 



121. 

+1 

-1 

+1 

-1 

dx1 ; 

P2 

P 1 	2 

45 P3 

+11 P 
rt 5 3

L  

/j
3 5" 

1 
4-   

+ y 2 

(p  

5 (P
1-P3) 

703  = g 

1 
3= g 

+7 3  
6 7 

(P2-P4
)] 

+1 
k 
ko J--4/ 	2 

-1 

4- 	+ (17 1-c,71P8)i P3] 	(231) o 

With the aid of the relations in I.x. and the following linear 

decomposition of the multipoles 
3 

Multipole = 

	

	 (232) 
i=1 

with 

o = ( gyG3  gy 	 (233) 

the integrations implied in (231) can be performed. The Pri. are given 

by 

C 1-(G1)  = 61 

-(c32)  = 62 Qo +63 Q1 -64 ( 	- Q2) 
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k 
61 + 62 0 k51-(a1) 

k  
ko ̀ -' 1- ( q2 ) = (66 - 67) Q0  + (S8  - 6_y  - ' 10 - a64) Q1 	(234) 

= 0 

- 
 3I

- 	 1 ( 
. 

62Q2  + 63Q3  +610 5 - ‘Q,1 	..) - Q.,) I 
0 

/ 

=3[A 2 . +6 Q,3  - 261 	5- k0 	Qi  - Q3) ..... G.2  

- 3  64 17 (Q2- Q4)  

it-  5 3- ( 9 ) = 0 0 

F 53- (Q2)  = 1 4I (66 -67 - a610) 42 0 

whore 

6 	- 1 

6 
3 -  

+ 	(68  

c102 

-0, - 

62 

6 - 
4 

a 64) Q33 	 (235) 

q02  ( W + 2M2  - M1 ) 

W- M1  

k (W-2M2+M1) 

2qk 

2q 01  

02 2qk 2qk 



a 

 

k ( 	2112  + M1) 2q 01  
64  

2qk 
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3 

  

 

0
2 
2qk 

 

qk2 W+2M
2 
 -M1 	41(

2 

	

65 - 06 = 	
(02+ 001.17-) 

1 ko 
0(W-M

1
) 	 2qk   

2 
W -2M

2+ bit 	
/ k 	k01) 

6
7 
- 

2qo  qk 
6 	8

7 
= 

2qk ko  01 	 2qk 	2 + loo  

2q0k 01 	2 q2 k 
69  - 	 610 - 2qk ko 	2qk 01  (236) 

Again taking 12=1 the functions above can be tabulated for the 

specific values W= 12 and W2  = 5, 10(10)50. The results are presented in 

Tables 10(a) and 10(b) for the P1 and F5/2  resonance respectively. 

We have now to decide what the form factors in (233) should be. 

The vector part is fully determined by the conserved vector current theory 

so that the quantities of I.x. can be taken over with but slight 

modification. For the axial vector part considered here the form factors 

are again set as 

= c(o) F(7%.2) 

with F( 72) given by I.x. 

For the form factor G3(W2) we know that G
3
(0) = 

GA/ 
/G = 1.2 

. and for Ge
3 
 kW2) we set it equal to unity at W2 = 0, although ideally this 
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TABLE 10(21 

P1  2 5 10 20 30 40 50 

E1-(01 ) 0.2347 0.2363 0.2396 0.2428 0.2464 0.2490 

t1-(°2 0.2005 0.1989 0.1958 0.1928 0.1898 0.1869 
) 

k c 	t 	\ 
k•/1-`

ri
-11  0.3158 0.3461 0.3845 0.4471 0.5332 0.6506 

k 5  
0.2090 0.2102 0.2141 0.2208 0.2450 r  0.2662 

ko 1-(°2) 

TABLE 10(b)  

10F512 5 10 20 30 40 50 

1113(°1)  0 0 0 0 0 0 

1031.°2) 0.5492 0.6097 0.6828 0.8054 0.8927 0.9448 

E30 )  0 0 0 0 0 0 

E3ia2)  0.0832 0.0937 0.1128 0.1294 0.1444 0.1572 

kc (0  0 0 0 0 0 0 
J-` 1 

k S3- 	2 ( a 
o 

0.0660 0.0722 0.0825 0.0905 0.1126 

r 

0.1570 



( dR2d 2 )Resonance [Numbers in brackets denote d2 a 

power of 10 1 
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coupling should be considered as a parameter of the analysis. It 

turns out that the qualitative features are reproduced for a wide range 

of values of G3(o). The results for the process W + n 	K+  + A 

for the two cases aro presented in Table 11 and graphically in Figure X . 

TABLE 11. 

'..----!,: 

. 
5  

10 20 
. 	,. 

30 40 50 

P1 2.87(42) 5.13(42) 6.14(42) 5.88(42) 6.51(42) 6.85(42) 
2 

F5/2 .289(46) 1.00(46) 1.96(46) 3.11(46) 3.71(46) 3.98(46) 
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FIGURES 

FIGURE I(a) 	The four-vector diagram for the electroproduction 
of K mesons : 

e(r1)+N(p1) e(-r2)+Y(-p2)+K(-q). 

FIGURE I(b) 	The electro-kaon production diagram to first order 
in the electromagnetic interaction. 

FIGURE II. 	The diagrams which give rise to poles. 

The Feynman diagram for K exchange. 

The polar diagram for the definition of the angles 
occuring in the differential cross section formula. 

Curves of constant barycentriq energy W and constant 
invariant Momentum transfer V as a function of the 
initial and final electron energies R1  and R2. 

FIGURE VI. 	The 	differential crosqsecgons for K+A and K°A. 
electroproduction in 10-i)  ce/Mev. 

FIGURE VII. 	The F5/2 differential cross sections for K+A and K°A 
electroproduction in 10-39  cm21Mev. 

FIGURE VIII. 	The Weak production diagram to first order in the 
weak interaction. 

FIGURE IX. 	The diagram which give rise to poles in the weak 
production. 

FIGURE X. The Pi -0  and F5/2 differential cross sections for th9, 
processAcY +,n 4 e-  + Kt +A with units of 10-9' 
and 10-4u  cm`/Ilfev respectively. 

FIGURE III.  

FIGURE IV.  

FIGURE V. 
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