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TO MY PARENTS 



ABSTRACT 

We study high energy backward scattering in three 

different approaches. 

Firstly, covariant Reggeization techniques are extended to 

fermion exchange processes including those initiated by 

photons. 	The relationship between covariant Regge vertices 

and s-channel helicity vertices is obtained and tabulated. 

A consistent way of extending the Carlitz-Kislinger cut 

model to any backward process is considered and the impli-

cation for the dip structure is briefly surveyed. 

'Secondly, a model with a supermuitiplet Reggeon propagator 

is used to generate polynomial residues for ITN backward 

scattering. 	The As-residue is found to extrapolate very 

well from the A(1236) pole to the scattering region, where 

it also exhibits its 'peripheral-like' zero structures. 

A reasonable good reproduction of the -711).- pw" data is 

obtained. 	The Na-residue gives a correct value for the 

wN-coupling constant, but extrapolates badly to the 

scattering region presumably due to large symmetry breaking 

effects. 

And finally, the dual absorptive model is extended to the 

backward direction and applied to uN scattering. 	All the 

qualitative features of the observed data are reproduced. 

The model gives consistent parameter values for the N- 

amplitude. 	An inconsistency is found fOr the A-amplitude, 

which may be attributed to the incorrect form of Re A(Ax=1). 

Possible mechanisms for a correct form, within the dual 

absorptive idea, are briefly discussed. 
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5. 

CHAPTER I 

GENERAL INTRODUCTION  

Since the original work by Regge in 1959 (1)  demon-

strating the existence of poles in the complex angular 

momentum plane for potential scattering, and the subsequent 

extension of the ideas to relativistic scattering by Chew 

and Frautschi (2)  the most useful concept in hadron-physics 

has been the idea of Regge pole-dominance of high-energy 

amplitudes. 	It was then shown by Gribov (3)  that the 

baryon Regge poles which dominate the scattering amplitude 

near the backward di rection should occur in pairs, the so 

called 'parity doublets' if the trajectories are linear, 

as suggested strongly by Chew,Frautschi plots. 	However, 

some of these are certainly not observed and this is 

usual ly explained by giving the residue a zero at appropriate 

points, which is rather unnatural. 	Lyth (4)  and Jones (5)  

suggested a mechanism for changing the form of baryon 

trajectories at thresholds and thus moving the parity part- 

ners away from the expected positions. 	An alternative was 

suggested by Carl i tz and Kislinger (6)  who introduce a fixed 

kinematic cut in the scattering amplitude, which is respons-

ible for removing the parity doublets on to the unphysical 

sheet. 	This model involves problems concerning the high 

energy behaviour, the absence of the usual nonsense dips 

and the most important of all, unitarity in the u-channel . 

However, Halzen et al . (7)  showed that it is possible to 

obtain a reasonable fit to the data ;albeit with an un- 
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reasonably large pion-nucleon coupling constant. 	A 

modified Carlitz-Kislinger model which respects unitarity 

has also been proposed by Lyth(8). 	In chapter II, the 

model is discussed briefly in the covariant formalism. 

In a simple Regge pole model, dips in the angular 

distributions are simply explained in terms of nonsense 

zeros in the Regge residues. 	However, there are cases 

where the wrong signature nonsense dips do not appear. 

This can be explained by introducing either a second 

trajectory or a Regge cut, but then the simple dip- 

mechanism is lost and the theory has no predictive power. 

In connection with the fixed cut model in the covariant 

formalism, we give a qualitative dip mechanism in chapter II. 

A long standing problem in the backward scattering 

has been the incorrect extrapolation of the As-residue from 

the scattering region to the A(1236) pole. 	The extra- 

polated residues are too small to account for the observed 

width. 	This indicates the need for a more complicated 

parametrization of the Ls-residues, which is clearly 

outside the standard Regge regime, including various types 

of Regge cut models. 	This is shown in a recent review 	by 

Storrow and Winbow(9). 	In chapter III we consider a 
O. 

Reggeized supermultiplet model which generatesA polynomial 

da-residue which extrapolates extremely well and also 

possesses desirable zero structures.in the scattering region. 

Recent measurements of polarization in 412 backward 

scattering have resulted in new puzzles for backward 

phenomenology. 	None of the conventional Regge pole or 	cut 
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fits came close to these observations. 	In view of this 

situation, Barger and Olssen
(10) 

made a remarkable model-

independent analysis of the existing 7cN backward scattering 

data, in which the explicit contributions of the N(Iu  = i) 

and A (Iv, .%..) exchanges to the differential cross-section 

and polarization were deduced. 	Their essential conclusions 

are: the N-exchange amplitudes are consistent with the 

usual Na  -amplitudes with nonsense zeros at a 	but 

with a completely different phase from that of a pure No(  

Regge pole; the imaginary part of the non-flip and the flip 

(s-channel helicity) D (Ia.= :VO -amplitudes have linear 

zeros at 1.1.= -0.15 and u s-: -0.5, respectively. 	We show 

in chapter IV that a simple dual absorptive model is con-

sistent with all the above observations. 

We may therefore conclude that, in addition to the 

conventional Regge pole, both weak and strong Regge cuts 

are also necessary for a correct description of high energy 

backward amplitudes, but only in the appropriate s-channel 

helicity amplitudes, as required by duality. 
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CHAPTER II 

COVARIANT REGGEIZATION FOR BACKWARD SCATTERING 

2.1 	Introduction  

A method of Reggeizing invariant amplitudes which 

uses the idea of elementary particle exchange as a guide 

was first proposed by Frautschi, Gell-Mann and Zachariasen 

about a decade ago
(1)

. 	Due to the difficulty of obtaining 

the general spin J-propagators, this method was superseded 

by the conventional method of Reggeizing cross-channel 

(t or u) helicity amplitudes(2). 	However, the latter 

method has difficulties associated with the fact that the 

amplitudes are required to satisfy some complicated kine-

matic constraints in the forward (backward) direction")  

and at various thresholds and pseudo-thresholds"). 	In 

order to overcome this difficulty two methods have been 

developed. 

The first method is to work with s-channel helicity 

amplitudes (SHA) instead(5), exploiting the simplicity of 

the crossing-matrix at high energy and the fact that the 

kinematic singularities of the SHA and their constraints 

occur in regions far from that of physical interest. 	The 

advantage of this approach is that the cross-sections and 

polarizations are easy to obtain and that the explicit form 

of SHA serves as a natural input for high energy calculations(6) 

The main difficulty with this method is in keeping track 

of the nonsense factors, which appear explicitly in t 

(or u) channel helicity amplitude. 
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The second method is that of covariant Reggeization, 

i.e., Reggeizing invariant amplitudes, which is now made 

feasible by knowledge of the high-spin propagator-tech- 

nique
(7-10). 
	This method, which makes use of covariant 

M-functions rather than helicity amplitudes, is therefore 

free of the kinematic constraints of cross-channel helicity 

amplitudes. 	Furthermore, explicit forms of covariant 

coupling functions provide a clear and tractable view of 

nonsense factors (or dip mechanism) present in any parti-

cular amplitude; a definite advantage over the helicity 

formalism. 	In this approach a single Regge pole amplitude 

automatically factorizes in terms of covariant couplings 

and it contains the correct threshold and spin factors 

which are crucial for continuation in energy and in the 

complex J-plane. 	Also the method is closer to field 

theory and is therefore capable of extension to higher 

symmetries
(11)

. 	However, the disadvantage of this method 

is that cross-sections
(12) 

and density-matrices are rather 

hard to obtain. 	Gault and Jones
(13) 

studied the relation- 

ship between the two approaches for forward scattering, 

where they showed that the two are in fact closely related, 

thus providing a Reggeization scheme which contains the 

advantages of both methods. 

In this chapter we extend the method of covariant 

Reggeization to backward scattering processes, where unlike 

the forward case, factorization into s-channel helicity 

vertices is not automatic, and Gribov parity doubling of 

fermion trajectories(14)  is also involved. 	In section 2.2, 

the covariant formalism of Reggeization is briefly reviewed 
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and the extension of these techniques to backward scattering 

is made in section 2.3. 	Section 2.4 is concerned with 

the gauge invariance of photon vertices. 	Regularized 

gauge invariant photon vertices are derived in this section. 

In section 2.5, the calculation of s-channel helicity 

amplitudes corresponding to the asymptotic M-function is 

considered. 	From the nature of high-energy kinematics and 

the form of fermion Regge pole exchanged amplitudes in the 

s-channel, we show that the SHA are in fact factorizable 

into helicity vertices in asymptopia. 	Calculations of 

helicity vertices for all the coupling in Table I are 

performed
(15) 

and the results tabulated in Tables II and 

III. 	Section 2.6 is concerned with the discussion on the 

kinematic zeros of the covariant residue functions at 

nonsense points in 4 the dip mechanism. 	The kinematic 

cuts arising from the Reggeon mass term are also considered 

in connection with the extension of the Carlitz-Kislinger- 

cut model to any backward scattering process. 	Finally, 

the conclusions follow in section 2.7. 

2.2 The Covariant Formalism 

(a) Spin-J Projection Operator 

The projection operator for an on-mass-shell (02  = m3) 

boson of spin-J is defined by(7)  

( A  ) 
J.  z (x) 	(x) 

F.-- ti  3 a,.. 17 	 3(L)gl.  

where the wave function 	(1. 	( b) 	is defined in 
q,•• ix:  

terms of the basic spin-1 wave function 	z(ot" ( a) , and the 

(2.1) 
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totally contracted form is 

ita.) A) = 13(31 —  'Ph 6:-)Tell--93 3 (41-- 4s ( 6) 610(1-6ki 	( 2  • 2  ) 

where Q and P are some initial and final momenta defined in 

is traceless 

and symmetric in both initial and final indices, and 

satisfies the condition 

T 	 to? p 

A 	" es-13- 	as  ( 4) = Ao, v 	3. ; .. c <  (2.3) 

Partially contracted forms, such as 	6 	or 0153d  ) 

may be obtained from Eq. (2.2) by a differential technique(16)  

and are given in Ref. 7, e.g., 

gyp„ 	, 0,; ) 	Pa,... Pis  6;s 	 &c,•-R,3 

= 	ei) 3- (p,ek i ,a) 

6)7 	(Pick•JA).--  I 	3 	PT (P•C:t 4) 
(3-1) D-Po, (2.4) 

etc. 

A spin-J boson exchange contribution in the t-channel 

to a spinless particle amplitude (Fig. 2.1) is proportional 

to 

Fig. (2.1). Clearly 93-  r f. 03 ; - 3 41 	4  



P =16( 10"4-02  
Q. =14( q1+q )2  
A= (10,-02 

P, m 

13. 

ci ,,u 	. 	cr,p1  
.7' . 	. . 	 . 1 	 3 

Fig. (2.1) t-channel kinematics 
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Fig. (2.2) u-channel kinematics 



97( p,-Q; ) = C3 3( 1) ) ) - 

r(J + 1)  where 	
J = 	• r(J ' 	+ i) 

and the solid spherical harmonic P.7  is related to the 

usual Legendre polynomial Pj  by 

0;(v)  = 	P(A) Guto (-p7(.t) 	 (2.6) 

with ?Hi). la (A) = 	pra)116m/1)1 	3  Gt o)s-__. A _ Q.4 6 
2. •Yri 

By differentiation and using the covariant recursion 

relations for 0J'  one can easily obtain explicit forms for 
the p,:rtially contracted projection operators, such as 

5) 	P1 -0,; a) = cy r os  ( A) 	— c-A,00 Pp(a) 6)31_,] . o, 	 L. (2.7) 

In the case of a spin-J = j + 	fermion (j integral), 

the projection operator and its totally contracted form are 

respectively given by 

n  
( K ) = 	Too(  aj  ( K 	( A) 	K) 165 P1 N -• 	3 etc. °C 	 4,- 0(3 3 2.8) 

where c<5 (K) 	is defined in terms of the basic 

spin-1 and spin-i wave functions, ET(K) and uT(K))  

and 

7 (W,A K 	 111(3; 2 3.f.s..  

where the momenta A', A and K are defined in Fig. (2.2). 

Again the traceless symmetric tensor 	(K) satisfies 
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= Ka, Y- )  t3,— psi 41-0(3 k 	 ) $1" 	; c/o - • c4-1 

(W—  3) )r4;ar.di (f‹) = 	—114J ) 7  ( K) =0 

It can be shown(), in a similar way as in the boson case, 

that 

= chi 	ir(g)(6z-00X0060 (2.11) 
S+1 

( A , A; 	11_ 	tV (,i1) K) 
j ant 

(2.12) 

etc., where we have used the normalization 5u = 2mj, and 

6) +1 	denotes the derivative of ei+1 	with respect to 

the argument T; 

K) A ( K) = I f1/ <)1 I A(g)1 	
(2.13) 

(b) Covariant Coupling Functions 

The interaction between three on-mass-shell particles 

of arbitrary spins may be expressed in terms of an effective 

Lagrangian 	— 	(3): CoP(2),T(.0 	(1 + 2 -4- 3) where the 

covariant coupling function C depends on the momenta, 

metric tensors and y matrices. 	Parity conservation requires 

'normal' and 'abnormal' C -functions, the normality of the 

vertex n being defined as the product of the normalities of 

the particles; 

= 111 nah3 	
(2.14) 

with ni  = (-) 	x (intrinsic parity) (si  = Ji  for boson, 
si  

J - 	for fermion). 

Various covariant coupling functions are listed in 

(2.10) 
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Ref. 7, where the 'reduced' coupling functions e may be 

introduced by the definition 

P4-- 	= 	(at (45 PISsti 	PO3 
	

(2.15) 

where as many factors P
0 
 are taken out as possible. 

The relevant boson-fermion-fermion reduced coupling 

functions are listed in Table I. 

(c) M-Function and Reggeization 

Consider the high energy scattering process 

	

q(s1) + p(s2) 	q' (s3) + r(s4)(Fig(2.1)and(2.2)). The M- 

function is defined from the helicity amplitudes as 

(4,.) 	(A,) 

	

< 0,4 ,c0,3 TI 	00 ( IT )( R./ ) 	y 	(17) y 	) 

(2.16) 

where the covariant label p, ... stands for fpl--us} for a 

particle of spin s or s-i. 

The M-function can then be expanded in terms of 

suitable kinematic covariants 1<` together with kinematic-

singularity-free scalar invariant amplitudes A1.(s,t), where 

s and t (and u) are the usual variables; 

t41 • — A`Cs,t) t4 1 r- (2.17) 

The crucial step towards the method of covariant 

Reggeization is the notion that the Jr5• terms in the 

usual partial wave expansion of Ai's may be identified with 

the corresponding contributions to M-function from the 

exchange of a 'particle' of spin J and mass rt (or 

namely 
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moo 	6( 	 P-; ): 	53; 	(2.18) 

t — m3  
near t = m2  

J.  
17) 

For example, in TrN scattering (1, 
	

we have 

7 ^ 
c.3 1 131?, t SL Yi ) ra; 	A)  (3) 

= 9 3. 
L 31 6)7  t 92. (f2( 6,1 	191  )] X-1 

(2.19) 

which, with a suitable identifications of gg, and gg2, gives 

the usual partial-wave expansion for the invariant amplitudes 

A and B(17). 

Thus the partial-wave expansion 

M = E (2J + 1) M(J) 
	

(2.20) 

can now be converted into a Sommerfeld-Watson integral in a 

usual way, after the appropriate terms in the expansions 

have been inverted to give Froissart-Gribov projection for 

the partial-wave amplitudes. 	Further details of the 

technique are given in Ref. 8. 

The final result is the Reggeization prescription; 

-iitc 
C3  PT  ( v ) 	c4 63:4 (—v)  1 t  e  

st;r1 wiX(t) 

coupling functions 	Regge residue; function of t. 

(2.21) 
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For a single Regge pole exchange, the amplitude is 

automatically factorized in terms of covariant residue 

functions. 	It also contains the correct threshold factor 

(PQ)a  and the spin factor cm, so that we have 	ce,61, N ye' 

exactly. 	The factorized residues g(t) are free of kine- 

matic singularities in both a(t) and t, but have kinematic 

zero corresponding to dip mechanism, etc., which will be 

discussed in section 2.6. 

2.3 Reggeization and Parity Doublets  

(a) Fermion Reggeization 

It is well known
(20) 

that the fermion Regge poles, 

which govern the asymptotic behaviour of the backward 

scattering amplitudes,have properties substantially different 

from those of the boson Regge poles. 	The amplitudes 

corresponding to the exchange of a fermion Regge pole with 

definite parity are not analytic in the usual complex u- 

plane. 	This is because of the fact that when we consider 

the Feynman-pole Reggeization of a fermion, we obtain 

amplitudes with a kinematic singularity at u = o, owing to 

the presence of the Reggeon mass term / fof the Reggeon 

propagator ();± Ai) (Fig. 2.2). 	The existence of such a 

singularity is in contradiction with the Mandelstam analyti-

city properties which are required for any physical amplitude. 

There are two distinct methods of dealing with this 

situation. 	The first is due to Gribov et al!"), in which 

they assumed that the asymptotic behaviour of backward 

scattering is determined not by individual Regge poles, but 

by a pair of complex-conjugate Regge poles: the so called 
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'parity doublets' if one further assumes that the tra- 

jectories are linear in u. 	This relation between the 

complex-conjugate poles can also be derived via the usual 

partial wave expansion and is known as the MacDowell 

symmetry
(21)

. 

An alternative to the above method was given by 

Carlitz and Kislinger
(24)

, who suggested that the amplitude 

should have a fixed kinematic cut arising from the same 

Reggeon mass term, 'U. 	Therefore, one of the parity 

partners can be made to move behind this cut on an 

unphysical J-plane sheet for /5 > 0, so that no physical 

—particle exists on this trajectory. 	We will discuss this 

method further in later sections. 	For the present, we 

will follow the argument of Gribov et al., and discuss the 

problem of parity doubling in our covariant formalism. 

(b) Parity Doublets 

Consider the high-energy scattering process 

q(si) + p(s2)--* q' (s3) + p 1 (s4) near the backward direction, 

where we have s = (p + q)2  4 large, t = (p' - p)2, and 

u = (p' - q)2  4 fixed value < u
o 
 (u

o 
 = threshold). 	The 

kinematics are defined in Fig. (2.2) for a u-channel 

exchange where A = i(p + q'), A' = i(p' + q) and 

= (p' - q) = (p - q'). 

The contribution to this amplitude of the exchange 

of a spin J = j + 	(j integral) fermion of mass mj  and a 

definite normality ± 1, in the region u > u
o' can be written 

as 

(t7) 	e.'“( s„ 	; 3-) : 2 7( At, 	K)  : e.."( s,_ >s s ,x) 

7113- 
	 (2.22) 
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where n', n = ± depending on the normalities of the ex-

ternal particles. 

The full M-function is given by 

M(J)  = m(J) 	m (J) 
	

(2.23) 

which can be written in the form of Eq. (2.17) by using 

explicit coupling functions and Eq. (2.11), (2.12) for the 

spin J- projection operator, i.e., 

NI
C7) 	2= Pp)i cs,m) f< i". 	(2.24) 

The M-function can then be rewritten as the sum of 

definite parity exchange contributions by collecting terms 

containing ( 	+ AT) and ( icZ - 

M(J)  = A(J.1. )  ( 	+ 	+ A(J)  ( j —  

(2.25) 

where A")+ are the sum of appropriate terms from Eq. (2.24), 

each corresponding to a definite parity exchange in u-channel. 

As an example, we consider 7N backward scattering, 

where we have for the exchange of spin -J = j + 	fermions 

of parities (- 1)j±1, 

L A (3) 
in 	17- C' 31-1 

J +1 

r I. nit 	 1/2_ 
	 L 5 -5 —( A,R; K) + fZ  r5  + -( A J A)K) r  3 j  

(y) 	 ) =-- 	A 	tce Ft) ± A_ cw—FA.) 



2, 	0:5+, 4T) 	311 Eu 1-11'91.831  CO J 
lot 711.7 

(2.26) 

21. 

where 

A() _ ci s , Apt' 	 9-4  CP,I,1 (r) 	f2(6,,,--.01)2 (r)j 
I v.,- rns: 

with 	Em  E u 	m2 	u2 

2/71 

In deriving Eq. (2.26), we have used Eq. (2.11) along 

with the fact that 

Pva K) 	) 	K) 	_K 	) 	AK 
u. 	(4 

Going back to the M-function in Eq. (2.25), we can 

rewrite this in terms of the usual invariant amplitudes A 

and B in the following way: 

1
( 	

(4-) , 
— A+  wit  -F -9k) t 	LX 	- -g 

where we have used the relation 

) Om ) 

2_ 
( et+ ) 	mt  a 2 (W1.-YVII) 

and, if 

m a) ̂   A(')  t y 
B(3*) 

then 

A(J) 	
(31 	Acs) ) + 

	O.) 
'Yn 	A + t A 	174 ( A t  A _ ) 

(39 	
-A 	R) 

cal (3-) 
(2.27) 
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Thus AT will have kinematic singularities in „fa , so 

that A(J)  and B(J)  satisfy the required Mandelstam ana- 

lyticity. 	This can be achieved by requiring that 

 

0-) 	Cr) 
A t 	= 	(-JZ ) 

(2.28) 

and 
(7) 

A t (..r) r 	as 	0 . 

 

We can now perform the covariant Reggeization of the 

definite parity exchange contributions, e.g. Eq. (2.26), 

by working in the /5 	- rather than the usual u-plane 

and by observing the MacDowell symmetry relation (2.28). 

The corresponding Reggeization prescription is thus 

-i7r(a-1/2_) 

	

c 41/2.  %Ps+, 	) 	cg+1 	 ,2. 	e  /2. 4+ / 

	

111.1" 	 31;v1 ir(c(— 14_ ) 

0:(Jrz.) , 	 (2.29) 

Coupling function 4- Regge residue; function of Ai, 

If the residue and the trajectory functions correspond- 

ing to amplitudes 	/V.T.)(-2:,570 are 	(5t(Ta) and 	041(.r) 

respectively, then the relation (2.28) requires that 

	

MX) = 	, at (Sir) = 0(- (-la) 

and for u < uo 
we have 

= a . (2.30) 

Since the amplitudes are now functions of /5, we 

adopt the convention of Gribov et al(14)  for continuation 

below the singularity point at u = 0. 	We take 
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= 	i 
	

(2.31) 

which corresponds to approaching the point u = o from 

above, i.e., u 4 u + is (e > o). 

(c) Leading Order Contribution 

A simplified form of the covariant Reggeization 

method has been given by Gault and Jones
(13)

, where one 

deals only with asymptotically leading order contributions. 

In the case of backward scattering involving (for example) 

single indexed couplings, Eq. (2.12) and (2.22) give for 

the M-function; 

vit7) = 1 	3 	>gi+L(K,A)K)e.r  P — J 	(2.32) mit  DA., 

where 	ef, 	and to(  are covariant reduced coupling functions 

for (si  + s4  4 J) and (s2 + s3  4 J) vertices (Fig. 2.2), 

3+1/ 
and the totally contracted projection operator 	)8 	2  

is proportional to the Legendre polynomial 	(1"3.1_ i(Eu) . 

Therefore, to leading order in T9 we have from 

Eq. (2.11), (2.12) 

ifk 	 mi 
)8 	(Nf

,A K) 	ci+1  ( 	'ma) Wifi(r) 
J+1 

Ap/.2. 
( )1‘ K) 	Ci" ( 	 1- 2— 	(r) 

IS  ; 	 / 	t 1 
+ 	 3Ap 

2.33) 

and thus Eq. (2.32) becomes 

CS) 
M 	1 	ose-i-w).7) ec( 	ci-E1 a D 

5 f (1") (2.34) '2- 
LA. Y)1 	 j2. 	ant(, ?Act 
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The Reggeized form for either parity exchange is 

thus given to the leading order in T as 

a(417) 	/ 
ep (Ke+x) 	 eaurz),-'4 a a  (pf 

	

'cea) 	(-r) 
(d(4) -  (auro+y,) K(a 

(2.35) 

• a 
where 	Ls (1 titw )Lwirais the signature factor with 

	

0-z = oar„) _ 	, and the coupling constants g and f in f' 

& tare now Regge residue functions of 	obeying the 

MacDowell symmetry rule. 

The simplification at this stage is due to the fact 

that ,Vocazi4.i_ 	may in fact be replaced by its asymp- 

totic form 	(18), thus making the subsequent 

calculations an easy matter. 

2.4 Gauge Invariance; Photon Vertices  

(a) Gauge Invariance 

Covariant decompositionsof photonic amplitudes into 

invariant amplitudes free of kinematic singularities and 

zeros have been studied(19). 	The M-function for processes 

involving one photon of momentum k, (k2  = 0) can be written 

as 

00 

M = z 
1 
 A. 

v  fC v 	• 	1 
(2.36) 

where A.
1 
 are invariant amplitudes free of kinematic singu- 

larities and zeros in s and u (or t),J.IE 	are linear com- 

binations of covariants like A', A and K (Fig. 2.2) and 

the M-function M satisfies the gauge condition 
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k =:K k" = 0 v v v (2.37) 

Gauge invariance is guaranteed if we write 	as 

v = 5vv I v" where.1( v is the corresponding covariant X 	k  
which is in general not gauge invariant, and the gauge 

projection operator v  , v  is defined as 

Avkv ,  (2.38) 
(k.A) 

which unfortunately introduces kinematic singularities into 

the invariant amplitudes (i .e. at k.A = 0). 	A way out of 

this situation is to regularize the amplitudes by first of 

all f)rming all possible less singular combinations and 

then multiplying by a factor of (k.A). 

In our case the spin-J exchange contribution to the 

M-function can be written as 

e'(K): V.(k) Ev(^) 
	

(2.39) 

where the photon vertex is gauge invariant, that is, 

= o with 	al, 	Svv, 	In the following, 

"we consider the gauge invariant forms of particular photon 

vertices and the resulting coupling functions are listed 

in table I. • 

(b) Photon-Nucleon (J =) Regge Vertex 

To obtain the normal vertex e_v% (1/2_,r,j+Vi), correspond- 

ing to normal exchange, the gauge projection operator 

is applied to the coupling 	e.÷„,,(14.1 f ,)1-14) =(gigya  gd', A4 1- 9311,,11.0, 

and the resulting invariants g 'va  and yviAct; 



	

gym, - A Rd 	5v  _ A v Ao 

	

(kik) 	(I.A) 
= j v 
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A o4 = svy,ry, 	 Ad 	 (2.40) 
(k. A) 

are regularized as follows: 

Since 	. A = 	( i2-01,3-1-  ) and A 	()Ai— Tvis) 

i.e., 	-ct.' (e) 	 = (m-ms)CA.(?') (v+1.45)... 
the linear combinations 

( 	t1,1) 	(1,,t  = (Yvi,T t ) 	A 	.Evcce')  
and 

(2.41) 

( (z) 
91vg  + 	111.7-1i1) 3v0( 	Yv 	( 2.42 ) 

are free of kinematic singularities and zeros in u. 

The regularized gauge invariant coupling is thus 

given by 

g,2. 	cz) 
vaC  

(2.43) 

& comparing with + 

1,0( ( 1/2 3 I  „ .3 +/2. ) 	, we get 

5' 	(m.3- 	) 

92  = 0,43 + ,,y0 g 1  + 

13 = 	• 
	 (2.44) 

Similar calculations can be performed for abnormal 

vertex and the final result is the replacement: 

	

9 --> rsf 	—111.7 • 

(2.45) 

(c) Photon-N*(JP  = 3  / 2 ) Regge Vertex 

For normal parity exchange, we consider 

( 1  . 3/2. 	4.. y2 ) 	as listed in table I. 	After 



gc(114. Vc(2.,P 

and 

the gauge operation, the covariants 

%if  iu A4z 

are left, where 
' 	gpu A a 

j./ 423) 940  — kdL  nu  = 
(k.A) 

( 	") 3Air gain " 
14 to 64 'K2. 

( wit vA) 50,1t, 	— 5ei  Av Aga_ tt 1.1 °C1 4(1 

27. 

f 

and 
911,1 	

v 	ler  A 	= 
(lelt) 

Tr  pAl■  
Jr); 	( 	"L) 

(2.46) 

where Eq. (2.41) has been used. 

The linear combinations 

(1m3 -111 ) .3fr,„ floe, nK2. ÷ 2 "a",, ft it  Axi  A4t1  
g(«z 

( 	t 1,49 	1\4 	,AKL— 	r \ v ADOK, 6 (4).1- 
v Ol e( 3. 

(2.47) 

are free of kinematic singularities and zeros. 

The regularized gauge invariant normal coupling is 

thus 

--0)÷ e-tAvotoxi.c Y; 312-  ,j+ 	) — ( 9,  e pu.ocu 31_ -py.tx,, -t- 5 e /4„,,az 

st  --(v)÷ 	(2.48) 

and the relation to g in 

= (ms—v") 

5, = 

Cp,y (?, 34. ) .14-'4. ) is 
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S3  = 

9it  = (711 Y-W1) J3 ) 

= 233 t  (V4/"1)9g.) 

= —4 11. 	• 	
(2.49) 

The abnormal coupling is similarly obtained by the pres-

cription (2.45). 

In this way we can obtain the regularized gauge 

invariant coupling functions for any other photonic vertices. 

The results are listed in table I. 

2.5 Factorization, s-Channel Helicity Vertices  

In order to calculate s-channel helicity amplitudes 

one simply has to sandwich the asymptotic M-function given 

in Eq. (2.35) between the appropriate helicity spinors or 

polarization vectors (see Appendix) i.e., 

t'0040 	A x3 ) -1-gt) e 
DKIN  D41.<  (2.50) 

Factorization into helicity vertices is not at all 

obvious at this stage for we have in Eq. (2.50) the fermion 

Regge propagator 	((r< + J ) connecting the two external 

fermions through the coupling functions 6's. 	However, 

we will show in the following that the amplitude in fact 

factorizes into helicity vertices in asymptopia. 	Since 

every differentiation of sa amounts to lowering the power 

ofs it is clear that only those parts of the helicity 
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vertices which are effectively proportional to Ar', Aa  

respectively give leading order contributions. 	Thus for 

the above case we may write 

ci (.(AlAlt) 	 062.A3) 	 4.1)4'441 	I 

	

( v +.1-a. ) cc, 	,.., [ (-Lk) 	Alp  ViA(:ixit  i 

A2.-31 	(vo -, s i (-(4.)1 	/la VAtA3  i .s-1-, 
(2.51) 

so that 

1/2.1xl-Aitit 4.14"31 	(yi) 
V V Tit X3; )02_ 	" 	 A, A4. 	A2.^3 	- S  

(2.52) 

where n. 1-1 1  = ±, depending on the normality of the particles 

at each vertex. 	The kinematic factors like /7171 always 

emerge naturally from the covariant vertices. 	However, 

fri,k-4,41+!s_IX2.-A31 
in Eq. (2.52) above, the factor (-u) 2  

contains both the kinematic and the Reggeon mass factor 

471 = ice. 	Thus it seems that all - the SHA are zero at 

u = o, but this is not the case since the residue functions 

are assumed to behave like 1  as u 	o, and the genuine 

Ai terms will be cancelled by the corresponding Gribov-

MacDowell partners. 

We will first list a number of asymptotic relations 

between 'basic' helicity vertices involving only basic 

spinors u(X)  and vectors E
i(.1
A), which will be useful in the 

subsequent calculations. 	Using the explicit spinors as 

given in the Appendix, and noting the fact that the Reggeon 

mass VT, 	+ 	in the scattering region, we have 
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- 	 C VO " 
-(u 	 (42.) L 	47-4 ) 	,... 

c-1/2.) 
( 	+ JR-  ) Lt! 141.) -t %RA 5 '- 

LA. 
, (-1/2.) 

— 	s z  ( fcc 47)  

-- (-14) ) 

	

liz 	-.pa p/2  

- 	rC +,(u) 1.4(  -1/2.) N 	 cr, s - 
(2.53) 

from which we obtlin the relation 

(2.54) 

for the initial vertex, independent of the nature of the 

other (final) vertex. 

In a similar way, we obtain the relations: 

Tz(-1/1.), 	 —OA.) 
(K(-frck.)••• 	LA- 	(1-417 )... 	(2.55) 

the corresponding abnormal vertex relations (with 15 ) to 

(2.54) and (2.55) being given by i 	-i, and for the re- 

lation between normal and abnormal vertices: 

S ys 

S 

• • • ( 	 (P12-) 	 ,17:0 (--i) (.4(54-)  , 	(2.56) 



31. 

( 	 ( 
rs 	 (i) tA. 	os( 4- arA) 

• (2.57) 

Next we consider the vertex ... ( 	-t- 	) 	"")(9') tit("co. 

Using the explicit form of the spin-1 polarization vector 

(see Appendix), we have 

(°)( 11 )  tiv► - JTA 
IA' 

• (2.58) 

and for x' =±1 

( t ) 	t) 	 *(t) 
= 	-C• 	• 	= -Yo 	) E

# 
 6" 

ro(^".i) 
\PI
I  (2.59) 

where 	a+ E a i  ± i a2. 
Since we have 

oc±-) 00
( p) 

.() 	 (A) gt 
JE-1-tm (t+ 	 p)  

Etwi 

 

 

( Te7 	 rs  ) Cp ( p ) 

(2.60) 

substitution of Eq. (2.59) in (2.60) along with the 

relation (2.54) gives 

	

1 (0 v.(111.) 	0 

	

(-%,) 	(k,.) .a. LA. 	42. (2.61) 
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For an abnormal vertex involving y5, we simply have 

	

to change 	-1/11 and i 4- -i in Eq. (2.58) and (2.61), 

and the expressions for the vertex ii(A')  fe tA)  ( 	)._ 

can be obtained in a similar way. 

With the various asymptotic relations, (2.54) -

(2.57) and (2.61) at our disposal, it is quite obvious now 

that we can always write any helicity amplitude in a 

factorized form (2.52). 	This will be made clear by the 

following examples. 

(a) For the A- N-Reggeon normal parity vertex, we have 

thus 

i co Iii) (1/2.) 

	

G 	os(-1-471)... = 3 rt 	LK-1w)— . 

Since any form of initial helicity vertex , i.e. 

	

(Wt..11.0 	etc. , 	can be reduced, by means of 

the asymptotic relations, to the form — ( (?-f- TeX) u 

one always ends up with the common factor: 

	

( ), 	( V2.) 	 YAL 	4 V2, 
) U. 	— ,FTA: S 	= t 	(.4 ) x i (-- 100 S 	• 	(2.62) 

Thus 

so that 

goV,J 	. 4.3  

1/ 0) 
V 	( 1/2. ) = (2.63) 

and for the initial vertex, 

0') (0 i) = i g o (2.64) 

Corresponding abnormal vertices are simple obtained 

by complex conjugation: 	i 	, 	f(,/u). = g(-471). 



33. 

(b) In the case of Np-Reggeon normal parity vertex, we 

have 

0'2X3) 	 (A3) 	rya)
= 	9 1 	+ 32. Acic Yr, +93  Act At.% 	E e 	tA. 

(2.65) 

Since the polarization vector c(°)(ci') at high energy 

behaves like - 2: while c(I)  have no large components, we 

have 

it Cod 
" (1) 

Ff 

ft*""(ii) 	141— 

C O) 
 
(et (et ) 	 - 	) 	

(2.66) 

and 

O 

,p-(t) 	(IQ 
(1") LA. (?) 

(p) 

O ) 

(t) 
, (-1/2.) 

(1 )̀ Lt. 	(p)— (1.) 
.17: (A. (p) 

O 
£ *C (1I ) . A 	+ „WA. 

(2.67) 

where the relations (2.61) have been appropriately used. 
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Thus using Eq. (2.65) - (2.67), we obtain 

c( 

(140) 	

1 	
04.) 

E 	+ C -A4 - 	)92 	
4 

	

+ 	pol--1 4) 	"14 	(p) 3  
1-4  

so that 

v, 02.0  = 	Ey 	(wt--Lia)32.-t- ( vvil. Y1(A) 93 I • (2.68) 4.0 	 4 

Similarly we obtain 

C.° ti/I) =  ■. 

(t) 
V 11 _1  ov ) = - t 33 

(2.69) 

(2.70) 
zfE 

Tire corresponding abnormal parity vertex can be 

obtained from above by simply taking complex conjugation: 

i 	-1, g(Iii) 	g(-/T), and all the rest are given by the 

parity relation, which will be defined in the following 

way. 

(c) Parity 

We have the parity relation for the SHA as 

A-14 TA 3  ALf 3 A , A2. (e, cp ) = 	C-) 	7-4,3  _Ao 	z  Ce,-(P) (2.71) 

th where n = nin2n3n4 	; , n• = normality of the . 
	

particle 

(i = 1,2,3,4), A = Al - A 2  aid P = A3 - A4 • 

In terms of our helicity vertices defined in 

Eq. (2.52), we have for backward scattering, 

") 6  t ")  = 	
(A1-A1)-(A3-At) 16, j

VX,AlVA03 	mob 1 4  (-) 	VA,-A€t 
V 

Az-it 3 



35. 

(∎11-4)-(Az + A3) 
= 171, Ylit ±)13-).1 EV12.)13 (1- YI,T) 	(-) 

y 	v01) 

41 4t 	)43 

since (±n  J)2 = 1. 

Noting that nin4n0  = n', n2n3n0  = n, we obtain the 

following relation for the helicity vertices: 

V4-A,4 	(
t-A4 l(±) 

i  Ct.) 	
Ac

-) V Ai Ati.  

(±) 	 A2.+A3  
V 	= -T (-) 	V k -Az -A3 	 a-2k3 

(2.72) 

(2.73) 

Calculations of helicity vertices for the couplings 

listed in Table I are performed in similar ways and the 

results are displayed in Table II and III. 	One should 

note in using our results that the physical SHA are obtained 

by adding the two parity doublet contributions which are 

related by the MacDowell symmetry (2.28) or (2.30). 

2.6 Kinematic Zeros in J; Kinematic Cuts and Dip Mechanisms  

(a) Nonsense Zeros 

Although our factorized covariant residue functions 

g(iii) are free of kinematic singularities in J (i.e. poles), 

they may have kinematic zeros at particular values of J. 

The reason is based on the fact that the couplings listed 

in ..Table I are written for integral j 	s - i; s being 

the sum of spins of the external particles. 	Therefore 	for 

integral j 
	

- I, some of the couplings must vanish. 



36. 

For example, the residue gi(Vii) of the pN-Reggeon vertex 

(Table I) will vanish at j = o due to the presence of the 

'irreducible' a-label in gay. 	The couplings g2 and g3 are 

not constrained to vanish at this point since g2 Aa 	 and 

g3  Aa  Av  can be reduced further to g2 yv  and g3 Av  respec-

tively, involving no a-labels. 

Therefore, in general, we have the rule: Those 

couplings which involve more labels of the projection 

operator than are available at a nonsense point vanish 

there. 

Since no coupling can exist at integral j < o, all 

of our' covariant residues functions will have zeros at 

negative integer j values, thus eliminating ghosts at 

right-synature points and giving dips in the differential 

cross section at wrong-signature points. 	The first non- 

sense point, in the scattering region, for the Na  and as  

trajectories occurs at a = 	(see Fig. 2.3), which is a 

wrong-signature point for the former while a right-signature 

point for the latter. 

As in Ref. (13), the relation between our covariant 

couplings g's (or f's) and the usual u-channel factorized 

couplings fl's
(23)

, near the point a = 	is given by 

s 
	

) 	(gn) 

n 	(gn)  

(a 	 (2.74) 

where (gs) and (gn) denote simple linear combinations of 

covariant sense and nonsense couplings respectively. 
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Table IV shows the different behaviour of g's and the 

conventional O's near the point a = 

The dip, for example,in uN backward scattering is 

usually associated with the wrong-signature nonsense zero 

of Na  trajectory at aN  = 	corresponding to the "choosing- 

nonsense" mechanism. 	This is contrary to the forward 

case where choosing-sense mechanism is usually employed(9). 

In the present case of Regge-pole dominance of the back-

ward scattering amplitudes, the remaining mechanisms,ex- 
the 

cept,SFP-mechanism,which is irrelevant for pure hadronic 

processes, would result in higher order zeros in the Na  and 

A exchange-amplitudes at the above point, which would 

clearly contradict the experimental observations. 	However, 

in the presence of cuts all the above mechanisms are 

possible. 

It should be noted that in choosing the non-sense 

mechanism, the factorized covariant residue functions 

g(a) will have a branch point at a =' -I. 

(b) Kinematic Cuts 

As noted in Chapter I, this simple dip mechanism is 

not entirely satisfactory in explaining the observed dip 

structures. 	What is more embarrassing is that the parity 

partners are not observed at the expected positions. 

Carlitz and Kislinger
(24) 

(CK) had suggested a way of 

solving these problems by introducing a kinematic cut in 

J with the branch point at ao, corresponding to a fermion 

trajectory a(u) = ao  + a'u. 	Since their model (for TM 

scattering) evolved out of the Feynman-pole Reggeization, 



38. 

2 	3 
u (GeV/02  

o 	Right signature nonsense 

_ 
X 	Wrong signature nonsense 

Fig. (2.3) Na  and A6  trajectories.  

Fig.(2.4) 
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our covariant formalism should serve as a natural way of 

extension to all other backward scattering processes. 

In our formalism, the contribution to the M-function 

of the exchange of a fermion of spin-J = j + 	parity 
-  

(-) 	2)  and mass m
J  is given by Eq. (2.34). 	The M- 

function can then be Reggeized by summing over the integer 

j and transforming the sum into a Sommerfeid-Watson 

integral (here, we use the normalization 5u = 2), i.e. 

M = E M(J )  
J 

47.  
(-1/2.) 	

wicy) e' (7) ( Lk_ + t) CD(  ( 
2 j Sinn it 3- yrtc3.) 

(ir ) 	Afo any 	z 	• 

(2.75) 

Assuming that m2(J) is linear with J, i.e. 

m2(J) 	(J - ao  

a l 	 (2.76) 

and that 	Ci1,0) and -Cu(J) are meromorphic functions of 

m(J), the contour integral can be opened up in the 12:- plane 

to obtain.contributions from the pole at m2(J) = u and the 

cut with branch point at J = ao  (Fig. 2.4). 	When the 

helicity amplitudes are eventually calculated, only those 

terms proportional to A'a  and Aa  will contribute to the 

leading order and we obtain 



3-- 1/2 2  

Sin 7C(5- 1/2) 	IL- w1(7) 
PtScj. ef(I) 	÷ 1) e.(1)]  

711(3) 
a,T 

 

/ 

6 (coA)) + 1 ) e(gN)) scatt)-1/2_ 

FA- 

40. 

Sin ZC (c(- 4) 

 

(2.77) 

where, for example in the wN 	Nor process, em =e(J) = 

f(J) Y5• 

The signature factor can easily be incorporated by 

the replacement M(T) 	ilM(T) ± M(-1)1. 	However, for 

clarity, we will just use Eq. (2.77) for the subsequent 

discussions. 

The contributions of the pole term to the SHA can 

be calculated as described in section 2.5. 	However, in 

this case the hi singularities will be cancelled out by 

the corresponding cut terms, rather than by the Gribov-

MacDowell partner, which in fact has moved through the cut 

onto the unphysical sheet of J-plane. 

The main difference between our model and the previous 

(CK) cut models
(24-27) 

is that the residue function is now 

factorized into covariant couplings e' and C, each of which 

is assumed to be meromorphic in m(J). 	If we make the 

simplest assumption that our covariant coupling functions 

g's and f's are analytic in J (i.e. in m2(J)), leaving ex-

plicit factors of m(J) to be obtained only from the kine- 

matics, we will have a simple prescription for the presence 

or absence of fixed cuts in various parts of the SHA depend-

ing on whether or not odd powers of m(J) are present in them. 
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Therefore for a particular SHA, each term of the 

expression 	e
t
(,7)(1e- ti)c(x) 	can be written as 

nia) 

9i(I)  9(3)  L. TA(s)311 ( IL`- t i) • pia) ) (2.78) 

n 

where (m(J)] is the explicit kinematic factor of m(J) and 

g'(J) and g(J) are both analytic in J with the usual non- 

sense zeros at J = -i, -3/2, .... 	This in fact corresponds 

to the choosing-sense mechanism of Table IV. 	This should 

be contrasted to the choosing-nonsense mechanism usually 

employed in either Regge pole or CK-cut models. 	Thus 

near J = -i, -3/2, ..., g'(J), g(J) - [r(J + i))
-1 

 - (J + i) 

for small negative u and we may write 

ac' 3(.7) 5 (s) 
	  a-- 	9090 (-3--t '6.) 

$ f bi it ( J.  - 1/2.  ) 

--= 	9: 5. ( ac, + 1/2.1- c<I1-426.)) 	
(2.79) 

where 94; and go  are constants. 

Therefore the g'(J) g(J) part of the SHA correspond- 

ing to (2.77) becomes 

—V2._ 
Vi 	--1  R  3of  go ( c4+1/2.) (F. 4  )1I  ( ° ÷ 1 ) S X  (9'.3) 	 viz 

oc 

+ 9:9,, 	aj.  [dot  1/2_ + uirn2(.7))  .57-1/2-. 9 iscs { 1 rel(x)) pre .1)? 
ql 

ov ...., 	Lk — vvi C 3) 	
kTIIM - -/J • 

(2.80) 

n 

With the explicit (m(J)1 factor, the cut integral 
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above can be performed using the formula(28)  

ue  V s v 

S 

da ST- 1  L- WI 	-z.- S ( 7) i 	-1/2. (W u)  r(v-ti) 1 - 1  (-1/1 duesiS ) 

-as 	 v. - 141.(3") 

where ( v>-.1) 

04 -t v-i 
m(J)2, = (J - ao)/a, and 	r(v,x) = 	e 	dt, is 

an incomplete Gamma function
(28) 

Thus we obtain for 

n = o; 
M (5(5 	56050  ( u ) 	) 	s"a) 

and for 

n = 1; 

- 	9:54, 	a(u) +1/2. ) 	7 - 0(4 dt46,5)1 sd'(̀ 4)  

0( 	
(2.82) 

_  1  5'7° 
ircrTrw,s 

M(511) — 	(c((a) 4- IA) ( +Y) 2(")  
ao  

+ 	o d 1(K  
Tro r:TAs. 

/ s  17(.0  

IF (a fitms )3/1 
(2.83) 

where a = a-i and .(y) 	is an Error- 

function. 
	41 JD  

The first and the second terms in (2.82) and (2.83) are, 

respectively, the pole and the cut contributions, in which 

the fri singularities cancel explicitly. 	The remaining 

expressions are thus free of hi singularities since the 

Error function cp(y) is odd in y. 

(2.81) 
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Nw: 

In the case of ITN backward scattering, we have 

e(J) = C(J) = f(J)y5  which corresponds toAn = o case 

above and we essentially get back the original CK-model 

expressions
(24)

, but with an explicit (a(u) + i) factor 

which vanishes at a(u) = -i; the wrong-signature nonsense 

point for the N
a 
 trajectory and the right-signature- 

nonsense point for the A6  trajectory. 	With the trajectories 

a
N 

= - 0.4 + 0.9u and a
A 	

0.0 + 0.9u, these points will 

occur at u = - 0.2 for N
a 
 and u = - 0.5 for A

6 
respectively. 

In the previous application of the CK-model to this reacti,n 

by Hatzen et al.
(25) 

and by Berger and Fox
(26)

, such a 

factor was not present originally in their amplitude, since 

the usual choosing-nonsense residue was employed. 	However, 

by parameterizing their residue as (a + bu), with a & b 

being free parameters, the authors obtained from their fits 

to the experimental data the values for a and b for which 

the residue (a + bu) vanishes at the above points. 	In 

particular, Halzen et al. noted that the zeros occur in 

both the N and A
6 
residues at u = - 0.2 and u = - 0.5, 

respectively, in complete agreement with our version of the 

model. 	The automatic occurrence of the factor (a(u) + 0 

in our residue is the direct consequence of our covariant 

method; the factorization of residues into covariant 

coupling functions, which have simple analytic property in 

J. 

With a proper signature factor, such a factor above 

will produce a 'double zero in the pole term but a single 

zero in part of the cut term (the term containing (a 
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factor in (2.82)) and no zero for the remaining constant 

cut term (the last term of the cut term), at u = - 0.2 

for the Na amplitude. 

For the A amplitude, we will have a single zero 

in both the pole and the first part of the cut term at 

u = - 0.5, which, however, will not show up as a dip in 

the differential cross section, for the constant cut term 

will dominate over the much reduced (varying) pole and 

cut terms at that point. 

It should be noted from (2.82) that we will have no 

cut in the non-flip (Ax = 0) amplitude while a fixed cut 

will De present in the flip (Ax = 1) amplitude for TrN 	NIT 

reaction. 	All the previous conclusions
(25,26) 

about the 

detailed comparison with experiments should also be true 

in our case. 	The main problem with this kind of model 

for a pure hadronic reaction seems to come from the fact 

that the cut discontinuity diverges at the branch point 

(for n = o), in contradiction to the requirement of u-

channel unitarity
(29) 

TrN 	Np: 

In this case, the spin-J contribution to the non-

flip (Ax = 0) SHA are 

f(3) 	sp) + 2,(3 ) (14 - Pit (r) ) 1- 	 4t. 93 (J) 	vv?--14'1(4)] 3  

an d 
—( si ) rs ÷ (t-14) M(J) 

 

—("2.) 	N C-k) fts) 92(x) IA y5( 	+ 	LA. 
ma) 

+ 44.T)2 (31 1.74 --(Jo 3 	(A  . 	y.s 	.i. I) LA! , 	( 2.84  ) 

7. a 	ma) • 
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since we have 

1- 1 ) 	
_iga 

1/2-) 	( 

	

s. ____ 	 1.A Ca) r  
im CY) 

explicit m(J) factors corresponding to n = 0,1, will be 

present in both the nonflip amplitudes. 

yN 4  thr: 

Similarly for the yN 	Nit.  process, the only Ax = 0 

amplitude can be written as 

(3) 
•yyLt(7) It (3)  — [(151(7)+%/) gt(I)  t -2(7)31 (.1•?-) • 

(2.85) 

Therefore in both processes, ITN 4  Np and 1N 	Nff, 

we will have fixed cuts in all the nonflip (Ax = 0) SHA. 

It is important to note that the m(J) factor in the 

expression (2.84) and (2.85) appears as 111  , 	or m(J) 
wics) - 1,4(3) 

only, in which 	4  constant and 
m(J) 

 , m(J) 	0 like 
NIA a)  

as u 4  0. 	Hence the presence of such factors in the 

' nonflip amplitude could only result in the reduction of the 

backward peak, and at the same time filling up the dip 

with the constant cut contributions SAF7t,e,e,s 	and 

s
7.ty 

,j7f (.4'1,45)3/1 	. 	Therefore, any form of fixed cuts 

present in the non-flip SHA will easily destroy the dip 

structure in the differential cross section. 	Proceeding 

in the same way we find that some contributions of kinematic 

cuts are always present in the non-flip amplitudes for all 

high-spin backward scattering processes. 



46. 

In Table V, we list various backward scattering 

processes where N
a 

and A
6 
exchange are assumed to dominate. 

Dips in differential cross sections at u = - 0.2 are pre-

dicted only when there are no kinematic cuts in non-flip 

(Ax = 0) amplitudes, i.e. absence of m(J) factors in them. 

These predictions agree with experiments for all the 

reactions listed
(30) 

2.7 Conclusions  

In this chapter we showed how the techniques of 

covariant Reggeization may be extended to backward scatter- 

ing in a consistent way. 	The kinematic singularities 

arising from the Reggeon mass term are removed by Gribov 

parity doubling of fermion trajectories. 	This requires 

the individual covariant coupling functions to satisfy 

the Gribov-MacDowell symmetry relation. 

Assuming the dominance of a Gribov parity doublet, 

and exploiting the specific nature of high energy kine-

matics in the s-channel, we showed that the SHA for back-

ward scattering processes can be written in terms of 

factorized helicity vertices. 	Calculations of helicity 

vertices for the essential vertices of Table I are per-

formed and the results are displayed in Table II for 

hadronic and in Table III for photonic vertices. 	It is 

therefore possible to construct many backward amplitudes 

from these few results. 	Dips in the differential cross- 

sections are due to the rather natural zeros of the co-

variant coupling function, which in fact correspond to 
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the usual wrong-signature-nonsense zeros. 	The usual dip 

mechanismsin terms of the covariant residues are displayed 

in Table IV. 

Other methods of dealing with the parity doubling 

problem may also be employed in the covariant formalism 

in a straight forward manner. 	We show that the Carlitz- 

Kislinger-cut model can be extended in a natural way to 

any backward scattering process, where the presence or 

absence of dips is associated with the absence or presence 

of genuine kinematic m(J) factors in the non-flip SHA. 

Previous results on the parameters of the model are 

naturally reproduced. 

The results obtained here, or at least the covariant 

methods we have employed in reaching these results, show 

how the formalism can be a practical tool for high energy 

calculations such as absorption or eikonal type calculations 

for Regge cuts
(6)

, and various other bootstrap type cal- 

culations. 	One can also generalize the covariant formalism 

to theories with higher symmetry
(11)

, a version of which 

is considered in the next chapter. 
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Table I - Covariant Fermion Couplings  

3 

+ 32-&  iv t 93 A'AV 

gx},, t 3.2.A.,A 

31 ge.1,14134,y 	31..9,4 pry 4 01% f 33 gccy, 6`4i-Av 

4,1/4 1-  '35 ;11,041\F, gh  A.,Acet Ar l\i, 

X:11 Kl 

g1 [(•Cr` —IAA) gg,s3icy, 	goce  T; Agui 

÷:d.2.(sra 1-1m) 'axle 	102. 

f 43 	kei Agtilr. + (.rik—wt) ar',„ Aws  Add 

'iti (g44-‘4A) -4; 1,,,,A 4,Ar  

(for photon couplings) 
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Table II - Heli city Vertices  

Vt (03/Z  ) 0 1/2_  

Abnormal 

vertices 

.i..3 

il 

i (--i,rf..32. t 1a 33  

i L 3 + (Ki-i421,03,+ ii-T( wal- 1112") 93 ] p., 	1 

- i a 3 

+ r { 11.3  I- ( P-7---  "4'24' Li  ) g 2. I } 2-irC 1 .i- 'Pt( 1  2- 	InA t 	1  

-I. --> - i 

5(sra ) -3 g (IT) (Complex conjugation) 



- 

r 1- 
L 14^"  

ti  [ 	+ I 	2- + - 2 -_10 (A.) .4 1 
1. KAI 	 14 

„Ft—A.') (Complex conjugation) 

qz 	 ) .43  
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Table III - Helicity Vertices (Photons)  

1/111  ( 

Vt  14:1 C  2- 

Y2- 
 (y VI) 

V ( r ) 1 Y2.  

Y ) 1 3/2.  

( Y 3/2_ ) 

(( 3/ ) 1 /6. 	2- 

Abnormal 

vertices 

141/  ( 5-3  -
ti  `17CA §+ 

2. 

-2: 3  If 

Parity: VT
- I 

 
I 	Cf. 

= (-) '(±)  V •'13 

V (
±) 
- r ,- if 
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Table IV - Dip Mechanism at a 

Choosing 

sense 

Choosing 

nonsense 
NC Chew SFP 

is 

k 

es  

31, 

i 	. 

F17172- 

1 

gi- I/ 

a+V.2.  

g7  Ti 

0(4- 1/2.  

Ki_se,_ 

1 

*-J.: 

1 

1 

0,771 

1 

FT; 

Jzji: 

ciri 

c‹..o. 
2.- 

F.14- 

34. 
( ai-VO 

GM, NC and SFP stand for Gell-Mann, non-compensating and 

strong fixed-pole mechanisms respectively. 

-3 
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Table V - Dips or no dips at u = -0.2 

Process Dominant 
exchange 

m(J) 	factor 
absent 	in 	Ax=o 

amplitude? Dips? 

7r+P --- 	Pit f N.(   ../ V 

7t-p -71 p -ri ai V X 
t 

Tcp -a We N.c  ./ ,./ 	. 

II+I' •- 	I f + Nx Y X 

-CP --, I" e° Not Y X 

lt-p -i pr 65 x xt 

PP --", r+ N., x X 

1Z K ---. A 7%--  t4,,c v V 

ICY\ --) e IC 

ien -3 E  AC' 

N., 

NK 

,./ 

V 

V 

./ 

14 ---) Z.1.  It-  All V 
t 

X 

r p -3. 17,  7° N.(  x X 

yp -.-- 	rt Tit Na X X 

r p --, pf kloc X X 

rd - 19A NK X x 

rp -- 	Ait+ TC bb , V A
t 

Not relevant at u = -0.2. 

V Yes 

X No 
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CHAPTER III 

BARYON RESIDUES AND SUPERMULTIPLETS  

3.1 	Introduction  

The Regge theory and the supermultiplet theory have 

been the two most popular theories of the last decade and 

have in their own way, enjoyed many successes. 	The most 

desirable property of the Regge theory is the existence 

of Regge trajectories which correlate the high energy 

scattering amplitudes with the low energy resonances, 

while,the supermultiplet theory organizes and correlates 

the participating hadrons, of which most are resonances. 

In this sense, the two theories complement one another. 

It is becoming increasingly evident that the SU(6)- 

symmetric-quark-model(1-5)  might in fact be an approximately 

valid description of the nature of hadrons in general. 

Feynman et al:
(1) 

have given a consistent description of 

the data on high energy resonance decays in their relativis- 

tic harmonic-oscillator-quark model. 	However, the problem 

of the extension of their model to high-energy scattering 

remains unsolved. 	From a pure symmetry point of view, 

Delbourgo, Salam and Strathdee, and Arnold, and Freund
(6) 

have developed a number of Reggeized supermultiplet models 

with varying resulting hadronic spectra. 	Although their 

applications to high-energy scattering have been rather 

successful, in the sense of having essentially no parameters, 

one has to introduce parity doubling of quarks in order to 

eliminate /f or 41 kinematic singularities( 7), or to work 
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only with the on-mass-shell couplings(8). 	Also, since 

the exact symmetries like U(6) x U(6) or SU(6)w  are at 

best only approximate symmetries in reality, one has some 

arbitrariness in the way of breaking them. 

On the other hand high energy theoretical and pheno-

menological studies on two-body scattering processes have 

indicated that the dominance of simply parametrized Regge 

poles alone is not sufficient to explain the observed 

behaviours like cross-over zeros and the irregular appearance 

of dips in the differential cross sections at t = - 0.6 

and u 	- 0.2, etc(9
,10). 	

Although the introduction of 

Reggecuts might solve these problems, the essential con-

clusion is the need for a more complicated parametrization 

of the residue functions. 	Additional evidence for such 

a behaviour comes from the drastic failure of the con-

ventionally parametrized is-residue to extrapolate 

correctly from the scattering region to the A(1236) pole
(11) 

From the s-channel point of view, all the above observations 

can be simply (but qualitatively) explained in the so called 

'geometrical' or 'dual absorptive' models(12), where the 

cross-over and the dips at t 2= - 0.2 and u == - 0.2, 

t 	- 0.6, respectively are associated with the Bessel- 

function-like 'residues'. 	Therefore it seems to suggest 

that a correct Regge model should possess polynomial residue 

functions which guarantee the required polynomial character 

of their flip-nonflip ratio. 

- Recently(2'4)  it was noticed that the utilization of 

the explicit quark spin structure in obtaining the desired 

hadron spectrum generates, as a result, polynomial Regge 
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residues possessing many interesting features. 	Although 

such features may be produced from a more general ease, 

Delbourgo and Rotelli(2)  showed explicitly in a recent 

version of the Reggeized supermultiplet model that the 

polynomial residues extrapolate very well from the hadron 

pole to the scattering region (i.e. for A 	) and also 

provide cross-over points for forward scattering at 

t 	- 0.2. 	In fact, the residues for the SHA have the 

same zero structure as those of the corresponding Bessel 

functions 	jw(r 47T) (r= I fermi, 	AX= total SH-flip). 

In this chapter, we shall present the results of 

the explicit calculations for meson-baryon backward 

scattering in the above model, giving particular attention 

to the zero structure of the polynomial baryon-residues(13). 

By considering the Iu  = k and Iu  = 	channels of rN 

scattering, the residues for the exchange degenerate 

trajectories ( E , Nb ) and ( LD , N' ) will be studied in 

detail in connection with their extrapolation and their 

implications-for the differential cross section and 

polarization. 

In section 3.2-a brief description of the covariant 

Reggeization procedures for the supermultiplet (rest) 

symmetry group [U(6) x U(6) ix SU(3)- 	is given. 	The 

techniques of the M-function formalism for writing amplitudes 

using multispinors are explained. 	Section 3.3.contains the 

model for meson-baryon backward scattering, where specific 

assumptions about the method of Reggeization and the particle 

spectrum are made. 	The model is then applied to 71-N---7-KN 
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scattering and the results are given. 	In section 3.4 some 

detailed studies of the residue functions are made in 

connection with their particle pole-scattering region 

extrapolation and their zero structures. 	Due to a large 

amount of symmetry breaking involved in the Nx-residue, we 

are only able to discuss the As- amplitudes in backward 

7-p scattering. 	Comparison with experimental cross 

sections at different energies and the polarization at 

6 GeWc 	are made. 	We conclude the chapter 

in section 3.5. 

3.2 Supermultiplets and Reggeization  

Assuming that the fundamental entity for strong inter-

actions is a 12-component (Dirac) quark of the group U(12), 

the baryons and mesons can be viewed as being constructed 

from three quarks and quark-antiquark states. 	We also 

assume that all mesons belong to a mass-degenerate (6,6;L) 

representation and all baryons to(56,1;L), (70,1;L) and 

(20,1;L) representations of the rest group LU(6) x U(6)] 	x 
las 

0
L
(3). 	(I, S and L denote the unitary spin, intrinsic 

spin and orbital momentum, respectively, and J = L + S). 

Empirically it is found that all known baryons fall into 

the (56,1;L = even integer) and the (70,1;L = odd integer) 

representations (states belonging to 20 have not yet been 

identified(14)). 	This can be readily explained in the 

symmetric quark model, where extra oitital.degrees of free-

dom are associated with a harmonic-oscillator-like poten-

tial(1'7), thereby enlarging 0L(3) to the three-dimensional 

harmonic oscillator group SUN(3). 	Reggeization is then 
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associated with the 'radial' quantum number N (L = N, N - 2, 

.., 0 or 1) of the group, and hence the name 'Reggeized 

Oscillator model'. 

(a) .  Wave Functions 

The wave fUnctions of particle multiplets are defined 

as follows: 

For the orbital part, SUN(3) multiplets belonging to the 

representation (N), N = 0, 1, 2, .., are represented by 

the symmetric but not traceless tensor fields 4)(P), 

95,,j.„.(10) 
	

satisfying 

 

17.7. 0 (h y,, -- IAN) 	141N7-  0(1A11*4 2- -. 1-44 ) 
(3.1) 

For the unitary and intrinsic spin part, the nultiplets 

are represented by 

'TA/ 
	' 	p a a -.a 	; i.e. A = a.,c< 	a= 1,-3 

for mesons (6,6) belonging to the rest symmetry U(6) x U(6) 

of 11(12), and 

(Rsc..)
(p) , A,B,C = 1, .., 12 (symmetric in A,B,C), 

for Baryons (56,1) and 

(antisymmetric in A,B ) 

and satisfying 

IPiA83c, f  CPtscl I- (PIcA313 	° ) 

for Baryons (70,1) belonging to U(6) x U(6) of TJ(12). 
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They satisfy the Bargmann-Wigner equations(15)  

cp—p,), 	= g(i7i-pk5 o 
A 

(P—') 	= (P--"") Asc. 	 [ne]c :.-- 0 	eke. • 

(3.2) 

where pL and m are the supermultiplet meson and baryon 

masses, respectively. 

Altogether, the total wave functions are given by 

B 	po) 

(hae) (tArlAN) 

(Pr-  IAN) 

satisfying Eq. (2.1) and (2.2). 

The explicit decomposition gives(15)  

for (6,6;N), 

for (56,1;N), 

for (70,1;N) 

OAP) = 040- IAN)) 

F b 1 A (00  ( P) 	[C + IA ) rd.(  po. 	EutrtiA)yiAl, vt,, 
O 	

(3.3) 

( ABC) (p.0) (t) -." jr, v,A 	[(11 +14  ) r5C] °to ealut
7,7 
 r 	) 

cyclic pcortutattinA. o4 (aa, 6(3 ,cr)} 

) Yr' C 	DIA (a126 )^r (PO 2Jiln 	 (3.4) 

where De satisfies, in addition to the Dirac equation, 
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(Y14 DIA(ekbe)p= 	the matrix operator C is defined by 

CT  = 	= C 1 , C- 1  Yp, C 	Yyk 51-  a Y1 a E =C . 

In the above equations, the orbital excitation of the 

basic quark spin fields P(0), V(1), N( +) and D( %.+) 

are explicitly shown. 	Further decomposition of the (N) 

excitation can be done, and by combining with the intrinsic 

spin component the usual total spin-J components are 

obtained. 

(b) Vertex Functions 

In order to conserve the generalized helicity(7), we 

assume that the vertices are Uw(6) x U(2) invariant. 	They 

are easily constructed by forming index invariants between 

fields aal momenta; 	pA
a  sluez om 	

and pi, . 	The 

number of different ways of doing this gives different 

types of couplings. 

For example, the quark-antiquark coupling to the meson 

(6,6;N) multiplet is given by 

tem. = -11 n( 14K+6Z) (46(-1/2K+Q) [ 	di: 61`, + 
O 

x 	Q. 	 K) 

which can be rewritten as 

4(kK+a) tArs (--1/2K+69 [ .9.68A  t /1131;1f:1A jr --a 
where 

) Ct A13 Q* 	• Q 	 (K) jet. I 	Pi 	IA14 	A (Pr f1 11) 

Diagrammatically 
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Fig. (3.1) 

For our purpose the (6,6;O) - (56,1;0) - (56,1;N) 

coupling is given by 

L* = 	Asa) 
4(- 	(/2 K I ) SEO 

rF
B 
 
 o

c 
c y er4  (t )( K) 

(3.5).  

where 	TEF6(0)  a I,:  Qp„ ---61NN  Tspc„ 	, with 
.h% 

Fn 	IA) , the mean mass at the meson-baryon vertex. 

Diagrammatically, 

L. ch. 

F S 

Fig. (3.2).  

Similarly, the (6,6;0) - (T6,10) - (56,1;N) coupling is 

Leg 	 C
µA Si 1) 	 E F rG, ( Ki-a) ol c  (-'44(* a) SA Se dc C 	+ 	) ' -74 "1  	2 	9 	• . )(RI,  

1? E F“ 	(3.6) 

etc. 



4 19 	(--10> (pod 	810,44) 	 Keti fri-1,93., 
4 P'2. 	Pt2.) 
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(c) Propagators 

In chapter II, we have noted that the conventional 

partial wave expansion of the invariant amplitudes can be 

obtained in an equivalent way by considering the contri-

bution of a spin-J particle exchange to the M-function, 

thus providing one with the Legendre functions Pj(cose ) 

for immediate Reggeization. 	In an exactly analogous way, 

the generalized Legendre functions are obtained by exchang-

ing a supermultiplet of quantum number N, using the co- 

variant couplings like (3.5) or (3.6). 	In the present 

model, the meson (6,6,N) and the baryon (56,1;N) propagators 

are respectively given by(7) 

x: Ti(5),,,;(K)) 
Pi i=1 

and 

ckit3V)
(ro) (K)>=-: 	 (K) fr, < Tow.) ( )10) 	

48 3 (K% -m2.) 

X 	C ÷ 	( 15C + 1.913  ( v%t ivtf 
pc,r 
A SC 
v.. 

TT 	114;14 C IC)  ) 
I  

(3.7) 

(3.8) 

where %woo giAv  _ Ku  

111 
The basic rotation functions are now obtained by con- 

tracting 	(3.7) or (3.8) with momenta. 	For our purpose, 



the totally contracted baryon (56) propagator is 

	

(k 	(Wee) 
(K,a)> - 	 < (Aso 	) 	

ty‘s  ( K2- vvi) 

X 21 Ve+ /1)A( re +1.413( + W); 
pt. 
ktc 

	

X 	acio.acte)  
J was-  

64. 

(3.9) 

where 6tµ(K) = el,- 61.k Kr. , 	(kinematics are defined in 

Fig. (3.3)) and -GecK). Q(K) 	casual cbsv-,, • 

Fig. (3.3) 

The expression (3.9) is sufficient for couplings like 

(3.5). 	For other couplings with a free orbital label 

( 	differential operators 	-• 	are applied to (3.9) 
Xtf., 

to 'free' the required number of labels. 	The M-function 

is then written as 

kA LN) 
" 	= 	( O.) < omcvN)LK,Q) 	( At  ac.3 

(N) ()(1) › C 	I 
(3.10) 

which is Reggeized through the replacement: 



u 	2- - at . (11 -it 	tf, 	
gY-34- ± 1-) K_ nt 

S 4, it (ot?-3/2.) 	(  

c(,I, 7  ,/2.  

111 

65. 

(3.11) 

where 	ZCl  i—e.xrpocie....s4))3  . 	With the usual nonsense 

zeros in the supermultiplet resi dues, we have 

TI 

 

r(4-0(40 
sCv, -K644,-5/2) 

in Eq., (3.11). 

The final Reggeized M-function will contain kinematic 

singularities coming from m 	„RT., , and they are usually 

eliminated either by assuming Gribov-parity doublet quarks (7)  

or by introducing kinematic cuts (16) , as described in 

chapter II. 	However, such mechanisms will not be necessary 

in our present model which will be described in the follow-

ing section. 

3.3 The Model  

In this model we assume that any two-body hadronic 

scattering amplitude is composed of three parts; the two 

particle-particle-Reggeon supermultiplet vertex functions 

of the last section, which are obtained by taking U(12) 

traces between the Regge-propagator and the external 

particles, and the Reggeon supermultiplet propagator. 

(a) Baryon Propagator 

The baryon propagator in general contains explicit 
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quark spin-projection operators like 	(Tel  + 1 )x( 	 + 1 ) 

( 	+ 1 ) 	at the pole 	VI  = mz 	with appropriate 

indices attached to them. 	However, the Reggeized pro- 

pagator is expected to be more complicated than in the 

case of the simple pair of exchange degenerate 36 meson 

trajectories, because of the presence of both the 56 and 

70 multiplets with completely different symmetry properties. 

Although the Reggeized Oscillator model of the previous 

section should provide, in principle, a pure 56 at L = 0 

and a pure 70 at L = 1, both the multiplets (probably 

including the 20 as well) are present at all higher L, and 

the simple form of signature for the baryon spectrum is 

not expected to appear in the usual way. 	Thus for a 

general supermultiplet Reggeon propagator, a more general 

theory like, for example the dual model" )  is clearly 

needed. 	In the absence of such a theory where one can do 

simple calculations, we simply assume that the supermulti-

plet scattering amplitude near the backward direction is 

dominated by the exchange of the Reggeized tri-quark pro-

pagator, written explicitly as 

< fisc (K ,4) 
, ea (K ico> 	It_ 	, 

k V-t-M) (Vel-W1) (r(+1%) 
P.vve 31. 	 c 

pum. 
A pc 

at(e)_34.  
x r(1- - 	31 4, 	7... 	tiSK 

k. 

(3.12) 

where, as before, S q, = i2  I. 	e,)( (_in(0(1,- /0)1 , the signature 

factor, so  --- /he 	, and NJ  is the universal baryon- 
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supermultiplet residue function. 	We have introduced a 

trajectory function aye' ) with the simple signature 

factor yq, in analogy to Eq. (3.11). 	When exchanged in 

any backward process the above propagator will provide 

amplitudes with acceptable analyticity properties and the 

requisite high energy behaviour. 

The difference from the previous supermultiplet-Regge 

models(6'7'8)  lies in the fact that the mass m (or t4 in 

meson case) is not substituted by jil  , or vice versa, in 

the Regge propagators, and therefore at the first pole 

oC* = 34 	, where K2  = m , we only have pure (56,T) 

exchanges with no parity partners. 	However, at all higher 

masses, Gribov parity partners and (70, 1) should also 	. 

be present. 	Thus the validity of our model is perhaps 

limited to a small momentum transfer region, 

Now by assuming the supermultiplet residue function 

to be a constant, the result of exchanging the propagator 

(3.12) in any backward amplitude is to produce polynomial 

baryon residues il(K2') in the conventional Regge amplitudes. 

The main feature of the data ithich the polynomial residues 

of our model hold some hope of explaining is the rapid 

variation of the As-residue(12). 	Indeed, we have in our 

model 	t3(ye=m) = s (3(z.--0) 	and thus the baryon residues 

. are depressed by a factor of 8 (roughly) when extrapolated 

from the pole to the scattering region. 	. 

Before proceeding with the detailed calculations, we 

adopt the following rule, which however is rather ad hoc, 

in descending from the ideal SU(6) symmetry limit to the 

actual world of broken symmetry: - the trace calculations 
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are performed in the mass-degenerate-exact symmetry limit, 

employing the additive quark rule 3iit = 2m, with 	p = 0.6 

(GeV/cI. )2" ; then the physical amplitudes are obtained 

by replacing the momenta and dimensionless wave functions 

of the external particles by their physical values. 	The 

alternative way of replacing all supermultiplet masses by 

their physical values is to some extent ambiguous when all 

the hadrons are different and in effect will produce large 

amounts of symmetry breaking. 	The ambiguity concerning 

the symmetry breaking effect on the coupling constant f,  

is reduced by comparing the pole residue to the dimension-
, 

less pion-nucleon and pion-A coupling constants. 

(b) Meson-Baryon Backward Scattering 

In this model, the scattering amplitude for meson 

(6,6) + Baryon (56,1)_..*.Baryon (56,1) + Meson (6,6) process 

is given by 

— A's" 
T(s,t-L) 	.T B"  (F) 	 K 	 K 	Ts'cial( l'AD:":)  

(3.13) 

which by using (3.12) gives 

ec -36.  
=

ift m3  
r(3/2._-a (5  	 (p) ct) 

X (E (Wt rit ( WOB  (KPIA1 i t  f(P) 	(Mt) BC D 	Af 
PtX"A• 
ABC. 

(3.14) 



69. 

In the exact mass degenerate limit, the"P(cr) 

pop') piece of (3.14) is obtained by using 

(3.3) and (3.4) as 

Tc sig 	( 	12-i I N7." I)3 	 ••3/ 
) Tiv;) it  54, r 	Kt) 	)1k  5. 

X { 6"  1\rk15( V) [di  Y5 (it "Of + cyclic perm. of 

EC z tko Yc j ID e; : '` 	(3) 

( 	s og +Iv)131 
6  

(114,4 ,cr) 

d1  
+t1) 	

,
Pa!  (-41•) 

t") );Ci py Eb'ex 
A, 8  ( 	CIVO. • ( 	a IS' 

(3.15) 

The expressions for other processes, like  PN-p NV, DP, 

DV can also be written down in a similar manner. 

We then further decompose (3.15) into SU(3) and 

U(2,2) parts by writing 
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NAboz(p) = 1\1! x (.•( (0 

P,1/4 (1,) = F 0. c 1 	I 

(3.16) 

where Na 	and P are the usual SU(3) matrices for 

baryon (i
+
) and meson (0) octets: 

N61/4  

r-t 0 - A° 

( I0 
/C. -fr Tc K+ 

is 

K- 

I 

(3.17) 

As it stands, the expression (3.15) contains 54 terms, 

which, however, reduce to 27 when the symmetry property of 

the external and the exchanged 56 baryon is taken into 

account. 

By using (3.16) the amplitude (3.15) can be written 
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as 	
T = Tu(2,L) •qu(3) 

where R 	I 	 it 2- 3 r(% -0<to (.s/ 
It (-2.1005.  (11A)7- 	1}' 	 So 

TU(212.) = 
	

C Y5  Clif +INA) 	-t- el 16  ((a*(13 

$UK4-rov51, 

( ye +,froY  flr 	4  

and 

$ 	 JA) Ys Jac, 

 

x 	(„y + ) Y5C ey/  bt.s, Cr) -t- 	C. ffYir) 	, 

Tsu(3) Lyciic.0  (6cd) Pa  

legS,
e 
 cAicAC. 

41,  
X 1) , 	E vex 	czjeVc ( bred') 

(3.18) 

Again, individual terms in the expression for 

2) can be related to each other by their U(2,2)- 
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algebraic properties and the final expression involves 

only 14 obviously distinct traces like, for example; 

CY) (x-flA) (Ve-m) (,̀ti-tr) '1(0 

x -rr Lcrtvx)(Yei-vv90(+Yr.)(ri-w%)] 

(ii) ( PI) 

	

	Yt ) u(p) x Tr  1.0/1-)40(itib ) 

qp-tt) (.6-0 )(Ke "t M)] 

(iii) () ( c --M) (41  + %4A)- 	+1A)!—P +/%‘) 	t 	(ifi÷ WA) 

x(rzi-vA) L&($) 

(3.19) 

where we have used the relations: C ry,C .—(Y) , 

G Y.5 C = YE -era . 

All the remaining terms can be related to the above 

expressions in (3.19) by commuting the momenta around. 

The explicit trace calculations are straightforward but 

rather tedious to perform, and the results obtained can be 

applied to any o-jEl." 	o- 	reaction. 	We will 

give the appropriate results for nN backward scattering in 

the following section. 	We used the definitions of kine- 

matics and the Dirac matrices and spinors' given in the 

appendix A. 

The SU(3) traces in (3.18) can also be computed in 

a similar fashion and the combination of the two traces 
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uniquely determines the e - dependent spin-unitary spin 

content of the various amplitudes. 

3.4 Pion-Nucleon Backward Scattering 

(a) N and A Amplitudes 

In the last section, we showed how to calculate the 

amplitudes for any backward scattering P(o)N(r-) 

N(i+)P(o) in our model. 	In the following, we shall give 

the results of the explicit calculations made for ¶N back- 

ward scattering. 	As given in the AppendixB the SHA are 

defined by 

13;), 	tA,o)( 17') ( A + B5z4) LA.()̀) 
	

(3.20) 

where A and B are given in our model as 

a-3/ 
A(S,V) 	1 	 Yt1/4  (SIU) 	IA 	Cce) Syl.  

oct  -34_ 
13(s,u.) = 	 ; (50A) 	r(3/2_—°1) (k) Is (-2„05  (2_02-  

' 	(3.21) 

Here 1(
A 
and )(

B denotes the polynomial residues of the 

model. 

First, the amplitudes for 7.-1,—..rirt 	and 

18 (2_vt)S 

are calculated directly from the expression 
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(3.18) by picking out the appropriate isospin elements. 

Then the amplitudes are decomposed back into N(Iu  = i) 

and A ( 	exchange amplitudes by use of the 

isospin relations: 

7t p 	p : 	T = 6. 

-rt* 	p 	 T = I/3(2N + A) 

71— 	Y1 71.°  : 	T°  = 4727-/. N —11  

(3.22) 

The polynomial residues thus obtained contain a 

leading term. 0(s) and a non-leading term ,0(1) and we 

write for N and A amplitudes: 

y (s0A = S )44 (t.t) + Ys,  (6) 

YN t51 4) = S YNI (u ) 	Ice (u') 	
(3.23) 

O 

where the leading term is interpreted as that of the 

highest trajectory 	( ds, Ns) 
	

contribution(17)  

with a linear trajectory function 

c( CL4-) = 0.1 + 0.9 
(3.24) 

- This automatically assigns a trajectory with one unit 

of angular-momentum lower, i.e. 	0C(x) =-0.9 + 0.9U, to 
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the non leading contribution ( 	N'), which contains 

both the secondary trajectory contribution, i.e. ( Ad, Net ), 

as well as the 'tail ' or the non leading part of the 

( As , Ns ) contribution. 	To see this, we write the 

explicit forms for the A and N residues as 

As 
	

Y.A  (Lk) 	[1143 	KAt-t ?mkt t3 	+ 	( 1(,v 12-4 16 	+ Stk-)LA 

LO't 	) 1A2  

YB (A) = 16 [ 	( 3 KZ-  * 	+ 2-tAZ 	AZ.  t ■•■Apk +12- ) + 

(3.25) 

‘2. ; ) = - 	( (A. - viA2- ) t 1.44 IT) 

yi.(a ) 	_2.5- (L.4._144.9 E ( 	(-2.v,A +F.)2 

(3.26) 

for the leading ( 	, Ng ) contribution and 
O 

h: 	r
A 
(u) = 	I OA.— MI) ( 13 	4. 2.0 	 12Wie3  —3 vArtf 

— ( 13 IsA3 	1•11-1A 	 +c"^cA2
J  

("Z iv% t jA) [ 3 1A6  t t&ITIA — g m4N2t 5-1.j-1P-  4. 3 vx rs) 



7 6 . 

Vs 00 = 2 ( v _ v,,,,1-) [ ( 13  v„Iii t 2x, lust, t of  yv7- JA2 .... 121,41.43 _ 3 rt.,- 

-z ( IS ytA7--41,%%1A. 4. 5 i,!--) uk ÷ 5u2 j 

-F 4 ( 2vvt -I- 10 {2_ ( 2. hA5  ÷ 3 vv,41A - 4. wil-r? - -2_ wtr.4_ es  ) 

+( w . ti. vv,"IA — 16 wt ti:2-  ) IA. + ( 1 wi L4.2-i i 1  

(3.27) 

rt, ( (A. ) = - 2- 1 ( u. --d” ) [( (6 t vlAg  * 2. ss-  irt4/1A - of 7_ w131.4z  _ I of_ K42  A.3  

-F. 2.. VA IA4 t 21 IA 
s-) 

+ ( 141 wi3  t 151 %4;tIA —7-0 V142.-  ) U. 4- f 0 SM CA t  ] 

+ 4 (zm + jA) [(- 31...6  + 4 KFIA + 4- Im4e.2-  _ vv?-1A4  ) 

_ (4  vAtf  + 4. vvtliA + if IAZIA2*-- 1.4 4-  ) u. * 

( (A. —MI) [ ( ) 01 XI■if — 7- C W1314, — Zee WtZIAZ  — 12_ 114 rt3  4. 15 frt.9) 

f 5( 41 1)2" -I- 4 m tA + 4- 1A.3-  ) lit — 10 I+11  ] 

it. (2.1,Aet + IA) { ( 324. 11AS-1- 171 wtil.}..t, - 32. let&3t.j" - 2.00 w:2)AS  

+50 vA IA4 f 2.5').A) 

÷ (ti-S$ $4A3  + 2_91 V" to — 2.? InAt"2) IA- + 20 wt (Ali I 

(3.28) 

for the (A', N') contribution. 
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The corresponding expressions at the first pole, 

u = mz, are: 

Xfl(tt= 1142 )= 	416 vin3  214A fA 

Y5  (Lk= 	= 48 vux' (sAbt 	) 	 (3.29) 

Na  : 	= '^^-) = 0  

	

(1..tr-m2 )=. 0 	
(3.30) 

yA 	 g IAA (2w,4tt )C2nk+10.2- 

y' ( LA. = 	= I 6 ( .5" u44 	tA4) (-z-bu+ 1,02 
 

(3.31) 

YPr 	wk7") — 0 

2. 
/ A 	( 10142 -142  ) 7.tun+1.4)2.  

(3.32) 

The expression for 	Al ( 	 in (3.29) agrees 

with that of our previous on-mass-shell calculation for a 

pure spin 34_ 	exchange (8) , thus justifying our assignment 

of the trajectory (3.24) to this. 	Again (3.30) shows that 

the Ns residue vanishes at the first pole, as required, 
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and with the signature zero at the second pole (at K = 54.  ), 

the particle spectrum for this trajectory will probably 

start from a higher value of a (e.g. oc 

Now the secondary contribution 	pi( k=vvi2--) 	in 

(3.31) is interpreted as that of the 'tail' of Ag(t.t=v42-) 

in (3.29). 	We believe that the residue of the secondary 

trajectory, i.e. Cm which probably exists for arbitrary 

u, should vanish, as we have for Ng 	in (3.30), at this 

point ( Ok= i) so that the corresponding particle spectrum 

will again start from a higher value of 0; (e.g. c(-.54.). 

The situation is rather 	clearer for the N' 

residue, since the tail of Nb must also vanish along with 

the vanishing of Ns 	itself in (3.30). 	Therefore, what 

is left in (3.32) is a pure Na  residue, for which the 

residue Y
A 

vanishes at the pole, which is required, since 

the elementary nucleon pole contributes only to the B- 

amplitude. 	However at arbitrary u values, we will have 

both the Nx  and the tail of Ns  contributions in our N' 

residue. 

Since we have 	am(  =-0.9 + 0.911 for the N 

trajectory in the exact symmetry limit, while the actually 

observed trajectory is 	a 	0.4 + 0.91k, it is clear mg 

that the symmetry is badly broken for our Na  residue. 

(b) Pole Extrapolation 

The normalization of the residue can now be made by 

considering the 	'el? 	process, where only A - 

exchange is possible, and continuing the residue to the 

1S4- pole where u = m1  . 	From Eq. (3.20), (3.21), (3.22) 
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and (3.29) we have for u 	m2  

I 	. s 	2%.,A ÷ 	(..a.wit,ca.) L18 
3/t,t Kqvi_t,442) k 	qt.tAtt / 

which, when compared to the elementary 	6-6- pole ampli- 

tude, given by Eq. (B.9) of Appendix B, 

a  2. 

As = VL- 	
. 

(A. 	14A 2. 
mi.)) 4tvt(t4—t4A2) 

gives 

 

( 2. Kk -t- 	) 

4w1JA 

(3.33) 

The pion-nucleon-As coupling constant 54  is cal-

culated from the ti (1236) decay width ( re.  = • 120 MeV) 

and has a value of 	14.5. 	On the other hand the As- 

amplitude in the backward direction (u = o) is 

c 0) 
A4-5.  (u=o) 	(34. ( 	vA"j" '' 	P ( 3/2-No) /s.) 

Lftvkik 

Taking 	04+co) ts-: 0.1 , so = 1 	PAA 	2/3 	and 

substituting (1, 	from (3.33), we obtain for 	?LAI,  = 

13.7 GeV/c (i.e. s ft.- 26.6 GeV2  ) 
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acr ((AT...0) -.It  1.1 	eV( Gmvc)2  . 

The experimental value(20)  of 	d/5- ( 1A= 0) for this 
dok 

energy is about , 1 pb/(40/c)2, which agrees with our 

prediction to within 10%. 	Thus the dg - residue extra- 

polates extremely well from the pole to the scattering 

region. 	This is better than we had any right to expect 

since the exact mass degenerate symmetry must be broken 

in order to'get the physical masses of the particles on 

the trajectory. 	However, it should be noted that the 

physical mass of Li(1236) is nearly the same as our 

baryon supermultiplet mass m ( 	so that the 

symmetry breaking effect on the 	Ag - residue is expected 

to be minimal. 

For the non leading N a  - contribution, a considerable 

amount of symmetry breaking effect will be present in the 

residue, since :the mass of the nucleon is considerably 

different from the supermultiplet mass m. 	To see this, 

consider the."1k1 	amplitude given by Eq. (3.20), (3.21) and 
O 

(3.32) as u 

I 	 ( 2 114 f itk 	fi)]
2 	

14  
2.1%)S  (2-iA )2'I 13-  Ce 	 • OA vvt") 

Using Eq. (3.33) for 	N (with go  = 	14.5) and 

comparing the resulting expression with the elementary Noc  

pole amplitude (Eq.(B.6) of Appendix B) 
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TA. 0, it  N 
71,114 	

2vv, 	(Lk — im"-) 

we obtain 

1 	 g  
L 3 

f 
° 

2 
)1 

(3.34) 

in the exact symmetry limit. 

Taking jAAm  a 1/3 	) /.0•2 tt o.G 	, we obtain a 

value of 18 for which is not at all very 

different from the experimental value of = 15. 	Indeed 

this is due to the symmetry breaking effect in the Na  - 

residue, as is seen by replacing .m 	mN  in Eq. (3.34), 

*2- 
giving 	9-irt4u

, 
 Lot 	15.5. 	This agrees with the 

experimental value to — 3%. 	From the above procedure we 

estimate the amount of symmetry breaking in the Na -

residue at least near the pole, to be about 20%. 

Therefore, we expect a considerable amount of symmetry 

breaking effect to be present also in the extrapolated Na - 

residue. 	In fact we found that the Na  - residue extra- 

polates to a value too low to account for the observed 

sharp backward peak of the 
	

•)rt p 	-p t 	differential 

cross section. 	The inclusion of other contributions 

coMing. from N6, ps 	and A' 	was found to help raise 

-the peak, but to a value still about an order of magnitude 

lower than the observed peak. • A closer look at the N'- 



82. 

residues reveals that the non-flip N'-residue has a zero 

near the extreme backward direction (here, PdAm  

pf -2.- 	0.6). 	Therefore one can 	hope that, with a 

correct way of symmetry breaking, the above zero may be 

shifted to the dip position and the backward peak may be 

regained. 	Another possible reason for this discrepancy 

may be due to the absence of the Np 	-contribution 

coming from the 70 multiplet, in our model. 	Due to the 

above problems and uncertainties in our N'-residue, we are 

forced to abandon the detailed analysis of our model for 

rct 	and 	-rip—, Y1 71° 	processes. 

(c) A - Residue 

Before proceeding to the detailed comparison between 

the model prediction and experimental values of differential 

cross section and polarization for 	-1Cp 	re" 	, we 

will look more closely at the polynomial character of the 

Af- residue function in the scattering region. 	The 

SHA for LS - exchange in 7cp 	pm" 	reaction are written 

in our model as 

ig  (lwtf (.21A)2.  

xd-k r(3.2,-0(.) 	(3.35) 

where (3* 	is normalized by Eq. (3.33) and 	o4:4  = 0.1 + 0.9U 

( 	, X = ± 1/2. ) 	• 

The residue functions 'Ca  (u) for the s-channel 

helicity flip ( 	6X = 1) and nonflip ( 	AN = 0) amplitudes 
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are given in terms of the conventional residues -T A  and 

Y 	of Eq. (3.25 - 3.28) in the large s limit, as 

(aN.1) Yft: OA) 	J=IT Yi (u.) 
.1T 

dh=. 0 )  	'A(u) f 	N YS ( (A ) 
Jt-s' 

(3.36) 

where A = es, p . 

Consider the leading 	Ag contribution in (3.35). 

Substituting (3.25) in (3.36) by taking mN  = m, and tA/t4A -_-_ 1/3  

we obtain 

ips  (U) 
,PTA it I b ( 	Wt1+-  1- 13.11 144 u  + (A.2  

Js 

— 16 w ( 2.1 wlif  t II4-.89 1441-u + 3-64 U2) 

(3.37) 

Now if we take 	tA.t.  = 0.6 which corresponds to m = 1.16(18)  

and solve (3.37) for zeros, we find that 

at u. - 

and 
064 
	0 	a.t 	ik-it% -0-3 3  

o 

(3.38) 
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while a slight change in m to m t...1 1.01 gives 

11 
47- CI
; 	o 	(4 	— - 

at v1/4. -0.2  . 

(3.39) 

The second zeros of the residues in (3.37) occur at 

.large fuj values outside the region of interest 

( Jul < 1.0 GeV/c ). 

Therefore we see that our residues possess exactly 

the same zero structure as those found in the polynomial 

residues generated in the same model for the forward 

scattering amplitudes(2). 	The above zero structure in 

the residues in fact resembles that of the Bessel-function- 

like 'residues', 5-m, ( 	) 	of the dual absorptive 

model. 	In Fig. (3.4) the polynomial behaviour of our 

As - residues is illustrated in comparison with that 

of the Bessel functions 	To(r1:11) 	and 5; (rX) 	(19) 

(d) A6  - Amplitude 

The dual absorptive model
(12) 

is based on the assumption 

that the imaginary parts of the SHA are dominated by the 

most peripheral resonances (i.e. resonances with e-.1? ), 

and consequently one gets 	je-  „ 5-*"..(y-,r_Tt ) 	and 

7-1 (flzrA ) 	, where the interaction radius 

r = 1 fermi. 	As will be shown in chapter IV, the DAM 

and 

= 0 
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Fig. (3.4) r 	1 fermi; u in (GeV/c)2 ; arbitrary unit in 

y-axis. 	m = 1.01, --- m = 1.16, 11/m  = 2/3 . 
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does not provide the corresponding real parts in any 

specific form, i .e., the real parts may or may not behave 

like the Bessel functions. 	In our case, the zeros of the 

polynomial residues will produce zeros in both the real 

and imaginary parts of the flip and non fl ip amplitudes at 

u = - 0.6 and u = - 0.2 respectively, in additional to 

the usual signature zero at u = - 0.6. 	To see this we 

write, by using the identity 

NI) NI-12) = 
sig. -at,  

i 7C (°L-312")  = 	r 	iz)) 

which gives 	 x [ t te0A-171_  (c -I4.)3 

.1vA  6,6 	Yos r C<&-'4.)-3-1  

r&E r(AA-̀4_)3 tovArt (cc -14) 
	

(3.40) 

Noting that 	L r (0,14.) 	while [r(oc,-1/2_y) 
ix 

x t"^" ( 	140t 0 at 	otA  = - j2 	, corresponding to 

u = - 0.6, we have the following behaviour for our SHA for 

ds - exchange: 
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A+r+  

(o3 

1R4 46.7 

U. 2: -0.6 1 

	

6,+6 	o 

b.).=0 

	

Regis 	o )  

(3.41) 

We also have a negative relative sign between the 

flip and nonflip residues near u = 0. 

It is clear from (3.41) that the form of our 1.04 

agrees with those of the DAM for NI < 0.6; we have an 

extra single zero coming from Er(ge-1/2_)3 	at u = - 	0.6 

for our imaginary parts. 	It is also worth noting that in 

a recent DAM-based amplitude analysis for nN backward 

scattering
(21)

, the authors concluded that Re & -r - 0 near 

u = - 0.2 and Re 6++- 0 near u 	- 0.6; exactly what 

we have in (3.41), but with an opposite relative sign between 

the flip and nonflip amplitudes. 	However, we ignore this 

disagreement of the relative flip-nonflip sign on account 

of the fact that it is rather dependent on the detailed 

assumptions about their input imaginary parts. 	In fact, 

Barger and 0lssen
(10) 

have pointed out, from their model 

independent analysis of nN backward scattering data, that 

Iv.. 	#•• 0 
	

near u = - 0.2 and that either A++ 
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or P-1--  must have a zero at u = - 0.6 in both real and 

imaginary parts. 	These are all met by our amplitude in 

(3.14). 

(e) 	Comparison with Experiments 

Using the amplitudes (3.35) with the residues (3.25) 

for 	Lli- contribution we found that the 	As-contribution 

alone is inadequate to explain the experimental Irs.p--) re- 

differential cross section. 	For the case of m = 1.01 

corresponding to (3.39), the predicted differential cross 

section shows a shallow dip around u = - 0.2, while for 

m = 1.16, corresponding to (3.38), a broad dip is observed 

around u = - 0.5. 	The prediction for the latter case is 

shown in comparison with the expe?lmental data in Fig. (3.5). 

The broad dip is clearly due to the accumulation of zeros 

of the 	As -amplitudes in (3.41), around these u-values. 

It should be noted that the theoretical curves are not 

fitted to the data since we have essentially no free para-

meters. 

Although our model in the present form seems to 

suffer from the defect of having higher order zeros in some 

of the 	As-amplitudes (possibly Im A ++ and Im A+-), we 

find that an acceptable behaviour of the amplitudes is 

however achieved when the secondary 	d contribution is 

also considered. 	Taking 

al,s (u) = 0.15 + 0.9u 

c(ig  (u) 	= - 0.65 + 0.9u 	 (3.42) 
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and with no other free parameters(22)  we are able to re-

produce the general behaviour of the differential cross 

section and polarization (20)  as shown in Fig. (3.5) and 

(3.6) respectively. 	Here we have chosen the trajectory 

parameter of A' arbitrarily (but reasonably) without 

worrying too much about the presence or absence of particles 

on the corresponding 	Ag  -trajectory. 	A more serious 

consideration of this fact would probably be an unnecessary 

exercise since a large symmetry breaking effect has been 

shown to present in the N'-residue. 	In fact we find that 

the qualitative features of the results are rather insensi- 

tive to the parameters of 	46` amplitude. 

In Fig. (3.5) we give the comparison between the 

theoretical and experimental differential cross section 

for 	rip 	plc 	reaction at four different energies. 

We note that the agreement between theory and experiment 

is much improved as the energy is increased. 	The effect 

of the accumulation of zeros in the 	Ai-amplitude at about 

u = - 0.6 can be seen clearly in the 6.0 GeV/c-curve. 

The polarization at 6.0 GeV/c is found to be well reproduced 

by our model as shown in Fig. (3.6). 	The zero of the 

polarization at u 	- 0.5 is clearly due to the zeros of 

the amplitudes around this point. 	Fig. (3.7) shows the 

momentum transfer behaviour of the real and imaginary parts 

of the 6. 4.-  and 	6+4" amplitudes. 	We find that the exact 

zeros of the 	As-amplitudes at u. = - 0.3 and u N - 0.7 

.(correipondin.g to taking m = 1.16), are shifted by the 

presence of the e, contribution. 
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3.5 	Conclusion 

We have seen that by using a Reggeized supermultiplet 

model with explicit quark spin projection operators, which 

insure the required resonance structure on the Regge 

trajectory, i.e., presence of a pure 56 without its parity 

partner at the first pole, we are led to polynomial Regge 

residues with many desirable features. 	In particular, the 

Lig -residue is found to extrapolate correctly from from 

the pole to the scattering region, where it continues to 

-'exhibit the zero structure which is very suggestive of whet 

__is otserved. 	Although our explicit calculation does not 

constitute a proof, the general feature of having a zero 

at small u values in the non-flip amplitude, while at a 

larger u value in the flip amplitude, and not vice versa, 

seems to be rather basic to this tri-quark propagator picture. 

Similar structures are also observed for forward scattering. 

Also the Na  -residue provides a correct value for the 

pion-nucleon coupling constant 	9AN14/14-x = 15=57 1  

which howeveextrapolates badly to the scattering region 

and fails to account for the observed 	7EN-backward peak. 

This we interpret as due to the symmetry breaking effect 

present in the N'-residue, and also possibly due to the 
041 

absence of4Nti, -contribution in our model. 

From the above analysis and comparison with the ex-

perimental data, we find that the s-channel helicity 

amplitude for 	&s.  -exchange seems to have undesirable 

extra zeros around u 	- 0.6. 	This could well be due to 

the simple form of signature factor which we assume in our 
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supermultiple Regge propagator. 	A way of breaking the 

conventional signature for the baryon trajectory has been 

suggested by Mandelstam(5)  in his symmetric-quark model 

with the Veneziano representation. 	Here we seem to need 

such a more general theory to achieve a correct signature. 

The partial correctness of our model is however 

reflected in its ability to reproduce the differentail 

cross-section and polarization for 	Trp--.) 1,7C-  scattering, 

simultaneously, with essentially no free parameter. 	Here 

the lower order CZ contribution is responsible for the 

breaking of the signature in the right direction, and 

consequently the correct non-zero polarization. 
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CHAPTER IV 

A DUAL ABSORPTIVE MODEL  

4.1 Introduction  

The idea of duality" )  between the Regge pole and 

resonance descriptions of strong interaction processes was 

first proposed at a time when Regge poles alone were thought 

to give an adequate description of high energy amplitudes. 

It has since become clear that Regge cuts, such as those 

arising from absorptive corrections(2)  are also important. 

Therefore, it is desirable to extend the idea of duality 

to include both Regge poles and Regge cuts in a consistent 

manner. 	This led Harari to formulate his dual absorptive 

model(3)  (DAM). 

In a simple version of the DAM(4), which shares many 

common features with the usual Regge pole model, the real 

part may be related to the imaginary part by the familiar 

signature factor provided that absorptive corrections 

(cuts) are suspected to be negligible and the asymptotic 

behaviour assumed at an ear* stage. 	Otherwise, the real 

parts are unknown, and for this reason, the DAM is only a 

qualitative model with little predictive power. 	In any 

case, the peripheral nature of the imaginary part is, by 

itself, a very important characteristic of high energy 

amplitudes which has been tested in various meson-baryon 

scattering and photo-production forward processes(3'4)  

- - 
It would, therefore, be interesting to see whether the 

model could also account for the systematic features of the 
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backward scattering data. 	Such a straightforward extension 

to the backward direction is not obvious since a large 

number of cancellations among the various partial wave 

amplitudes occur and the magnitude of the amplitude becomes 

small in the backward region. 	There is, however, some 

evi dence (5 '6)  of di rect channel effects which suggests the 

peripheral nature of the imaginary part of backward ampli- 

tudes . 	Such a behaviour for the 	Az( L4 =3/2. ) 	exchanged 

amplitude has also been obtained in a model ()  with poly-

nomial Regge residues. 

In recent years, a number cf phenomenologi cal models")  

have been proposed to account for the observed features of 

high energy ,rN backward differential cross-sections and 
( polarizati ons sg '10)  but none of the conventional Regge pole 

and Regge pole plus various cut-models (except possibly the 

one we mentioned in chapter III) was able to explain the 

new data on backward 7r-p polarization at 6 GeV/c (11) . 	With 

the hope of giving some consistent explanation to the above 

observations we extend the DAM to the backward di rection. 

In section 4.2 we show how the ideas of dual ity, 

peripheral resonances and absorption lead to the predicti on 

of a simple form for the imaginary part of any hadronic two- 

body amplitude. 	The extension to the backward direction 

is made for the imaginary part in section 4.3. 	Possible 

ways of determining the real part are also discussed. 	In 

section 4.4, a simple version of the dual absorptive model 

is constructed for two-body backward processes where N(Iu.=i) 

and A(Ik = 	) exchanges are possible. 	The model is then 
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applied to ITN backward scattering. 	Through detailed fits 

to the available data the momentum transfer behaviour of 

the N and A exchange amplitudes are studied. 	The conclusions 

are given in section 4.5. 

4.2 Duality, Peripheral Resonances and Absorption  

(a) Phenomenological Duality 

Duality is based on the empirical fact that certain 

simple features of high energy amplitudes persist, in a 

local average sense, down to low energies(1). 	The most 

important features are a fixed t or u zero structure, 

reality'of the amplitude and an approximate power-law energy 

behaviour. 	There are several versions of duality which 

differ iu their precise definitions. 	For the present 

purpose, the two-component duality of Harari(12)  and 

Freund(13)  is assumed, which, according to Harari(14), states 

that the imaginary part of any hadronic two-body amplitude 

involves two components; 

Im A(s,t). = 	R(s,t) + P(s,t) 	(4.1) 

From the s-channel point of view, R(s,t) represents 

the contributions of s-channel resonances, while P(s,t) 

is given by the non-resonant background. 	It is important 

to note that resonance dominance in a local sense applies 

only to the imaginary part of the amplitude (i.e. the Breit-
.- 

-Wigner formula becomes pure imaginary at the resonance 

energy), while 'for the real part, distant resonances may be 
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important. 	In the backward direction P(s,t) is absent 

from (4.1) due to the cancellation of background contri- 

butions and we have R(s,t) 	R(s,u). 

From the t-channel point of view, R(s,t) (or R(s,t:)) 

represents the contributions of the t (or u)-channel 

quantum number exchanges which include Regge poles as well  

as Regge pole-Pomeron cuts. 	P(s,t) represents the Pomeron 

exchange (diffractive) part of the amplitude. 	The above 

statements are represented diagrammatically in Fig. (4.1). 

(Background) 

Fig. (4.1) 

Many aspects of two-component duality have been 

successfully tested against experiments(15)  with one 
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exception in the case of.baryon-antibaryon scattering. 

(b) Peripheral Resonances 

The first component R(s,t) has been assumed to have 

the dual character of being represented as a sum of s-

channel resonances or as a combination of cross-channel 

exchanges. 	In all simple t-channel models, the observed 

approximately-fixed structures in the angular-momentum 

distribution (dips, bumps in t and u distribution) are 

associated with certain characteristic properties of the 

singularities in these channels. 	For example, in the 

Regge pole model, dips are due to the wrong-signature- 

nonsense zeros of the Regge residue functions. 	From the 

s-channel point of view, such structures at fixed t or u.-

values at all energies can be reproduced, in the simplest 

way, if we assume that every single prominent resonance 

produces such a structure by itself. 	This imposes strong 

constraints on the quantum numbers of the prominent s-

channel resonances. 

To see this, consider the case of spinless particle 

scattering, where the contribution of a Tesonance of spin 

£ and mass m is proportional to 

P
t
(cos e) - J

o
((i+i) sin 0/

2
) 

where a well known identity between the Legendre polynomial 

and the Bessel function for large 2. has been used. 	Since 

sin 6 /2  - 	, a fixed-t structure at all energies 

imposes a relation of the form 

(4.2) 
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between the spins and masses of the prominent resonances. 

The observed dips in the t or u-distribution suggest that 

the proportionality constant is about 1 Fermi (= 5 GeV-1 ), 

which puts the dominant resonances on the parabola 

(/1-1)//i  = 5 GeV-1  = 1 Fermi 

These are called peripheral resonances, since they corre-

sponds to a semi-classical picture of scattering from the 

periphery of a disc of constant radius . 1 Fermi. (Fig. 4.2). 

(c) Absorption 

From the above discussions, it is clear that there 

is a fundamental difference between the above assumptions 

and those of the absorption model. 	The basic idea which 

is common, to all versions of absorption models is that 

inelastic scattering amplitudes are dominated by the most 

peripheral impact parameter within the interaction radius, 

which is about 1 Fermi. 	The contributions from the lower 

partial waves for this particular channel are 'absorbed' 

away by the opening of many other competing channels. 

Therefore, a similar relation to (4.2) is also obtained 

in all the absorption models. 	The only difference from 

the assumption above is that the absorption models assume 

the dominance of 9, a  IT partial waves in both the imaginary 

as well as the real part of the amplitude, while, in our 

case, a similar assumption is made only for the imaginary 

part. 

Therefore we assume that the non-diffractive component 

of the imaginary part of any hadronic two body amplitude Is 
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dominated by resonances and that the prominent resonances 

are peripheral (t = ii). 	On the other hand, the real 

part is not dominated by resonances in a local way and we 

do not expect it #riori to be dominated by the peripheral 

partial waves only. 

4.3 Backward Amplitudes  

(a) The Imaginary Part 

Near the backward direction the Pomeron (or diffractive) 

component P(s,t) will be absent and Eq. (4.1) takes the form 

--Lm—G(s,u) = R(s,u) 	 (4.3) 

where R(s,u) represents either the contributions of peri- 

pheral (it = 	s-channel resonances or the contribution of 

ordinary u-channel pole and pole-Pomeron cut exchanges. 

In the following we shall adopt an s-channel impact 

parameter description of the amplitude, which is more 

relevant for studying the energy dependence of the imaginary 

and the real parts. 	In this picture our basic assumption 

is that Iii G(s,u) is dominated by the most peripheral im-

pact parameters within an interaction radius r. 

Consider the s-channel partial wave expansion of the 

backward SHA (refer to Fig. (2.2) of chapter II for kine-

matics and helicity labelling): 

S u) = i2 E (Jii) dj 	j  (s) )1
6 ) GH (4.4) 
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where x = XI-X2, p = A3-A4, Hs  E (X4 X3; X / x2) and k = 

s-channel c.m.-momentum. 	The normalization is given by 

d Cr 
cTs:4 	I G1145 (5 “A")12-  

Hs (4.5) 

Here 8=1r near the backward direction and we have the 

re1ation(16)  

7 = C-  7E-0 
(4.6) 

At high (!nergy and small e' 	(r-e), the rotation function 

may be approximated by the Bessel function as 

ce- 	e 	(C2-7+1)‘;" fizi  ) AA 	IA -pl 
(4.7) 

Therefore, (4.6) becomes 

Ct3-  ( 0. 	—) 	j 	((2..7+)cosv/2. ) 
eift 

)9,A. 	1)-t-Ft1 
(4.8) 

We introduce the impact parameter b by the expression 

J 	= kb 	 (4.9) 

which corresponds, in classical physics, to the closeness 

of approach of a particle with angular momentum J to the 
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target centre (Fig. 4.2). 	We then make the replacement 

Z 	kdb 
0 

-1-A 7 (—) 	(S) 	§(S ) b) Hs 	 Hs 

Fig. (4.2) 

and (4.4) becomes 

= S 12ol6 	s b) .3-11A  (.11A. 	
(4.10) • 

where Mt = lx 	ul,  uo = (m2-112)21s . 	We have used 

cos 0/2 it7U/2k. 	By using the orthogonality relation 

between the Bessel functions, we may invert (4.10) to give 

§ i4s (s,b) = (ori:7.7k)d(LTort1)J6),(b 	CiRs(s,b). 
0 

(4.11) 	. 

Since AA = IA 	= 1(X1 7x4 )-(X27A3)1, it represents the 

total s-channel helicity change. 	We will drop the sub- 

script Hs  for clarity and define u' E u-uo. 

The extreme case of the peripheral assumption is to 
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take 

Inn .j (s,b) a 6(b-r) 
	

(4.12) 

which gives 

Irn G(s,u) a dAx(rP) 
	

(4.13) 

A more realistic impact parameter distribution is however 

obtained by having a smoothing factor in (4.13) which does 

not destroy the zero structure of Jilx  i.e., we assume 

Im G(s,u) = AeBu1 J
4x

(r1I-U') 
	

(4.14) 

which, by using (4.11), gives(17)  

Im 	(s,b) = A exp (— 
` 4B A (-11g) (4.15) 

where IAA(y) = (i)
A X  J AA (iy), which for large y becomes(17)  

eY (1 +0( 1/y)) 

12-7rT 

Then (4.15) becomes 

Im 2j  (s,b) = 	A 	exp 

(4.16) 
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which is peaked around b = r, with the width Ab given by 

Ab 
	

(4.17) 

A typical form of (4.16) is shown in Fig. (4.3). 	In the 

limit Ab 	o, i.e. B 	o in (4.14), Eq. (4.16) 4- Eq. (4.12) 

as required. 

A 

Ini(s,13) 	I 	6( b_ r) 

r 	 b 

Fig. (4.3) 

The three parameters A, B and rare each a function 

of energy, which may be quite complicated in general. 	But 

we expect them to be simple when the cut contribution is 

negligible. 	This will become clearer when we discuss the 

real part. 	Therefore we assume for s 
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A(s) 	A s7"" 

B + B'2.5 

r(s) 	r + r'PJ,As 
	

(4.18) 

where A, Ro  = Oto 	i,B,B 1 ,r and r' are constants. 	It 

should be noted from (4.17) that the condition for peri-

pheral dominance is 

r(s) > TaTF) 	
(4.19) 

Thus (4.14) becomes 

! 
Im q(s.m) = A eEau s °

+BV
( ( t 	) jTe ) AA 

(4.20) 

which gives the usual form of DAM parametrization when 

r' = o. 

(b) The Real Part 

Since the real part of the amplitude is not dominated 

by the resonances in a local sense, it is not restricted 

by duality to have any specific form. 

One may determine the real part by using a fixed-u 

(or -t for the forward case(18)) dispersion relation in 

which one has to ignore any s-dependence in subtraction 

constants and assume the knowledge of the energy behaviour 

of the imaginary part for s 	± m. 	Therefore, a definite 

signature, i.e. a definite connection between the two limits 

s 	m, has to be assumed. 	However, we know that cut- 

contributions are also present and there is no reason apriori 

to expect the pole + cut contribution to have a simple. 
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crossing property (or a definite signature). 

Another way of guessing the behaviour of ReG(s,u) 

is to make use of the Phragmen-Lindeloff theorem concerning 

the phase of the terms in asymptotic expansions of crossing 

symmetric amplitudes(19)  i.e. if 

IAN C (s ,k ) 	 s  

(-GI IAA • • • S PA 	(4.21) 

then 

gi(iA) 
Re. 61  (s,µ) ri(u)  s  

(IAA jA' 	)
Pi 

l t.C■Aa • ji  It ditty (odd) 

(4.22) 

The sum on the right-hand-side 
of(4.21) 

may be replaced 

by s6((u)  where o((u) is some effective trajectory describing 

the overall effect of poles and cuts. 	Therefore, unless 

cut contributions are small, Oc(u) may not be represented 

by a simple 
	

function like c((u) = ot
o 	

131 u1  of 

Eq. (4.20). 	Again the combined pole-cut contribution, in 

general, may not have simple crossing properties. 	One 

. should also note that cut terms will reach their asymptotic 

phases only when 	(Q.AA 	s) >> 1 	, which is rather 

hard to realize at energies of a few GeV. 

Therefore we may safely assume a simple form of 

Lm G(s,u) in (4.20) and the asymptotic phase (4.21), (4.22) 

— cot 	-C-KZ 	(even) 



only when the cut contributions are suspected to be neg- 

ligible. 	Otherwise the real parts remain unpredictable. 

(c) J-Plane Structure 

Consider Dm G(s,u) as given by-(4.2) for the following 

cases: 

(A) B' = o, r' = o; then Pm G(s,u) 	Sa° ti 	(r 	) and 

the full amplitude is given by the asymptotic phase relations 

(4.21), (4.22) as 

+ 	 a _m +cclo  
G (5, (4) 	- JAA (D-1----Ce) sc' 	e 

(4.23) 

which corresponds to a fixed u-channel pole or cut in the 

J-plane. 	In this case Re G(s,u) is also pheripheral 

(± refers to even/odd signature).  

(B) r' = o; then Pm G(s,u), s
ROA) 

Jax  (r 471e) and the 

full amplitude 

( 	 s  C7( u) e-iitacto 
+ 1 

s ivcrc ( 

4.24) 

where cr< (A.) = 7( 0  -I- 13'1A` 
	

This corresponds to an 

ordinary Regge pole (plus cut) model with a residue function 

4.t..x (.1-,T=Tii). 	In this case poles (ghosts) will develop 

at negative integer values of EZ(u), unless J„(r,T=Ti') 

vanishes exactly at t-values corresponding to these poles, 
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or a large cut contribution is present which changes the 

asymptotic phase relation (4.21), (4,22) in a significant 

way. 	In the latter case, the real part will remain un- 

predicted. 

(C) For Im G(s,u) fully given by (4.20), we will have a 

more complicated J-plane structure. 	To see this we use 

the integral representation of JA),00
(17) 

tit 

Joy, (x) — 
	e4 X sw, 

dep 
Lw ) —I (4.25) 

to give 

4 11 

Is.A C:i(s,(4) 	I 	sc-Z1L9 	 i(r ,r_TA., st;01_ (pa) 

(4.26) 

which may be viewed as a superposition of complex poles at 

= oC 0  + 	(41  + 1 svIrkcp Yi 	 (-Ir‘cP < lc) 
(4.27) 

According to our asymptotic relation (4.21)-(4.22), Re G(s,u) 

is then given by: 

Re. Ci (s,a) 
ca. l_r. 70C( 	) 7- 

tow% 	c7 (LA cp ) 
sFau, cP) 

 

• i(rrrt'st%,cp _ d?..aA) 
e 	 otcp 

3 
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wkere 

(4.28) 

Such a complicated J-plane structure is similar to that of 

the complex-pole models of Zachariasen
(20) 

and Oehme
(21)

, 

which are rather interesting in the sense of parity-partner 

elimination. 	In this case the problem of ghosts does not 

arise due to the presence Of the 	iri .,F-Test;,&cp 	factor 

in the trajectory function. 	A typical J-plane structure 

is shown in Fig. (4.4). 

Fig. (4.4) 
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4.4 A Dual Absorptive Model for Backward TrN Scattering 

(a) The Model (22)  

The experimental consequences of the model in case 

(B) of the previous section are; the Regge-type shrinkage 

of differential cross-sections, dips in differential cross-

sections are fixed in u, and will become less pronounced 

at large energies as a result of the increased slope which 

will eventually violate the peripheral condition (4.19). 

This type of model is what is usually known as the dual 

--absorptive-model- (-DAM), which has been shown (4)-  to account 

for tie qualitative features of experiment data in the 

forward direction. 	In this section we apply the model to 

backward IN scattering, bearing in mind that the other two 

cases ((A) and (C) in the previous section) are also 

possible. 

We summarize the model as follows: 

(i ) 	Im G(s,u) is dominated by the most peripheral s- 

channel resonances and is therefore given by a function 

,..A e°  j-c,),(rjrve ) 	where AA is the total s-channel 

heli city flip. 

(ii) ) Re G(s,u) is unknown in the s-channel pi cture. 	In 

the u-channel pi cture, it is expressed in terms of the same 

pole and cut which describe Im G(s,u). 	At asymptotic 

energies and when the cut contributions are small, it may 

have the form — A e 	jg,), ( "I` —17-Ce ) elk li-Trii- (tx) 	or 

A elhA j6),(Y17-1k) toml_ic -act9 for even or odd signature, 

respectively: 	When the cut contributions are strong the 
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above phase will be reached probably very slowly, leaving 

Re G(s,u) undetermined. 

The strength of the cuts present in the N(Iu  = i) 

and Li (1„=3,1) amplitudes may be estimated from the form 

(zero structure) of the corresponding Regge pole ampli- 

tudes
(23)

. 	In the case of the Na exchange, the usual 

wrong-signature-nonsense zero of the residue at RN  = -1 

produces a single zero in both im N tsN=o) 	and Pin N(oa=I) 

at u :1= -0.2. 	By comparing them with the corresponding 

Bessel functions J
o
(r 17re) and J (rf71.1 1 ) (with r 	1 Fermi), 

we found that a very weak or no cut is required for the 

(AX-0) amplitude while a rather strong cut is required 

for the N(41=1) amplitude. 	For 64- exchange, a similar 

analysis shows that a strong cut is needed for the A(AX=o) 

amplitude while a weak or no cut is required for the 0(a=1 ) 

amplitude. 	The N and z amplitudes in our model are 

summarized in table I, and the corresponding schematic forms 

are shown in Fig. (4.5). 

abg!'4  Mi 
In table I, 	314,), = Ai  e 	J'Ax 	for i = N, 0., 

and 	Elm) =A eStjCi(t,t) where the unknown functions Cz 

serve as inputs to our analysis. 	However, they are not 

arbitrary in the backward direction, since the intercepts 

of the pole and the pole plus absorptive-cut trajectories 

are equal at u' = o, irrespective of the strength of the 

cut. 	Therefore we normalize them to the corresponding 

Regge pole phases at u' = o (with respect to their imagi-

nary parts). 
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Fig. (4.5) 
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(b) Experimental Data 

The differential cross-section (a-) and the polari-

zation (P) are given by 

$( 6.A= 0, 1 ) 

r  i 	r  P 	2 im L 	31  ta =0 1 

where for 

--) pit{ 	GI t  — I 	+ 6.) 
3 

r 	 = 6 

 

7r p 	711 t°  ) 	 .1-27 (- 
3 

 

(4.29) 

Alternatively, the set of observables 

can be repl aced by a new set (a-,4  , 	) 	(5). 

N7  ( Noel 
ax 

r tiANI
2-  

ea 

D 	R 	Aar) 
co. 	 (4.30) 

and the relations between the two are 
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= 	I 3 ( cr+ + (Ye)- cr-] 

	

D = 	[3 	- 2.6-0) t CI] 
	

(4.31) 

By using all the common data on ' O+,0 	for 

pub 4 	eV/ic. 	(9), we obtain the experimental c-a, 6-1,1  

and D from (4.31), which are then used in (4.30), along 

with the 6 GeV/c data on polarization 	(10,11), for our  

fits. 

(c) Analyses and Fits 

Our model, as given in Table I, involves the para- 

meters ANA  ,BN 
N  ni 	 4)4  A

4
a
). 	

13 	and DA  which are not all 

free. 	The appropriate parameters are fixed in the 

following way: 

We start by looking at the 6 GeV/c data. 	The parameters 

A°  and AA°  are fixed by the backwark peaks (at u' = o) 

of TN  and o-  . 	We obtain- 

A°
N 
 - 9.2 ; 
	

1.7 

The radius r is assumed to be independent of the helicity 

A 
change A 	and the u-channel isospin. 	We take r

N
A
- 1
.
A
1"- 
- 

r = 	1 Fermi, and exact values are obtained by requiring 

J0 (41  f=7:7 ) 	and Ji  (Ir•1 170 ) 	to vanish at u-values where 

poles develop in cot nocN 	and tan voce  , where 	octi oA).-- 

-0.45 + 0.95u, 	ott,(14);_- 0.0 + 0.95u. 	Thus Re No  and 
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and Re Al have non-zero finite values at 	utr. -1.0 and 

u 	-0.5, respectively. 

We are therefore left with three free parameters (at every 

s) A , B°  and Bi  for each N and A amplitude. 	There are 

two possibilities of having the same or opposite relative 

sign between the flip and non-flip amplitudes, corresponding 

to At > o or < o, respectively. 	In each case, the unknown 

functions C
N 

and CA are determined as follows. 

Cm: The isospin bounds on the polarization (Pm) due to 

N-exchange amplitudes(5); 

< PN P  
lower 	

N
upper 

where 

‘P 	
1 	2_:- ( + P-) N tower — 	L 

3 o- ( + P+ 
14_

— crt4 ,4 

'FIN  River = 1 — 	3 [ _p+)t2._ [a (i-P_)}12- cr 

(4.32) 

may be converted, using our amplitudes in Table I, to the 

isospin bounds on CN, namely 

C
N 	

< Cm  ,‹ C m  
lower 	''upper 

(4.33) 

The bounds on CN, of course, depend on the parameters AN  

and BN. 
	

In both cases Al 	o, we normalize C
N 

at u' = o 
N > < ' 
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according to the Regge-pole phase and thus it is expected 

to be small near u = ud 
(u

d 
= —045). 	As a start, we take 

C
N 

= o at u = ud 
and estimate Al  from the value a(ud

) 

for BN  = 1. 	With these values for A and B, an estimate 

of the bounds on C
N 

are obtained. 	The inset of Fig. 

(4.8b) shows the CNbounds for Ail> o. 	We then take an 

input CN, as shown in the figure, for the detailed fitting. 

Co: Since we have both the 	and P data at 6 GeV/c for 

fitting, we parametrize C4  , with two additional free 

--parameters, in several different ways but in each case 

normalizing to the Regg-pole phase at u' = o. 	Then we 

proceed to fit simultaneously the data for TN, D, T.. and 

P_ all at 6 GeV/c, first by taking Al  < o, which corres-

ponds to the phase convention used in our previous quali- 

tative analysis(22). 	The fits obtained are bad in the 

sense that the parameter values for B's are unreasonably 

large. 

In the case Al > o, which corresponds to the phase convention 

used by Ferro-Fontan
(24) and by Takahashi and Kohsaka

(25) 

we obtain excellent fits for all u 7 -0.6, which are shown 

in Figs. (4.6b), (4.7),(4.10b) and (4.11b). 	We obtain an 

overall 7I/ND (ND = No. of degrees of freedom) of about 

1.5. 	The corresponding N and b, amplitudes are displayed 

in Figs. (4.8) and(4.9), and the calculated cross-sections 

and polarizations are shown in Figs. (4.10) and (4.11) 

respectively. 

(d) The N-Amplitude 

From the fits we obtain the values for the parameters 
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Al 
' N 
B
o 

and B
N 
as tabulated in Table II. 	We find that N  

BN 	
B
N, 
 and the magnitude is quite consistent with those 

obtained in the DAM-analysis of forward scattering(4). 

Im N
o 

and Im NI  are clearly peripheral, since the width 

of the corresponding b-distributions are much smaller than 

the radius rN. 
	

However, the real parts are clearly not 

peripheral. 	Contrary to the conventional Regge pole or 

weak-cut models our peripheral Im Ni 	Ji  is non-zero at 

u = ud  . 	But we found that this non-zero (but small) back- 

ground is required in order to obtain the beautiful fits 

shown in Fig. (4.6). 

In view of this encouraging support for the model, we 

also examine the s-behaviour of the parameters rN  and BN. 

The magnitude of backward peaks of ail  at different s gives 

AN — (283 ± 25) s-1'4  — 4.34)' 

and we assume an exactly similar s-dependence for 	
' 

Al  the 
N 

normalization being given by the value at 6 GeV/c. 	Thus 

we obtain 

Al
N 	

(77.4 ± 8.0) s
-1
'
4 
	

(4.35) 

We then proceed to fit the 'data on ITN  having, at each 

energy, BN = BN  and rN  as free parameters, and the best fits 

are shown in Fig. (4.6). 	The values obtained are shown 

in Table II. 	As in the forward case, rN  is formed to be 

nearly constant in s (- 1 Fermi) and BN  increases like ins, 
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corresponding to the usual Regge shrinkage. 

(e) The A-Amplitude 

The parameter values for the A-amplitude obtained 

from the best fits are given in Table II. 	Although we 

have Be = B1 , the magnitudes are rather large and the 

result is a poor peripheral nature of the b-distributions 

for ImA
o 

and Im Al. 	The fits to D, CT and P_ as shown 

in Figs. (4.7), (4.10b) and (4.11b) are reasonably good 

down to 14=-0.6, showing the approximate correctness of 

_the phases of the /N-amplitudes. 	The behaviour of the 

IL-amplitudes are displayed in Fig. (4.9). 

A more detailed look at the A-amplitudes seems to suggest 

that Re A — .11 	47c3t 	should be very small 

or zero near 14=-0.5, the solution obtained in the DAM- 

based amplitude analysis of Ref. (25). 	This form of 

is rather hard to realize in a simple DAM. 	However, 

particular asymptotic energy behaviour of the parameters 

B and r, corresponding to the case (A) and (C) in the 

previous secton, could lead to non-Regge-pole-type J-plane 

structure (e.g., fixed poles, a super-position of complex- 

conjugate pairs of poles etc.). 	Then the resulting real 

parts would also have zero structure around u (or t) values 

where the corresponding imaginary parts vanish. 	This kind 

' of mechanism seems to operate for both Re.L0 and Re Ai  . 

4.5 Conclusions  

We have applied a simple form of DAM to backward 

scattering with the intention of explaining the observed 
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features of the ITN differential cross-sections and polari- 

zations. 	We found that the model works very well for the 

N-amplitudes for all u > -1.0. 

The peripheral N- and 4- amplitudes have an inter- 

action radius of rt.. 1 Fermi. 	r
N 

varies very little with 

energy while BN  increases like tins , which is compatible 

with standard Regge behaviour. 	Also the magnitude of BN  

is consistent with the corresponding forward values. 

Contrary to standard Regge pole or weak-cut models, our 

Im N1  is non-zero at u= ma. 	However, Re N1  has a zero 

around this point. 	In our model TN is almost totally 

dominated by the non-flip (No) amplitude; the flip-

amplitudo (N1 ) being very small near the backward direction 

presumably due to the presence of a strong cut. 

The model also works reasonably well for the A- 

amplitude  for u> -0.6. 	The model, however, seems to 

fail to give the correct Real  for regions beyond this 

value. 	The slope parameter Bo  is rather large and the 

resultant impact parameter distributions Im4 are much less 

peripheral. 	This inconsistency is interpreted as due to 

the incorrect form of Re 	, as given by the model. 	In 

order to obtain a consistent value for B4 	Re .t must be 

very small or zero near u = -0.5. 	This type of behaviour 

for Refit  may be achieved in other classes of DAM where both 

B and r behave like constant (in s) or both increase like 

Ins . 	The corresponding consequences for th-e peripherality, 

dip positions and shrinkage of the differential cross-section 

will be different from that of .our simple DAM. 	Strong 
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absorption models as well as a covariant version of the 

fixed-cut (Carlitz-Kislinger cut) model of chapter II are 

both consistent with our conclusion about Re At . 
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Table I - The DAM-amplitudes  

s -channel - 
helicity 

flip 

Na-exchange A
6
-exchange 

Im Re Im Re 

Ax=0 

hd1=1 

5-0  

5, 

-3-out-lilt-am  

"d, 	( ?) 

-7t 

51  

- CA  (?) 

5; tam inac 

Table II - Parameter values  

N A Units 

Plab 4 6 10 6 GeV/c 

A
o 	(fixed) 15.5 9.2 4.1 1.7 pb/(GeV/c)2  

* * 
Al 	(fixed) 3.95 2.34 1.28 3.4 I, 

B
o  0.73 0.93 1.45 . 	4.0 (GeV/c)

2 

B1  0.73 0.9 ,, 	1.45 3.2 11 

R 5.0 5.2+  5.2 4.8+  (GeV/c)
-1 

 

* ( 	Free (fixed) for (aN, D, a_, P_) simultaneous 

fits at 6 GeV/c. 



126. 

References  

1. C. Schmid, Proceedings of the Amsterdam International 

Conference on High Energy Physics, (1971). 

R.J.N. Phillips and D.P. Roy, RL-73-064 763, RHEL 

Preprint (to be published in Reports on Progress in 

Physics). 

2. M. Ross, F.S. Henyey and G.L. Kane, Nucl. Phys. B32 

(1971) 429. 

3. H. Harari, Ann. Phys. (N.Y) 63 (1971) 432; Phys. Rev. 

Letters, 26 (1971) 1400; 

r."Harari and A. Schwimmer, Phys. Rev. D5 (1972) 2780. 

4. M. Davier and H. Harari, Phys. Letters, B35 (1971) 239; 

M. ['Javier, Phys. Letters 40B (1972) 369; 

H.A. Gordon, K.W. Lai and F.E. Paige, Phys. Rev. D5 (1972) 

1113; 

J.S. Loos and J.A.J. Matthews, SLAC Preprint, SLAC-PUB-

1068 (1972); 

G. Chadwick, Y. Eisenberg and E. Kogan, SLAC Preprint, 

SLAC-PUB-1093 (1972).. 

5. V. Barger and M.G. Olssen, Phys. Rev. D5 (1972) 2736. 

6. V. Barger, F. Halzen and R.J.N. Phillips, University of 

Wisconsin Preprint, C00-881-352 (1973). 

7. See Chapter III of this thesis. 

8. E. Berger and G. Fox, Nuci. Phys. B26 (1970) 1. 

9: J. Orear et al., Phys. Rev. Letters, 21 (1968) 389; 

J.P. Boright et al., Phys. Rev. Letters, 24 (1970) 964; 

D.P. Owen et al., Phys. Rev. 181 (1969) 1794. 



127. 

10. H. Aoi et al., Phys. Letters B35 (1971) 90; Nucl. 

Phys, B43 (1972) 522; 

F. Bradamante et al., CERN Report, January 1973 

(submitted to Nucl. Phys.). 

11. H. Aoi et al., Universite Paris-Sud Preprint, IPN-HE 73. 

12. H. Harari, Phys. Rev. Letters, 20 (1968) 1395. 

13. P.G.O. Freund, Phys. Rev. Letters, 20 (1968) 235. 

14 	H. Harari, SLAC-PUB-914 (1971). 

15. H. Harari and Y. Zarmi, Phys. Rev. 187 (1969) 2230. 

16. M. Jacob and G.C. Wick, Ann. of Phys. 7 (1959) 404. 

17 	I.S. Gradshteyn and I.M. Ryzhik, Table of Integrals, 

Series and Products, Academic Press, 1965, p. 718. 

18. I.M. Borbour and R.G. Moorhouse, CERN Preprint, 

he'. TH. 1712-CERN (1973). 

19. N. Khuri and T. Kinoshita, Phys. Rev. 137B (1965) 720. 

20. F. Zacharaisen, Proceedings of the 1970 Coral Gables 

Conference. 

21. R. Oehme, Phys. Rev. D4 (1971) 1485. 

22. Tin Maung Aye, Nucl. Phys. B47 (1972) 355. 

23. For example see V. Barger and D. Cline, Phenomenological 

theories of high energy scattering, (W.A. Benjamin, 

N.Y., 1969). 

24. Ferro-Fontan, CERN Preprint, TH. 1490-CERN (1972). 

25. Y. Takahashi and Y. Kohsaka, Tohoku University Preprint, 

TU/73/106. 



400 

300 

LZ 

100 

0 

128. 

0 	0.5 	1.0 
U(GeVIc)2  

Fig. (4.6a) 



129.- 

0 	0.5 
	1.0 

U ( GeVic) 

Fig. (4.6b) 



130. 

0.5 	1.0 
GeV/ c) 2  

6 

12 

Fig. (4.6c) 



131, 

              

              

              

5 

             

mom 

          

             

          

6 GeWc 

  

             

             

             

              

              

              

              

               

               

               

               

               

               

               

0 	0.5 	1.0 
-u GeVic )2  

Fig. (4.7) 



I A  
0
 

co
 

A
L 

I/
 (G

eV
ic)

 
0
 

c
o
 

1_
4 3 

I $ 

O
 

Z
 

O
 

0
1
 

-o
 

C
 

' 3E
 L 

CD
 

O
 

C
 



• 

E
 v-5

 

133. 

*
w

 k
 •

 e
rr r .r.•

 •
 	

•
 r

k
 •

 • •••• • • • 	
• k re- f or:v-4 	

tri•
i. •

1
,4

7
! k

e
rrL

t,  k
J' 

rt4 o
rL

k
y
k
r,t4.0

-0
 k

r
 •

 k
 1

0
 	

61,1
4

*
.*

 	
O

rka•••••••
 

O
 

CD
 

to • 

O
 • 

• • 

0
 

I 
Ir■

 

0
 

O
 

•
L 

*L. 

( 0/ A e0) l ayn 



a5 1.0 

1.0 0 0.5 
(GeV/ c) 

• 

134. 

50 

Fig. (4.10a) 

b 

10 

Fig. (4.10b) 

6 GeV/c 



1 I I 

20 	 

10=  

a) 
-- -0 

bo 

135. 

0.5 
	

1.0 
- U (GeV/c)2  

Fig. (4.10c) 



1.0 0.5 
-u (GeVic )2  

136. 

Fig. (4.11a) 

11•11111, 

0.6 

-0.6 

6 GeVic 



0.6 

- 0.6 

0.5 	1.0 
-( GeV/c) 2  

Fig. (4.11b) 

GeVic 

.1•■•••• 

I 	 

IND 

an. 



I 

(C) 
6 Ge\fic 

1.0 

O 

C —Prediction 

0 

00 
 

-1.0 

138. 

0 	0.5 	1.0 
-U (GeVic)2  

Fig. (4.11c) 



139. 

Appendix A 

(a) Dirac Spinors 

The Dirac Spinors for the initial and final spin-i 

fermions with s-channel helicity x and x', respectively, 

are given by 

LA- ( p) = 	(( 4- 	) 4?)  c p ) 
E 

—(g) 
A. (pi ) = .F7+"1  93°5() ( I 	lir5 	 

E l+ vvii ) , 

Fig. (A.1) 

wok  004.)( 	= ( 1 

I 

4.(-14.) 

• 

ok) cf) =( can% 

scm 

Itk)(P)=(-sc-,%) 
to-s &A 

(A .1) 

and p = jpl, h E 2X, where we have taken p along eee 3 , q along 

p' at an angle 6(0 = 0) with respect to e3 and q' at 

an angle Of - 8) with respect to 	as as shown in Fig. (A.1). 

The Pauli representation is taken,where 

1-5 = roYl Yi Y3 
	r = ro  ( 	) 	r5.2"...- –1 , 	i.e. 
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0 	2 	r = 0 Sr 

o —1 j 	 \-0' 0 
(A.2) 

and the spinors are normalized according to 5u = 2m.a are 

the usual Pauli matrices. 

(b) The polarization vectors for spin-1 particles cor-

responding to the momentum q' in Fig. (A.1) are given by 

(0) 
v  (GC) =. J.- ( 	-c..1sem a 0 , - uute..ase 

ll ) 	( 0 + 04s 	, 	, 	s 
(A.3) 

where q' = 	, with the normalization 	a*(A) (A) = —f. 

(c) In the case of.spin-3 /2  fermion, the spinor-vector 

wave function is given by 

a) 
(A 	(p) = 	(1 14.  rsi3k,,X 

ris 

(r) 	(S) E1 (P)  tA  (P) , 

where ( i 14.  r s I 3At.  , X ) are the Clebsch-Gordon co-

efficients and e
u 
and u are the spin-1 and Dirac Spinor 

wave functions. 	Explicitly 

( 3/2.) 	 Ct) 	(K) 
(p) = E. 	tA.. 

iA 

(Y2.) 

	

/ EC+) “C 	 (0) (14_) up. p 	' 	 EtA " - 	' 

( p ) 	 1 	 (;) LA.&2') 	Efr,(°)  0-(-1/L)  

(1') = Er t4  

(A.4) 
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Appendix B  

(a) 7rN Kinematics 

As stated earlier, the kinematics for Tr N backward 

scattering are defined by taking p, q and p', q' for the 

in- and out-going nucleon and pion momenta, as shown in 

Fig. (B.1), so that 

Cl - 

s = (p + 4)2  

t = (p 	p')2  

u = (p - q')2  

p 	q = pl 	(1 1 ,  1) 1 2. = p2 = 1112, 

q'2 	q2 =I2;Q =i(q' 	q) 

 

Fig. (B.1) 
(B.1) 

The s-channel helicity amplitudes are given in terms 

of the usual invariant amplitudes A and B as 

	

TA' = 4()( p() ( A + Bg ) ut")( c,) 	
(B.2) 

and explicitly, 

T++ = 2 in A + (E srg.  - mN  )B] cos 0/2_ 

T+- = 2 [EA - mN(E - ,ii) B} sin% 	(B.3) 

	

where ± stands for nucleon helicity 	E and m
N are the 

c.m. energy and mass of the nucleon and & is the c.m. 

S-//. 
	K 
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scattering angle. 

At fairly large s, we can approximate 

T++ 	B sl 
	

(helicity flip) 

	

T+- ,, (A + mNB) sl 	(helicity non-flip) 

(B.4)  

The A and B amplitudes are specifically given by the model. 

The differential cross section and the polarization 

are respectively given by the expressions, 

a a-  = 3gei 	( 	I T-1-42-) 	fA V“eVic )2.  
tk 	411. 71 ICI-  S 

and 

( T++  T+4= ) 

(B.5)  

(b) Pole Couplings 

We define the usual pion-nucleon coupling constant, 

g xNN  by writing the Na -pole amplitude (u = mZ  ) as 

2 

	

Na = 71'104 j__ 
	(4 Y5 ( 	+ w+)  rs-  LA 

	

2..A 	( 	vkt ) 

91(
2-  

UNI 	--Lt 91 LA.  
2-1M ( Lk — VW') 

(B.6) 



/
pi N  

Fig. (B.2) 

143. 

where we adopt the normalization Zu = 1, to be consistent 

with the trace calculation in section 3.4. 

For the pion-nucleon-A. coupling, g4  , we write 

the decay amplitude for the process 	N7r 	as 

'IA a CO J  t (K) 
1MR 	 (B.7) 

and the c.m. decay width as 

r = 	k 	11-1  
kit Lima  it  641.  

where k is the c.m. three-momentum of the nucleon. 

Explicitly, we have 

re = 
k3 
	 E vm,÷ yvt„)".-_ rn7t1-  
2-4-1r 

(B.8) 

which gives, for P A  = 120 MeV, the value go  = 	14.5. 

Using (B.7), the elementary L(1236)-pole amplitude 

in 	RN scattering is given, to leading order as 

7- 

S 

	a. 	s  _LT( 	(-2.110 	 UL(p) . 
I ) 	 v,A-L-) 

(B.9) 


