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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 «N backward

scattering. The Ao -residue is found to extrapolate very

8
well from the 4(1236) po]é to the scattering region, where

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

A reasonable good reproduction of the mp-y pw  data is
obtained. The N -residue gives a correct value for the
sN-coupling constant, but extrapolates badly to the
scattering region presumably due to large symmetry breaking
effects. |

And finally, the dual absorptive mbde] is extended to the
backward direction and applied to =nN scattering. A1l 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 aA-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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CHAPTER 1

GENERAL INTRODUCTION

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

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 émb]itudé
near the backward direction should occur in pairs, the sa
called 'parity doublets' if the trajectories are lTinear,

as suggested strongly by Chew=Frautschi plots. However,
some of these are certainly not observed and this:.is

usually 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 Carlitz and Kis]inger(ﬁ) who intrdduce a fixed
kinematic cut in the scattering amplitude, which is respons-
ible for removing the parity doublets on to the uﬁphysica]
sheet. - This model involves problems concerhing the high
energy behaviour, the absence of the usué] nonsense dips

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

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

obtain a reasonable fit to the data,albeit with an un-



~

réasonab]y large pion-nucleon coupling constant. A
modified Carlitz-Kislinger model which respects unitarity
has also been proposed by Lyth(g). In chapter 11, the
model is discussed briefly in the covariant formalism.

In a2 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 1s Tost 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 A -residue from

§

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

po]dted residues are too small to account for the observed

width. This indicates the need for a more complicated

parametrization of the ob3-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 Ninbow(g). In chapter III we consider a |

Reggeized supermultiplet model which generates:polynomia1

" Dg-residue which extrapolates extremely well and also

possesses "desirable zero structures.in the scattering region.
Recent measurements of polarization in w*p backward

scattering have resulted in new puzzles for backward

phenomenology. None of the conventional Reggé pole or cut



fits came close to these observations. In view of this

(10) made a remarkable model-

situation, Barger and Olssen
independent analysis of the existing =N backward scattering
data, in which the explicit éontributions of the N(Iu = %)
and A (Ix =34 ) exchanges to the differential cross-section
and polarization were deduced. Their essential conclusions
are: the N-exchange amplitudes are consistent with the
usual Ny -amplitudes with nonsensé,zeros at «¢ = -3, but
Wwith a completely different phase from that of a pure Ny
Regge pole; the imaginary part of the nonjflip and the flip
(s-channel helicity) A (Iu=34) -amplitudes have linear
zeros at w =~ -0.15 and u = -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 additibn 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

COVARTANT 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(l). Due to the difficulty of obtaining
the general spin J-propagators, this methgd was superseded
by the conventional method of Reggeizing cross-channel
(t or u) helicity amplitudes(z). 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(3)
and at various thresﬁolds and pseudo—thresho]ds(4)- In
order to overcome this difficulty two methods have been
developed.

The first method is to work Qith s-channel helicity
amplitudes (SHA) instead(®), 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 calcu]ations(ﬁ).
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"]o).

This method, which makes use of covariant
M-functions rather than helicity amplitudes, is therefére
free of the kinematic constraints of cross-channel helicity
amplitudes. Furthermore, explicit forms of cdvariant
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 methed is closer to field
theory and is therefore capable of extension to higher
symmetries(]1). However, the disadvantage of this method

12)

is that cross-sections( and density-matrices are rather

hard to obtain. Gault and Jones(13)

studied the relation-
ship between the two approacheé for forward sc&ttering,
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 covériant
Reggeization to backward scattering_proce;ses, where unlike
the forward case, factorization into s-channel helicity
vertiées is not automatic, and Gribov parity doubling of

(14)

fermion trajectories 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 factorizabie
into helicity vertices in asymptopia. Calculations of
helicity vertices for all the counling in Table I are
berformed(]5) and the results tabulated in TablesII and

III. Section 2.6 is concerned with the discussion on the
kinematic zeros of the covariant residue functions at

" nonsense points in J; the dip mechanism. The kinematic
cuts arising from the Reggeon mass term are also considered
in connection with the extension of tpe 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 Operatof
The projection operator for an on-mass-shell (a2 = mﬁ)

boson'of spin-Jd is defined by(Z)

d _ < (V) ;t») |
0?!"9’-_\-3“1.-33(A) - 2;_ Qp,"P;(A)@O(p-d:(A) ) (2-])

s . . A
where the wave function @q.._«J(A) is defined in

terms of the basic spin-1 wave function echfA) , and the
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totally contracted form is

) 7 A
@ (P:Q) A) = PPI"PGJ ?@n"@53°‘l;'°‘1(A) Q“'“Qdd' ) (2.2)

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

. J .
Fig, (2.1). Clearly 6>9r'@:34n~“3 (D) is traceless
and symmetric in both initial and final indices, and

satisties the condition

T J
By P, aay (B) = Dy, o gs; oty (B) =0, (2.3)

Partially contracted forms, such as Pg, or 6’;“,
Pl ]

may be obtained from Eq. (2.2) by a differential technique(!®)
and are given in Ref. 7, e.g.,

@3

T
63@.; (?lQ\;A) @l@'t"@:)d\""‘:(&) a“l" Q"‘.‘l‘

P P

2 s

I

) 3 :
?5?9,@ (P,a;d)

®  (Pr3n)= U 2 3 @3r,azn)
L T (3-1) 2P, 3P, (2.4)

etc.

A spin-J boson exchange contribution in the t-channel
to a spinless particle amplitude (Fig. 2.1) is proportional

to



2 4
P,m (¢) pym’
P =1,(pep)?
A Q=1(q+q )2
A= (P'-P)2
q, - oYy
“/7 (°‘) \\i

Fig. (2.1) t-channel kinematics

1 4

\\
~
A\ .,
q,u \%
N =3 p'+q)?
A K f\:%(p'*q)Z
K= (p-q)>?
P.m () N\ i
~
2 3

Fig. (2.2) wu-channel kinematics

13.
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PlP-aid) = c5 B (V) , .

(2.5)
‘where cy = %g; . g(J : 1,
and the solid spherical harmonic & is related to the
usual Legendre polynomial PJ by
(AP EJISEYISTRE-NEW (2.6)
with v= P).a(s) = | P(A)HQ\(-AN Z;y, Q@)= a—%a :

By differentiation and using the covariant recursion

relations for &3, one can easily obtain explicit forms for

-

the p.irtially contracted projection operators, such as

P, (P-a50) = e P, —ata) Pals) 85, ] . (2.7)

- In the case of a spin-d = j + % fermion (j integral),
the projection operator and its totally contracted form are

respectively given by

T v r) - (A , '
/g?:"ﬁ.;jd.--“j(K) - Z\: %03‘--55('() gl"‘"'“i(K) b (2'8)
where g“v_&scx) is defined in terms of the basic

spin-1 and spin-4 wave functions, £i:)(<) and ufi’(«))

and

T ¢ ’ T
BTN, A KDY = Ng - Ng; Beps s atyen ot (KD Nay- e, (2.9)

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

;Agd%nﬂthgutraceless symmetric tensor agg"i «.. (K) satisfies
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. s ;s
Ke, 88; jey0; (KD = Koy 876 05 ua3 (KD = O

(K-m;3) )SZ,..‘,“‘,,"..%.uQ =(k—w':) 7(k) =0 (2.10) |

It can be shown(7), in a similar way as in the boson case,

that

AN K) = Sin LOams) By KOO(e-m)p08]] (2.11)

J+1

I+ .
AN N K= L
5’ 9

o,
L2 87N K) (2.12)
>Ne : .
etc., where we have used the normalization uu = ZmJ, and
’ 3 . -
QJt' denotes the derivative of &;,, with respect to

-the afgument T,

Te= Nk AR = | AN 2, . (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 L ~-\I:!cs>:6-.{/(z)@co (1 + 2 » 3) where the

covariant coupling function C depends on the momenta,

metric tensors and y matrices. Parity conservation requires
'normal' and 'abnormal' € -functions, the normality of the
vertex n being defined as the product of the normalities of

the particles;

S .

w{ﬁh n. = (-) ' x (intrinsic parity) (si = J. for boson,

1 1

.sjf?'J{°€1§Lfor fermion).

'Variuds.bovariant coupling functions are listed in
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Ref. 7, where the 'reduced' coupling functions € may be

introduced by the definition

Cfsl"@l = e(‘n"?’s ?ﬁs¢,"'P3:' V (2']5)

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

B
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(s 1) + p(s2)—>q'(s3) + p'(sy)(Fig(2.1) and(2.2)), The M-

function is defined from the helicity amplitudes as

’ - T ' (A1) A)
<PMN I TIEAaN Y = FOOE T @) M, ¥ 00 ¥, 0)
(2.16)

where the covariant iabe1 Uy ... Stands for {ul--us} for a
particle of spin s or s-3.

The M-function can then be‘expanded in terms of
suitable kinematic covariants J<L Eogether with kinematic-
singularity-free scalar invariant amplitudes Ai(s,t), where
s and t‘(and u) are the usual variables;

N By
Mo, v = }; AGsE) Ky (2.17)

The crucial step towards the method of covariant
Reggeization is the notion that the J%® terms in the
usual partial wave expansion of Ai's may be identified with
the éorresponding contributions to M-function from the
exchange of a 'particle' of spin J and mass vI (or Yu),

namely
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( h)
M(‘T) = L (5,54;7): PUPRID: ¢ (50,835 7), (2.18)
t —my
near t = mj.

(1, 17)

For example, in =N scattering we have

5
M7 (5, P +3,.%) Ce;(P-2:0) (g

s

= 35 [ 360 +3:(&0 -mate; )]
T

t-ms ’ (2.19)

which, with a suitahble identifications of g9, and gg,, gives
the usual partial-wave expansion for the invariant amplitudes
A and 8(17).

Thus the partial-wave expansion

J
M5 (20 4+ 1) m(d) (2.20)

can now be converted into a Sommerfé]d-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;

~ina(t)
¢ P(v)s Qv 1t e
b —mF 2 s (L)

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)® and the spin factor ¢, SO that we have ¢y @ ~ V7
exactly. The factorized residues g(t) are free of kine-
matic singularities in both «(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(zo)

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 exchénge 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 v = o, owing‘to
the presence of the Reggeon mass term /@6f the Reggeon
propagator (K+ Yu) (Fig. 2.2). The existence of such a
singularity is in contradiction with the Mandelstam analyti-
city properfies which are required for any physica1 amplitude.

There are two distinct methods of dealing with this
situation. The first is due to Gribov et a1{'%), 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(Z]).

An alternative to the above method was given by

Carlitz and Kis]inger(24)

» who suggested that the amplitude
should have a fixed kinematic cut arising from the same
Reggeon mass term, Yu. Therefore, one of the parity
partners can be made to move behind this cut on an
4unphysica1 J-plane sheet for /u > 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(si1) + p(s2) —+>q'(s3) + p'(sy) near the backward direction,
where we have s = (p + q)2 » large, t = (p' - p)2, and
u=(p'-q)% > fixed value < u, (u, = threshold). The
kinematics are defihed in Fig. (2.2) for a u-channel
exchange where A = 3(p + q'), A' = 3(p' + q) and
l<=/(|D'-q)=(p-c|')- ‘

The contribution to this amplitude of the exchange
of a spin Jd = j + % (j integral) fermion of mass m; and a
definite normality + 1, in the region u > u,, can be written

as

+ = C“l(s,,s‘f;:r): )3:([\',:\;;(): Cﬂ(sL,SQ,I)
g (2.22)




20.

where n', n = * depending on the normalities of the ex-
ternal particles.

The full M-function is given by
m(9) o ) () (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.,

“f? =Z:N”iUM)K€u : (2.24)

The M-function can then be rewritten as the sum of
definite parity exchange contributions by collecting terms

containing ( )¢ + Yu) and ( ¥ - Vu);

I A D N R
(2.25)

where A(J)i 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 nN backward scattering,

where we have for the exchange of spin -J = j + 3 fermions

of parities (- 1)Y%},

(s C; l O j
M = __._“IJ_ ) [ g 8)‘!‘ L(A’,’\SK) + _FZ rs £J+/1( I\l,(\ik) rs J
Jt1 w—m?

A (we @) + RD(k-m)
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AT = Gt o (g, ) - Fi el P(0]

it w-m3 J
(3 . 2 - A 2
AT = Gt L [ 0 () = 9 (Butm) 85D ],
AR (2.26)
with E, = u - m2 - y2

2/u

| In deriving Eq. (2.26), we have used Eq. (2.11) along
with the fact that

' %t (@ =(K- KKy t — AK
Mo (2 (@) (k) = (K- LR &) (K410 (61— AK k)
—> (Euiwm)(KEIx) .

Going back to the M-functicn in Eq. (2.25), we can
rewrite this in terms of the usual invariant amplitudes A

and B in the following way:

M = AP (m 1w -2) + A (- )
where we have used the relation

K = (F-f) > (m=-a)
(- ) > (m-%)

& = L(q+q) , mezi(mam),

and, if
Mc;r) _ A(:r) + & B(J’)
then

AT = m, (A7 AD) 4 @ (AT -AT)

87 = _ (AT L AD) (2.27)
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Thus A(i) will have kinematic singularities in Jx , so
that A(J) and B(J) satisfy the required Mandelstam ana-
lyticity. This can be achieved by requiring that

o) (r)
Ae (i) = A (-J%) (2.28)

and Ay (fX) ~ l/m as u>o0.

We can now perform the covariant Reggeization of the
definite parity exchange contributions, e.g. Eq. (2.26),
by working in the Yu - rather than the usual u-plane
and by observing the MacDowell symmetry relation (2.28).

" The corresponding Reggeization prescription is thus

' -in(ad-%)
c ! +
w— m?* 2 sim W(x—14)

Coupling function - Regge residue; function of /u.
If the residue and the trajectory functions correspond-
“ing to amplitudes A‘?(&t\@) are pr(m) and “t(m) s

respectively, then the relation (2.28) requires that

pE) = B(-Ix) , o« (W) = < (-8R) ,

and for u < u, we have

p. = o ) K= ool (2.30)

‘n:¥'~ Since the amplitudes are now functions of Yu, we
‘adopt the convention of Gribov et a1(1%) for continuation

betow the singularity point at u = 0. We take
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Yu = +i /- u ’ (2.31)

which corresponds to approaching the pbint u = o0 from
“above, i.e., u > u + ie (e > 0).
(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-funct%on;

Pqun _ 1 e’

1
w-my 3

i+,
2 2 AT (g,
where 6% and e“_are covariant reduced coupling functions
for (s; + sy = J) and (s + s3 » J) vertices (Fig. 2.2),
and the totally contracted projection operator 834
is proportional to the Legendre polynomial Gf;,(zu)

Therefore, to leading order in 1, we have from

Eq. (2.11), (2.12)

ity . /
BTN A5k ~ Sint (K4 mg) @jﬂ(‘f) )
y+1

.‘.)""/ 7 :
ﬂp;z('\,l\;K) ~ Cit1 (5”"“:);?3— P (),

(2.33)
and thus Eq. (2.32) becomes
M(J’)~ 4 Cf (K('f'm )C I Citt 2 3 ’
g 7] Co = @“q&) (2.34)

2 . S A T~ 1
w-my 3% G+t 3N AN
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The Réggeized form for either parity exchange is

thus givén to the leading order in 1 as

o (§o
M u)r\. C{‘;(b’(+m) €« S Cx@mr, > 3 / -7)
= n Vamy+!
(- )* (a@ey ) aNg 20« N
(2.35)
where 5+ = (1ré'i"“%5;”;z is the signature factor with

X = am)-—Y% o and the coupling constants g énd f in €'
& € are now Regge residue functions of Yu obeying the
MacDowell symmetry rule.
The simpiification at this stage is due to the fact
that - 04N31+ZL may in fact be replaced by its asymp-
totic form sx@)= (18) 4y s making the subsequent

calculations an easy matter.

2.4 Gauge Invariance; Photon Vertices

(a) Gauge Invariance

Covariant decompositionsof photonic amplitudes into
invariant aﬁpTitudes free of kinematic singularities and
zeros have been studied(lg). The M-function for processes

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

as

) My = ? AjK

N (2.36)
where Ai are invariant amplitudes free of kinematic singu-
larities and zeros in s and u (or t),}ei are linear com-
Biﬁétions‘of covariants like A', A and K (Fig. 2.2) and

‘the MQFUnétion_ﬁv satisfies the gauge condition
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Mok, =KD k=0 (2.37)

Gauge invariance is guaranteed if we writejiv as
}(v = %VV.I{V., where]{v is the corresponding covariant
which is in general not gauge invariant, and the gauge

projection operaiortgv.v is defined as

gvv' = gvv' - ?I_:—k/\v)’ N (2.38)

which unfortunately introduces kinematic singularities into
the invariant amplitudes (i.e. at k.A = 0). A way out of
this situvation is to regularize the amplitudes by first of
all frrming all possible less singular combinations and
then multiplying by a factor of (k.A).

In our case the spin-J exchange contribution to the -

Mffunction can be written as

M, = €(nN): 87(k) €0y (2.39)

where the photon vertex is gauge invariant, that is,

€,k,=0 with &,=6,,€, . 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 (JP = é¥) Regge Vertex

To obtain the normal vertex e;“(yigzj+&),‘correspond-
ing to normal éxchahge, the gauge projection operator
_1.A$.<apph'ed to the coupling Cfd(‘/,_,t,}#/z) "‘(3‘91»: +9, %A + 93/\,,!\4),

'::A“'4 - . - ' l .
_qnd thg_rgsy]t1ng 1pvar1ants 9, and YvAa
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/

Yva = Gy Iy = gw‘———,\"k“ S N Ayl

v

(k.A) (R.N)
f'vl\d—; oo YNy = 'Y.;Ax—’% Ny N (2.40)
' (k.N)
are regularized as follows:
Since k.nzsz.(m’—m}) and % > (m-mg) (2.41)
Teees W(pHk(K+Mz) = (m-wmz)W(p) (K +m3)...
the linear combinations
(MJ'f'MD rvll\o( = (ms*m)le\q”[ﬁ’\vﬂd = 5‘52
and
_ / ' . 2
(s ™M)9,, +¥, N = (Mz=m)g,, + NNy = C (2.42)

are free of kinematic singularities and zeros in u.

The regularized gauge invariant coupling is thus

given by
>+ . : ~ (1) s > (2) +
€L (% i+h) = 9, ¢ w 19, e o (2.43)
» comparing with &% (Y ,1,j+) , Wwe get

3] = (mJ —-Wl) 57_

9?— = (MJ+M)§| +§Q_
- (2.44)

Similar calculationscan be performed for abnormal

vertex and the final result is the replacement:

9’53’5{' s My - -Mgy .

(2.45)
(c) Photon-N*(JP = 3/2') Regge Vertex
For normal parity exchange, we consider
el (L% il ) as listed in table I. After

« %3 pV
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the gaugé operation, the coVariants

9d¢t iaV ?
are left, where
3"‘” = 9‘&\’ - kn'._/\v = Gy, - 4 /\:a’\v ,
(k.0) (m*=w3)
T(, = Yv —_— k Nv — Y;’ — Lf- AV )
(k.n) (m+mg)
and g = g — kehy o g _ Fhply
L P k. hv m-wmy
where Eq. (2.41) has been used.
The linear combinations ' .
- _ Syt
(‘MJ ™) 3*.)* 30(,11 + 9°(al" L n“t = erbu.x;
wm - ~ ()t
( It M) 3:::,}& Yy “Kz ~& 30(,,4 AV /\.4,_ = roe a
_ 2+
(W‘I—m) Inv A“uﬂ"z TIHALNAN,, = PV &ty
@)+
(m:]"fm) va\y. '\&(A‘L—l{'APAVA"‘(’\"LE cpvx,o(; (2.47)

are free of kinematic singularities and zeros.

The regularized gauge invariant normal coupling is

thus
€ i N ) = (§ EWt 47, ",‘jj;% 5, :m«z
""5} 6(;:{.::,, ) ) (2.48)
and the relation to g in c:uq,at(""’/’;’)i’r'/z) is

9, = (mg-wm)3§ |

3. = 5! + (g M) §LA"
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9 = -~ 4
¢ 34 (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 saﬂdwich the asymptotic M-function given
in Eq. (2.35) between the appropriate helicity spinors or
polarization vectors (see Abpendix) i.e.,

/ Ard A
g2 e W« (3 50)

Factorization into helicity vertices is not at all
obvious at this stage,for we have in Eq. (2.50) the fermion
Regge propagator (i + Jw ) connecting the two external
fermions through the'coup]ing functions ¢£'s. Howevef,
we will show in the following that the amﬁlitude in fact
factorizes into helicity vertices in asymptopia. Since

every differentiation of s® amounts to lowering the power

of s it is clear that only those parts of the helicity
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vertices which are effectively proportional to Aé, A,

respectively give leading order contributions. Thus for

the above case we may write

e (rqmy e [C-“?A'Mf\’p \/'ﬁ,"fq]
o[ (_“)%_!Az-kslm V;:i\s] s
. (2.51)
so that
- b 12y - Azl ,
LIRS S R A T
(2.52)
where n. n' = %, depending on the normality of the particles

at each vertex. The kinematic factors like /-u always
emerge naturally from the covariaﬁt vertices; However,
in Eq. (2.52) above, the factor (-u)%!A"¢4’*'ZJAL-A31
contains both the kinematic and the Reggeon mass factor
YU = i/=u. Thus it seems that all the SHA are zero at
u =0, but this is not the case since the residue functions
are assumed to behave 1like j% as u - 0, and the genuine
Yu terms will be cancelled by the corresponding Gribov-
MacDowell partners.

we‘will first 1ist a number of asymptotic re}ations'
between ‘basic' helicity vertices involving only basic
spinors u(l) and vectors eﬁk), 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 Yu » + i/-u in the scattering region, we have
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— 1
nLCA)( K+ J&) ”(%J - s

%) (%)

— !
w (g +Ja) w ~ i s?

a( y:_ Mc ll'L)

‘
~ =1 -t s

)Y's' (& +JX)

L 2 }
Wy (e W L s

%) (% +7%) U RN = s’

_' )

— %) (%) Z
e (gafm) W o~ - Fa s

w

(=Y A . !
uc/’)rg(K’+IJ) u L im st ,
(2.53)
from which we obfﬁin the relation
".(%+47)06%)~ n~(W+fE)(4>udu (2.54)

for the initial vertex, independent of the nature of the
other (final) vertex.
In a similar way, we obtain the relations:
— %

- —q!
o ()

) : o
(K4 ) .o ~ (1) W (K +JRX) ... .,  (2.55)
the corresponding abnormal vertex relations (with ys) to
(2.54) and (2.55) being given by i » -i, and for the re-

lation between normal and abnormal vertices:

(e R U o (k) DU, (2.56)
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——-I‘L 1 —(V
LL(/)rsw{,“m}__ﬁ. (i) w t>(lsuulﬁ)-~- © (2.57)

Next we consider the vertex ... (K +J&) ﬁ”'(’\')(q,’) M{AZP),
Using the explicit form of the spin-1 polarization vector

(see Appendix), we have

e R Y (2.58)
and for x' = #]
(H X(1t) . ¥
g (ci") = —-£& X = ”n(‘-KS)Q- S
=+ (i) &
0o (1%) 2 o (2.59)
where o, ¥ o4 * 1o,.

Since we have'

t - )
FuPpy = £ Jemm (14 Db ) 97y

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

relation (2.54) gives

‘ ?*('i") u"/z) ~ ri u‘(-y'b) ~ "'{J-i. u(y?.) '
g*c—) LL('/?-) o)

ﬁ*ﬁ) u,(-’/”)

¥(=) (=) ! . !
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For an abnormal vertex involving Ygs W€ simply have
to change Yu » -Yu and i - -i in Eq. (2.58) and (2.61),
and the expressions for the vertex a(*") ﬁ(a)( K+ Ja)...
can be obtained in a similar way.

With the various asymptotic relations, (2.54) -
(2.57) and (2.61) at our disposal, ft 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 =N-Reggeon normal parity vertex, we have

/ AA — An\ .
M) (yermy = WG g (k).
thus
! — ()
C O (gfm). = g (R AIR) ...
Since any form of initial helicity vertex , i.e.
(K+dx) w...€*.. ete. , can be reduced, by means of

the asymptotic relations, to the form ~ (K’+Jﬁ)qu"),

one always ends up with the common factor:

AN (%) % catt i u
u(ﬂ(lfﬂru‘)u RN wryy s/’-=t(-u) “(_u)lfs%_‘ (2.62)
{
Thus c/(ov,,)_> i (_u)/‘t“' ,
r(+)
so that h) = < ‘ 2.63
vo'/—;_(o/Q‘)—tg ) ( )

and for the initial vertex,

vé*i (0 3) = ig (2.64)

Corresponding abnormal vertices are simple obtained

by complex conjugation: i + -i , g(/u) -+ f(/u) = g(-v1u).
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.(b) In the case of Np-Reggeon normal parity vertex, we
have

(d223)

A

" (p.
(2.65)

Since the polarization vector e(o)(q‘) at high energy

[}
behaves like ~ %l while e(i) have no large components, we

have
¥ (0) !
3 ;o (6') ~ ij - Na )
H_I vMI
Z ) ~ fé = 7"’;ﬁr ;
M ®
E¥(0)( l) n ~ _L, (mz_-}*,l-—u> ,
4 (2.66)
and
e* P ~ 0,
_ (%)
), W -idr W (e
()% (p) ~ i
O )
. ‘0
¥ (1) %)
g (qf)u (FM{ (%)
Jz w (p) )
E-x(t){‘i,).n -y |
2 Iz (2.67)

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

(’/1_0\ . 3 T '4.)
C o~ L Lt oG+ Lo pw) 9, ] A W

so that
Vi (51 = 1 [ g4 (moidi)g, + L (wptu)g, ]
% -4 (2.68)
Similarly we obtain |
Vi (h) = 4 (i g+ EL g, ) O (2.69)
V(Z_M'w =139 . - (2.70)

2z
The corresponding abnormal parity vertex can be
obtained from above by simply taking complex conjugation:
i~ -1, g(Yu) » g(-vYu), 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
R (e, 9) =m (-3 T,
Mrg iar (8@ = M) T, Ly, (8,-9) (2.71)
where n = ningongny ;3 n:; = normality of the ith particle

i
('l = ],2,3,4),'1 = X1 - A2 and U = A3 - Ay .

In terms of our helicity vertices defined in
Eq. (2.52), we have for backward scattering,
10d) (n) (h-Aa)- (A3-Ay) \;6¥J )

Al)‘lf Vt\;As = NN, N3 n(f - "’\I""'f \/_’\1_‘\3
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, (A#hg)=(A+ A
= (’n,n“f (iﬂj))[ﬂlﬂg (1'7\3-)] (-) f 4) 3)

()

tin')
y V'

YL P VO Y

since (#nj)% = 1.
Noting that Ninyng = n', naNzny = n, we obtain the

following relation for the helicity vertices:

() N At dy 0 (E)
ey = T (- Mig (2.72)
1) A+ A3 H

o ,V—/\:.-k_; = 7 () VA:_.\; (2.73)
Calculations of helicity vertices for the couplings

listed in Table I are performed irn similar ways and the

resu1fs 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 factofized covariant residue functions
g(/u) 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 thaf the Eoup]ings listed
.gﬁﬂTéﬁlg_; are written for integral j 2 s - 3; s being
‘the sum 6f spin§ of the external particles. - Therefore for

integral j <'s - 3, some of the couplings must vanish.
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For example, the residue g1(/U) of the pN-Reggeon vertex
(Table I) will vanish at j = o due to the presence of the
'irreducible' «-~label 1in 9yv® The couplings g, and g3 are
not constrained to vanish at this point since gz_ga Yy and

gg'Aa A can be reduced further to g» Yy and gs3 A, respec-

AY)
tively, involving no a-labels.

Therefore, in general, we have ‘he 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-signature points and giving dips in the differential
cross section at wrong-signature points. The first non-
sense point, in the scattering region, for the Nu and Ag
frajectories occurs at « = -3 (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

(23)

couplings B8's s near the point « = -} is given by

B~ (g5) + (g,)

s,; - __(9q) . .
(a + 3)2 - (2.74)

fwheré'(gg)_gnd_(gn) denote simple linear combinations of

covariant senéefand nonsense couplings respectively.
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Table IV shows the different behaviour of g's and the
conventional B8's near the point o« = -3.

The dip, for example,in «N backward scattering is
usually associated with the wrong-signature nonsense zero
of N, trajectory at oy = -3, corresponding to the "choosing-
nonsense" mechanism. This is contrary to the forward
case where chcosing-sense mechanism is ﬁsua]]y employed(g).
In the present case of Regge-pole dominance of the back-
ward scattering amplitudes, the remaining mechanisms, ex-
cepETEFP~mechanism,which is irrelevant for pure hadronic
processes, would result in higher order zeros in the N  and
Ag 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 o« = -3.

(b) Kinematic Cuts

As noted in Chapter I, this simple dip mechanism is
not entirely satisfactory in explaining the observed ﬁip
structures. What is more embarrassing is that the parity
partners are not observed at the expected positions.
Carlitz and Kis]inger(24) (CK) had suggested a way of
solving these problems by introducing a kinematic cut in

J with the branch point at « corresponding to a fermion

o’
trajectory c(u) = a, * a'u. Since their model (for =N

scattering) evolved out of the Feynman-pole Reggeization,
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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

(-X = %) and mass m 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 uu = 2), i.e.

M=z mud)
J

~_'t_g 47 L .C;(T)(—iyy:—c:)+1>€,((3')
2 L simn(a-%) wu-mp

1 Crele /
‘I(J'—gi)z . “rz . _3'/ < @-T*'/L(-T) .
| T*t%  2Ne oM« (2.75)
Assuming that m2(J) is Tlinear with J, i.e.
m2(Jd) = (J - ay)
a' (2.76)

and that C;(J) and <, (3) are meromorphic functions of
m(J), the contour integral can be opened up in the [JT-plane

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

0

cut with branch point at J = o (Fig. 2.4). When the
helicity amplitudes are eventually calculated, only those

terms proportional to A'_ and A, will contribute to the

8
leading order and we obtain



40,

‘ - Y%
M ~ 7w’ e,'(a((u))(_bﬁ + 1) e((uny) ==
Stn T(d-%.) “
o
L] 3__|/2
+ S 47 S Disc, { e'(z) (_bf_ +1) f_(.r)]
J, SwT(I-1) W- MT) ™) ’

(2.77)

where, for example in the #N - N= process, &' (J) =¢€(J) =
f(3) vs.

The signature factor can easily be incorporéted by
the replacement M(t) » 3|M(t) * M{-t)|. However, for
clari;y, we will just use Eq. (2.77) for the subsequent
discussions.

The contributions of the pcle term to the SHA can
be calculated as described in section 2.5. However, in
this éase the Yu singularities will be cancelled out by
the corresponding cut terms, rather than by the Gfibov-
MacDowell partner, which in fact has moved through the cut
onto the unphysical sheet of J-plane.

The main difference b%tween our model and the previous

(24-27) i that the residue function is now

(CK) cut models
factorized into covariant couplings €' and €, each of which
is assumed to be meromorphic in m(Jd). 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 obtainéd gﬂlx from the kine-
'ﬁﬁticﬁ,vwe will have a simp]é prescription for the presence
'Gr abséﬁééfdﬁ-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 CQJ)(%gb)+1) € (r) can be written as

{ '-n
g9 [m@) (K 1) (2.78)

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 = -3, -3/2, eo e 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

3 , -1
near J = -3, -=7/,, ..., g'(J), 9(J) ~ [F(I + 3)] "~ (I + 3)

for small negative u and we may write

«/ 9'(3) 3(3)

L
= 9,9, (3+%)
stna (T-%)

°

; 2 .
90 9o (Kot ot M) ) | (2.79)

where 96 and g, are constants.

Therefore the g'(J) g(J) part of the SHA correspond-
ing to (2.77) becomes

| ¢ &-Y
Miga) ~ T 909, (2+%) (f&) (% +1) s5

, £,
',z | N
+ ?g_f’_vj d7 [#,4% + &' miz)) &7 /7._ DixJ{[mfx)] (5’._ +})}_
p 2z ™M(T)
£ T U — M)

(2.80)

With the explicit [m(J)] factor, the cut integral
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above can be performed using the formu]a(zs)
e 3"“/7_ 2 v ,'A_ v
{ ass Lm@] o s%(Wu) M) My, gubns )
e W = (T)
(2.81)
where (v>-1),
>t vt .
m(d)2 = (J - ag)/ v and  Twx) = et dt, is
X
an incompiete Gamma functian(zg).
Thus we obtain for
n = O; . K &—(O\)
M(s’g) ~ 7(5030(&(“)1-‘/2—)(?—(:*-1] S
" - 7q'g, ¥ { (W +% ) 'JL‘J Ll”fb(dq/u&ns)]sd\‘u)
x. 2.82
Y 50(,, } ( )
\‘ta'ﬂns
and for
n=1;

x(u)

Mis's)y ~ T9,9, (aw)+¥) (K +Ja) s

e o] 2w (g )]

T fus
)Xo
B } ,  (2.83)
2% («x/Ims)**
- _ ¥ _4? .
where o = a-3% and ¢(y) = 2 S & at is an Error-
N

A (2]
function.

The first and the second terms in (2.82) and (2.83) are,
respectively, the pole and the cut contributions, in which
the Yu singularities cancel exp]icii]y. ‘ The remaining
_éipréé;iqps are thus free of vu singularities since the

';Errqr‘fuﬁctiqn\¢(y) is odd in y.
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7N -+ Nn:
In the case of 7N backward scattering, we have
e (J) = €(J) = f(J)yg which corresponds tg:; = 0 case
above and we essentially get back the original CK-model

(24), but with an explicit (a(u) + %) factor

expressions
which vanishes at a(u) = -3; the wrong-signature nonsense
point for the Na trajectory and the rignt-signature-

nonsense point for the A, trajectory. With the trajectories

s

= - 0.4 + 0.9u and a, =~ 0.0 + 0,9u, these points will

N A

occur at u = - 0.2 for Na and'u = - 0.5 for by respectively.

In the previous application of the CK-model to this reactiun
by Hatlzen et a]_(25) and by Berger and Fox(zs), 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 (é + bu) vanishes at the above points. in
particular, Halzen et al. noted that the zeros occur in

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

8
respectively, in complete agreement with our version of the
model. The automatic occurence of the factor (a(u) + %)
in our residue is the direct consequence of our covariant
method; the factorizafion of residues into covariant
coupling functions, which have simple analytic property in
"”:wi;h“akproper signature factor, such a factor above

will produbéhhldoub1e zero in the pole term but a single

. zero in-part of the cut term (the term containing (a + 3)



44,

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

8
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 (AXx = 0) amplitude while a fixed cut
will be present in the flip (Ax = 1) amplitude for =N - fr

(25,26) about the

reaction. A11 the previous conclusions
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 discontiﬁuity diverges at the branch point
(for n = 0), in contradiction to the requirement of u-
channel unitarity(zg);
N -+ Np: ' °

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

flip (ax = 0) SHA are

"{'(:).o_,/z ~ £ [ g,3) + 9,030 (w-m») + g,(3) i/*(mz_yﬁ_u)]
pl

%0;
—(%) %)
o (& 2
and « 4 1) %
A ) 9. (s WPk )l
o tiok B % ()

+ 4@ g0 Fo T (ki u | (2.84)
o {7 mcw) :
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since we have

. .
() (%) -“—-'ff:,) s
Yo (——— + 1 ) W ~
‘ m(T) y
{s’* s

explicit m(J) factors corresponding to n = 0,1, will be
present in both the nonflip amplitudes.
yN - Nw:

Similarly for the~yN + N~ process, the only ax = 0

amplitude can be written as

P . _ _ _ .
Tyosty ~ ST 2 50 - [(mEem) G +3,_(J)J}(15‘7),

(2.85)

Therefore in both processes, «N - Np and yN = N=,
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 Y% A or m(d)

may T W
only, in which % 5 constant and -ﬂ% , m(J) » 0 like

T,

Yu as u -+ 0, H::Z; the presence of such factors in the
nonflip amplitude could on]yeresu1t in the reduction of the
backward peak, and at the same time filling up the dip
with the constant cut contributions 5% e and

sa%_ﬁ (' tms Y72 . Therefore, any form of fixed cuts
present iﬁ the non-flip SHA will easily destroy the dip
sﬁructure in the differential cross section. Proceeding
{nﬁthe_same way we find that some contributions of kinematic
f¢§ts'éfé*hjwqys present in the non-flip amplitudes for all

high-spin backward scattering processes.



In Table V, we list various backward scattering

processes where Na and A, exchange are assumed to dominat

8
Dips in differential cross sections at u = - 0.2 are pre-

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

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

These predictions agree with experiments for all the

reactions iisted(30).

2.7 Conclusions \

In this chapter we showed how the techniques of
.covariant Reggeization may be extended to backward scatte
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 covar%ant coupling functions to satisfy
the Gribov-MacDowell symmetry relation.

Assuming the dominance of a Gribov parity doublet,
and exploiting the specific nature 6f high energy kine-
matics in the s-channel, we showed that the SHA for back-
ward scattering processes caﬁ_be written in terms of
factorized helicity vertices. Calculations of helicity
vertices for the.essentia1 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 functicn, which in fact correspond to

r—
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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 emﬁ]oyed 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(s), and various other bootstrap type cal-
culations. One can also genera]izé the covariant formalism
to theories with higher symmetry(]]), a version of which

is considered in the next chapter.



Table I - Covariant Fermion Couplings
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+ .
€ (ol i+h)
+ .
el ith)
C+ 3, 0.l
an(0% 3+%)

+ ’
Cin po (1% 3+0)

8+ (v3 Y,
e«ﬁ(;f\(‘.’ /LJ )

Abnormal

coupling

91y 32 M Yy + 95 Aehy

3 Iup ¥ 3?AuAF

9 Jup Quy + 9, 84 00 Nt + 95 34.}"'\"")\"
+ 9, %o MM, + 3% bt e + 92 Ach Ao
F,(J+wm) A, + g,,[(ﬁ-—w«) 3:/« + X,’l\-(]
§ [(& -w) 5,9, + Jup v Awe]

+§1(J'\7t -}—m) o ¥y Mo

t %’3[_ 1Y, Ay g Ay + (JB-) o N A ]

+ '5‘{‘ ((&4-w\) ‘(ul A“‘IA“'LI\}‘

8 - 5uf ,

o> -Ju (for photon couplings)
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Table II - Helicity Vertices

VS, (o)
V:&(O%J
Vies (41)
V;p (%5.1)

+
V%—IC%J)

Z,

+
bei(oéa)

/
-'-
VO%ﬁO%i)

Abnorma]

vertices

‘9
‘g
{(-idT g, + % 95 )

Ll ot eim)a e L(wit ) g, ]

-19;

2%

ijz
15T

' 1 e 2
ifg‘{ i{J=u 9, + -V—M-I-Lleg‘ £ (P-m +u)31]}

1 —>-1

(W) 9(-w) (Complex conjugation)
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Table III - Heljcity Vertices (Photons)

(w3 +5,)

V;_,(VZY) ~Jz ﬂ’
V:y,_(YI/L) vz (\qu +§;)
I3 .
Viy, (rts) -1d7 g,
/. . ~
1‘”3/2-(73/2_) iw (g _a_J_:;i_A_ G )
PN ~
V, 3;,2_("3/,_) -;: 3,
t .. 2 I & .5 ] ~ z .
Vf Y3 _1‘__. -24 vJ-w g l ! o
"l'/z_( %) 3"“,[ 2q, + iJ-a 331'-;“'(2_\&/\ -u) 39]
Abnormal 1> -t
vertices ) —> 3(—,)’:7.') (Complex conjugation)
N () Atdy (1)
Parity: V_,A“_M =T Vi o
(%) PR CALE RS
V—kz,-)sq -+ (_) ‘ v'\")\li
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Table IV - Dip Mechanism at o = -3
Choosing Choosing
NC Chew SFP
sense nonsense
Bs 1 &+ 1, x +Y, x+Y 1
B <rly 1 %+l wrly | Yoy
55 1 J“""/z_ X+ l/z 'DU-'/IL 1
. [ £
KM 233 [ +ly xRNy (x+ly 1
GM, NC and SFP stand for Gell-Mann, non-compensating and

strong fixed-pole mechanisms reSpecéively.
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Table V - Dips or no dips at u = -0.2

_ lm(J) factor
process | Jeminant  gbsent inmisol iy
TP put N v v
PPN Ag v x'
Tp = nn N v v
Tp-—>pet N« ¥ X
Tp > ne’ Ne X | X
Tp-—>pe As : X xt
pp —>det N X X
Kn —=Ax" Ne v v
En s N v v
Kn s n° iN-c v /S
Kp-> 2t¢ as ' v x?,
¥p > pxo Nu X X
¥Yp = nxt Ne X X
¥p—=>pf N« X X
Yd — pn Ne X X
rp > AT By v Xt

+ 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 cqrre]ate the high energy
scattering amplitudes with the low energy resonances,
whi]ejthe supermultiplet theory organizes and correlates
the pérticipating hadrons, of which most are resonances.

In this sense, the two theories ccmplement one another.

It is becoming increasingly evident that the SU(6)-
symmetric-quark-mode](]'5) might in fact be an approximately
valid description of the nature of hadrons in general.
Feynman et a1i(1) haye given a consistent description of
thé data on highlenergy resonance decays in their relativis-
tic harmonic;oscillator-quark model. However, the problem
of fhe extension.of their modé] to high-energy scattering
remains unsolved. From a pure symmetry point of view,
Delbourgo, Salam and Strathdee, and Arnold, and Freund(G)
have deve]pped a number of Reggeized supermultiplet models
with varying resulting hadronic spectra. Although their
app]ications to high-energy scattering have beén rather
éﬁchﬁsful,.in the sense of haﬁing essentially no parameters,
';dné ha; tb-imtrgduce parityrdoubling of quarks in order to

eliminate YT or Yu kinematic singularities(7), or to work
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only with the on-mass-shell coup]ings(8). Also, since
the exact symmetries like U(6) x U(6) or SU(G)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

andu = - 0.2, etc(g’lo).

Although the introducticn of
Regge ‘cuts 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 Ag-residue to extrapolate

correctly from the scattering region to the A(1236) po]e(]1).
From the s-channel point of view, all the above observations
can be simply (but qualitatively) explained in the so called
fgeometrical' or 'dual absorptive' mode]s(]z), where the
cross-over and the dips at t = - 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 po]ynohia] residue
functions which guarantee the required polynomial character
df-thgir flip-nonflip ratio.

" Recent1y(Z+4) it was noticed that the utilization of
.tﬁe'exp]iéfééqﬁark spin structure in obtaining the desired

hadronvspectrum generates, as a result, polynomial Regge
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residues possessing méhy intereéting features. Although
such features may Be produced from a more general ease,
Delbourgo and Rote]]i(z) 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 Ag ) 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 Jalr v=t) (r=1 fermi, BAN= total SH-flip).

In this chapter, we shall present the results of
the eip]icit 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 = % and I, =% channels of =N
scattering, the residues for the exchange degenerate
trajectories (Ag, Ny ) and ( A, N° ) will be studied in
detail in connection with their extrapolation and their
implications- for the differential cross section and
polarizationl | °

In section 3.2 a brief description of the covariant
Reggeization procedures for the supermultiplet (rest)
symmetry group [U(6) x U(6) ]x SU(3) - is given. The
techniques of the M-function formalism for writing ampiitudes
using multispinors are explained. Section 3.3.contains the
mégg]”for meson-baryon backward scattering, where specific
fassﬁﬁﬁﬁiOpsLabput the method of Reggeization and the particle

spectrum afejmade. The model is then applied to =#N—s=xN
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scatterihg 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 Ng-residue, we
are only able to discuss the As- amplitudes in backward
xFP scattering. Compariscon with experimental cross
sections at different energies and the polarization at

=6 GeV/c are made. We conclude the chapter

Plas
in section 3.5.

3.2 Supermu]t{plets and Reggeization

Assuming that the fundamental entity for strong inter-
actions is a 12-component (Dirac) quark of the group U(]Z),
the baryens 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 [U(6) x U(Gﬂzﬁx
OL(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,T;L = even infeger) and the (70,T;L = odd integer)
representations (states belonging to 20 have not yét been
identified(1*)).  This can be readily explained in the
symmetric quark model, where extra orbital. degrees of free-
dom are associated with a harmonic-oscillator-like poten-
tia1(1’7), thereby enlarging OL(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,
«vs 0 or 1) of the group, and hence the name 'Reggeized
Oscillétor‘mode1‘.
(a) . Wave Functions

The wave functions of particle multiplets are defined
as fo]]oWs: | ;
For the orbitai part, SUN(B) muitipiets belonging to the
representation (N), N =0, 1, 2, .., are'represented by

the symmetric but not traceless tensor fields q>(P),
¢%(P), ¢ﬂwz(P)’ ”..}_lsgtisfying

PR g ) = O

2 :
1 . . -
P ¢(p,);,_.-. pn) = My ¢(F.r1—.ﬂ..’$~)“- o (3.7)

For the uvnitary and intrinsic spin part, the multiplets
are represented by

A
@B(P) ' A.B=1,¢.,12 ; L.e. A= a,x {4:1,--3
x

for mesons (6,6) belonging to the rest symmetry U(6) x U(6)
of U(12), and

(p)
\EU\BC) 2 A,B,C =1, .., 12 (symmetric in A,B,C),

for Baryons (56,1) and

(Etnelc | (antisymmetric in A,B )
and satisfying |

Vinsie + Yisegn +Viemie =0

for Baryons (70,1) belonging to U(6) x U(6) of U(12).
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They satisfy the Bargmann-Wigner equations(]s)
A B B D -
(p=1), 8, = F(btr) =0,

A A ‘
(?—M)y ':-V-msc: (P—m)_p YIAB]C =0, d"’

(3.2)

where 4 and m are the supermultiplet meson and baryon
masses, respectively.
| Altogether, the total wave functions are given by

“ : _ .
3, (e pa) for (6,63N),

Q(ﬁBC)(Pr'PN> for (56,1;3N),

FTrastepe-nay  for (70,13N)

satisfying Eq. (2.1) and (2.2).

The explicit decomposition,gives(]s) ( (pe) = (prepn) )

B _ ¢ b g b
B,y = LLUHDE], Pl ™ 35 L] Vo g

©

(3.3)
= 1
g’(ﬁsc)(pu)(P> 2w {[_('F'*'M)YSCLQQBA N:r(;w)
+ cﬂch‘c P;fmw‘t&t‘bw of (ad, bp,cf)}
J-E_ . .
oo [(zf“r"')"»c].q, Drtabery (pwd (3.4)

where D, satisfies, in addition to the Dirac equation,
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]
(%), D, (abey p= O ,> the matrix operator C is defined by

C=c'a ", e =-(%) and E=c.

In the above equations, the orbital excitation of the
basic quark Spin fields P(07), V(17), N(3¥) 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
assumc: that the vertices are Uw(ﬁ) x U(2) invariant. They
are easily constructed by forming index invariants between

g b

fields and momenta; p:a(y) s, and p, . The

o
number of different ways of doing this gives different
types of couplings. -

For example, the quark-antiquark coupling to the meson

(G,E;N) multiplet is given by

Leg = V(hK+R) ugt-hrra) [6, 6% &8 + 6, 6° 58]

©

Q, ... »
xQ, QP”§C(M|”PN)(K) .

which can be rewritten as

L = TA4kea) uglr+a s8 2
o s (5k+R) Ugl-hKk+a) [ g, 6% +mg o 19,4,
. = A B : ’

5Dﬁagfaﬁhdfita}]y
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Ly = "’z"*a\\ﬂ//'fz'““‘ ; \W( | |
o

S , ' 31
| Fig. (3.1)

For our purpose the (6,5;0) - (53,1;0) - (56,1;N)

coupling is given by

Lo = Si(m){'&“ﬁ) §:("/:.‘<+‘\) § 8 5 Vera (LK)

(3.5).
= | XV 3
Where QEF"(N) = ¢ Qs ++ Qpayg YEF&(}*I"FN) » With
m= %(m +p) , the mean mass at the meson-baryon vertex.
Diagrammatically,
p » -
. < \/BR
Ly =) o
: perm .
| G F €
| Fig. (3.2)

Similarly, the (6,6;0) - (70,1;1) - (56,T;N) coupling is

. L o
Lo = Lo UO(ukea) 32 (ukea) 5,488 (3,3 +mg2- )

* Peeaowy (0B (5 )

etc.
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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 13.5) or (3.6). In the present
mode] the meson (6, 6, N) and the baryon (SG,T;N) propagators

are respectively given by(7)

b ( N — | A’ G
< éa(pu)lk) ) @B:(HN)(—K>> - l[-p"(g’;}f—)(&*}k)ﬂ (5(-}-].&)5’

xZ ﬂ(—gM ) (3.7)

(5] ]

Z ( b’(+‘m) (b’<+W)B(K+Mf
Taac

ZTT( Gpip u<)) |

Ri it - (3.8)

- K, K,
where 3}“’(!(): ﬂpv - :nzv .

The basic rotation functions are now obtained by con-

tracting (3.7) or (3.8) with momenta. For our purpose,
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the totally contracted baryon (56) propagator is

i
48 m3(K:-w)

. s
< ‘P(mzc) (N)(K,a_) ) ?(Nf,i) ( K,Q)> =

X Z ( l«+mi(5<+m)z( y<+m):'
perw.
AbC

[- Q'K) &( K)
) (3.9)

where QuiK) = Q.- Q-‘i Kpo (kinematics are defined in
MA

Fig. (3.3)) and _atx. a(k) = (&1j@] cos By -
"'/lk"d\y/ irel

(3.3)

hk+e /A\ AT

The expression (3.9) is sufficient for couplings lTike
(3.5). For other coup]inés with a free orbital label
(pe..), differential operators ga%~. are applied to (3.9)
to 'free' the required number of labelsf The M-function

is then written as

V) tA'sc .
M™ 2 €@ < Tamer i 560, TN (3> @),
S (3.10)

which is Reggeized through the replacement:
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N
! ! ' d, -,
— Q). QrK
K"-—W\"( Qri\ﬂ-a 2 —> -————n“q’s‘r s_.q_ v
Son T (oy-%,)  NEM
N —> x‘r"b/?_
M —s> JK2 (3.11)

where 3y = li(“'e"‘f’(‘i”“?”é)n . With the usual nonsense

zeros in the supermultiplet residues, we have

T NEPLD
in Eq.> (3.11).

The final Reggeized M-function will contain kinematic
singularities coming from m - Ji , and they are usually
eliminated either by assuming Gribov-parity doublet quarks(7)
or by fntroducing kinematic cuts(]ﬁ), 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 3 °

In this model we assume that any two-body hadronic
scattering amp]itude.is composed of three parts; the two
particle-particle-Reggeon supermultiplet vertex functions
of the last section, which are obtained by taking U(12)
trgces between the Regge-propagator and the external
p5r§i¢1es, and the Reggeon supermultiplet propagator.

’iaj"Bﬁ}ygﬁ]PrOpagator | |

_The baryoﬁ'propagator in general contains explicit




66 .

quark spin-projection operators like (J-nf; + 1 )x( % + 1 )

(15 + 1) at the pole K* = m* with appropriate
indices attached to them. However, the Reggeized pro-
pagafor is expected to be more complicated than in the
case of the simple pair of-exchange degénerate 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(s) 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

(luac 60 500> o 2 ) (e, (e, (e
‘ parxe. :
ABC

“‘f’( K‘)—-34_

3 2
' (3.12)
where, as before,”‘gq, .-.*/z [1 +e,)zp(_in(o<1,--?;))1, the signature

factor, S, Yor . » and @¢ is the universal bafyOn-
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supermuitip]et residue function. We have introduced a
trajectory function dw(kz ) with the simple signature
faétor 3¢ in analogy to Egq. (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)

lTies in the fact that the mass m (or p in
meson case) is not substituted by I » Or vice versa, in
the Regge propagators, and therefore at the first poie

K¢ = 3, 5 where K* =m" , we only have pure (56,7)
exchaﬁbes with no parity bartners. 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 R(K*) in the conventional Regge amplitudes.
The main feature of the data which the polynomial residues
of our model hold some hope of explaining is the rapid
variation of the Aj-residue(12), Indeed, we have in our
model B(x=w)= 8 g(k=0) and thus the baryon residues
are depreséed by a factor of 8 (roughly) when extrapolated
from the pole to the scattering region.
3£;¥:Befqre proceeding With the detailed calculations, we
;adobfltﬁGqujlqwing rule, which however is rather ad hoc,
in qéscehdiﬁéfffom the ideal SU(6) symmetry Timft to the

,_actué] 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 3p = 2m, with "= 0.6
(GeV/c* )= ; then the physica1.amp1itudés 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 physicail values is to some extent ambiguous Qhén 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 ¢
is reduccd by comparing the pole residue to the dimension-
less ﬁion-nucleon and pign-A. coupling constants.
(b) Meson-Baryon Backward Scattering |

In this ﬁodel, the scattering amplitude for meson
(6,6) + Baryon (56,1)—»Baryon (56,1) + Meson (6,6) process

is given by

T(sau-) = {.r( ¢ ¥ @; )< ‘-&Agc( Ki), ;@ BBC<K)°<)> Yoy (P) §:‘("‘L’)

o (3.13)
which by using (3.12) gives
By = T3 s NE BCD |
Tesw) = 4-7:_13 591 Garde) ( /S) (P)@ (9)

x ( ZM (!5(+m):’ (y<+w\): (J{<+'M)c:) Bc, AP) @R,(—a) .

(3.14)
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In the exact mass degenerate 1imit, the P(GOPQ(%T)-
—>N(%') Pto) piece of (3.14) is obtained by using

(3.3) and (3.4) as

%

TGsw) = (] )(—'—i('L'fﬁ By U lxe) (%.3(?—

Lie m w/ L

{ o ey (€ (rm) T 4 el po. of (sr v
& &
[zew 6] Prw

xi_;”}:m [(gem) 5% (& ) S, (i) 57 ] i
(as,bg 1)

Ca
X [(-z’.fr*) YsL Pi,(—‘t’)
"“.(P +wm) YSC]!,Y, € ety N:,, o (p) + epelic perw. (UP’,C'/,d's')j.

(3.15)

The expressions for other processes, like PN— 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 |



70,
Naw (p) = N x e )

Plg)= Poxt1

(3.16)
where NZ and Pi are the usual SU(3) matrices for
baryon ) and meson (07) octets:

/L 0.,y a0 + \
Jiz:-r?zﬂ | b 2
b
N = - -1 LY
a 2 »~ﬁ2+ 6/\ n
R =90 2N
L Ty
/ LR L + - +\
'Pb = L4l —-'-1t°+-‘—1q° K®
& P 6
- "EO _._Z_ ’
- <
o (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(‘!,L) : —rsucs)> R

where R = 8¢ ' I /3 - < -
) 18 (2w)® (2p)* 3¢ M%) (%,)

Tuez,) = i afegh [ (J”'+W\)]PY+ eupelie ((&*F)i
x[ (% +‘M) ¥s ]:
5 X i (k + W\):,(Klﬂvx):/ (¥ +m):'+ eyelie (« !*>}
* I(-?c' +1) Ys]j:
i[(¥+M)%C],,ug(w1-%wpcg'g}
and
Teusy = § ¢bes NS + el bcAa) } P,
xg 3‘:15:' S:, Foogeke (“Lc)g

a

. d’
" 5 €y N + ‘ﬂdk(b'c"*')} :

(3.18)

rifAéaih, individual terms in the expression for

Ty( 2, 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 obvious]y'distinct traces 1ike, for example;
(1) W) (gep) (-m) (£ 1) Wp)

T [(fam) (% +o) (+w) (K +m)]

(1 W) (xem) wd T [(Fem)(drp) (%)
(g +p) (Frw)(g+m)]
‘(1'1'1') W) (& +m) (r+u)'(-72fy)(—5<+@(%H)(Jﬁ ™)
| (K+m) wip) »

(3.19)

-
where we have used the relations: ¢ € =—(‘¢;)T,
c-'Ysc = Ys-r -efi'..

A11 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‘%: - bt o reaction. We will
give the appropriate results for =N backward scattering in
the following section. We used the definitioné 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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Uniqdely determines the K* - 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(: ) =
N(3*)P(0”) 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 ' -

T

—(

Ty = &y (A +B£{)MNEP> (3.20)

where A &nd B are given in our model as

o -3,
Alsaw) = £ U Y. (s (s, — s V2
(5:) 18 (2mP (apy O 20 3y M%-%)(%,)
Bs,u)= Pe ! L Yy lsw) C3a-%) (% 5(*—3/1
: ! 18 (ZM)S- (7-}"')7- B ™ g"l" (s Se
(3.21)

Here YA and '(B denotes the polynomial residues of the
mOde 1.
o '7Fﬁf§§,‘the amplitudes for -mtp__;,rnt and

VKTP-+;71ﬁ°_ff ‘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 = 3})

and A (1l.= ?Q,) exchange amplitudes by use of the

isospin relations:

TP —pT T o= A
T(+P —>P‘K+: Tf- = '/?’(ZN-fA)
Tp —>nu’; T° =" (N-D)

(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:

YA(S).K) = S YM(“) + YA' (U.)

Vs = s YNJ(“) T ¥ ()

©

(3.23)

where the leading term is interpreted as that of the

highest trajectory ( Ag,Ns)

with a linear trajectory function

contribution(17),

(3.24)

"::.iifﬁIhjs-automatically assigns a trajectory with one unit

of angular-momantum lower, i.e.

d(u) =—0|9 + 009[1, tO
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the non leading contribution ( o', N'), which contains _
both the secondary trajectory contribution, i.e. ( B«, Ny ),
as well as the 'tail' or the non leading part of the
( Ag , Nl,; ) contribution. To see this, we write the

explicit forms for the A and N residues as

Ag: Wiw) = -ib [MB(QML+?N}A +3}Pj +-m(l(,w7‘+lemrt+s,3')u

+ (Gwmt ) u ]

Y(w) = 16 [m‘(3m2‘+'§va+z,&2) +(3mz+?mp+/}>u+u‘]
(3.25)
2
Ng'- () = =50 (u-—wx’—) (m”r)
Yp(u) = -25 (u-wd) [(u—m") + (2mep) )
(3.26)
for the leading ( Ag » Ng ) contribution and
A Valw) = -4 § (u-w2) [ (138 20wty +l41v?r‘x—llwlp;—3qu)

—1((3M34- L(-M-"p +5V\A)A‘> U +5m u@']
- ‘(—(2M+}*)[(3 Wt wp - et Wt 3 wp®)

r(nwde sy gndi™y T“‘)‘*‘”}‘f]} ,
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Y (w) = ?_2 (u\_w\")[( 3wt 20 g § W R 12l - Syf')

2 (15— Ymp +5p)w + S'u'?—_]
+h(ampp) [ (2wf e 3w —p w) o 2mptoyS)

w5 b ywh — 16 M) U+ uw.u’-”,

(3.27)
N': INCOVE —?_g(u_w{") [(mlw\5+ 235 M- G WO - 14w S
poamptaip®)

+ ( 'q"hM3+ 5% V‘;‘\-IA '-7_OW\%-2'>u_ + mw“z]

+lf(zm+p)[(—3m‘ FUmthop Ewtp® o wdt)

= (vt W 1t Y u g ;m"u:‘]} ,

Y(u) = —{(u—w?') [(loq M- FC W —208 leAz—lzw\)As.g.lS}Aq)
F5(4 W+ bmp + g ) bt—-louz]

+ (2vv\+ y«) [(37_7. W+ Il mtp - 372 W 1 — 2.00 wipd

+50 Mpq.,. zg)us-)

1‘(‘}58‘ W\3+ 299 W?}A A IMV?’) W +20 W\uz]} '

(3.28)

for the (&', N') contribution.
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The correspondfng expressions at the first pole,

u = mZ are:

Api Yp(u=w?) = ~acwd(am+p)

"

Vs (u=w') = hgw(zmip)

(3.29)
NA‘: *(A(u:mz‘): (9]
Vg (u=m')= 0 (3.30)
[{: Xh(u:uz)s qsm(1M4+ﬁ)(zm+pi-
YB (LL: W\") = |6 (S'MQ—L‘-M-LFL_IA“) (‘UM-i- ’.A)l
(3.31)
N’ Yp(u=m>) = g
2 < <
Vg (u=m ): -25 (4w?-p2) (?—W‘H‘) )
(3.32)

The expression for Ag(u=wm?) in (3.29) agrees

Wwith that of our previous on-mass-shg]] calculation for a
pure spin z{’ exchange(g), thus justifying our assignment

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

the Ng residue vanishes at the first pole, as required,
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and with the signature zero at the second pole (at x=5, ),
the particle spectrum for this trajectory will probably
start from a higher value of & (e.g. & =7 ).

Now the secondary contéibution AJ((4=va) in
(3.31) is interpreted as that of the 'tail' of Dglu=w)
in (3.29). We believe that the residue of the secondary
trajectory, i.e. Ax which-prbbab]y exists for arbitrary
u, should vanish, as we have for Ng in (3.30), at this
point ( x = 3) so that the corresponding particle spectrum
will again start from a higher value of o (e.g. x=54 ).

Thé‘Situation is rather clearer for the N'
residue, since the téi] of Ny must also vanish along with
the vanishing of Ng itself in (3.30). Therefore, what
is left in (3.32) is a pure N residue, for whfch the
residue ‘TA vanishes at the pole, which is requfred, since
the elementary nucleon pole contributes only to the B-
amplitude. However at arbitrary u va]ues,.we.will have
both the N, and the tail of Ng contributions in our N'
residue. |

Since we have oy =-0.9 + 0.9U for the N
trajectory in the exact symmetry 1imit, while the actually
observed trajectory is &, =- 0.4 + 0.9U, it is clear
that the symmetry is badly broken for our Ni residue.

(b) Pole Extrapolation

The normalization of the residue can ﬁow be made by
considering the xp—pn~ process, where only & -
exchange is possible, and continuing the residue to the

A¢- pole where u = m? . From Eq. (3.20), (3.21), (3.22)



79,

and (3.29) we have for u - m*

z
Ag { By.s - 2W ¢ H =
— T T ( 'er») % (med) U

which, when compared to.the elementary bLg- pole ampli-

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

AS = (QA . S ) —JL(—ZW‘-!-Q)%
: ‘MN) Gwm(u —w?)

.

gives

a, v Lz
SEEes
My 3 o/ Gwp

(3.33) °

The pion-nucleon-.Ag._coupling constant g, is cal-

?

‘culated from the A (1236) decay width ( [} =~ ° 120 MeV)
and has a value of =~ 14.5. On the other hand the Ag-

amplitude in the backward direction (u = o) is

AY: ( Be (mtp Y g T ) (3 ¢

U=o ~ V¢ 3 —(0) >

5 ) q( Lmy«) ¢ p-503) (%,) .
Taking o (0) =01 , Sp =1 Mo = 2 and

substituting gy from (3.33), we obtain for PLe =

13.7 GeV/c (i.e. s ~ 26.6 GeV> )
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'olq_‘_ (u=0) =~ 1.1 Pb/(G\eV/c)z .
du .

The experimental va]ue(zo) of %E(t&zO) for this
energy is about ~ 1 ph«GLMQ>2, which agrees with our
prediction to within 10%, Thus the Ag - 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 degénerate symmetry must be broken
in order to get the physical masses of the particles on
the trajectory. However, it'shou1d be noted that the
physical mass of A (1236) is nearly the same as our
baryoa supermultiplet mass m ( ~ 1.16), so that the
symmetry breaking effect on the Ag - residue is expected
to be minimal.

For the non leading N - 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 N  amplitude given by Eq. (3.20), (3.21) and
(3.32) as u - u* ; ° |
| !

Ny —> = ——_ — 28 [(am+ 2 )T R R
: (2w (20 gar L e n) (a #)] (u_j’:_z)'

i;;}'~Using Eq. (3.33) for gy ~(with g, =~ 14.5) and
Afcpmpéfiﬁg;ihe_resu]ting expression with the elementary N, -

pole amplitude (Eq.(B.6) of Appendix B)
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N, 1l RUgu

1
]
Lo
>
z
)

we obtain

9, 2

! (=
L L [ £ gA(g_l“_,‘_)}
78 o gx 3 b
(3.34)
in the exact symmetry limit.
LTaking  p/a= ¥ ;Azcv. 0:6 » We obtain a

va]ué-of 18 for 5?u~/’47{ , which is not &t all very
different from the experimental value of = 15. Indeed
this is due to the symmetry breaking effect in the N, -
residue, as is seen by replacing m — my in Eq. (3.34),
giving Q:hu/LFN — 15.5. This agrees with th;
experimental value to ~ 3%. From the above procedure we
estimate the amount of symﬁetry breaking in the N« -
residue at least near the pole, to be about 20%.

Therefore, we'expect aoconsiderab1e amount 6f symmetry
breaking effect to be present also in the extrapolated Ni -
residue. In fact we found that the N - residue extra-
polates to a value too low to account for the observed
sharp backward peak of the =tp-> pu?t differential
cross section. The inclusion of other contributions
ébrrj.i.;ri:g,from Ng, A s and & was found to help raise
:;tﬁe pé5k:;bu§‘§o a value still about an order of magnitude

Iower‘than_thé'observed peak. - A closer look at the N'-
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residues reveals that the non-flip N'-fesidue has a zero
‘near the extreme backward direction (here,. £/, :.%@ )
pM°= 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 mult{plet, 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

ntp— pxt and wWp-> nn° processes.
(c) Ag - Residue |

Before proceeding to the detailed comparison between

the model prediction and experimental values of differential
cross section and polarization for TWp - E;F' s We
will look more closely at the polynomial character of the

Ajg - residue function in the scattering region. The
SHA for A - exchange in TP - pr reaction are written

in our model as

AMsuy = B 1L sy™ ¥
, ') 18 (2m)® (7.}*)7'[ MORRMOY B¢

| Xy—%
< T(H-ve) (%) 7° (3.35)

where @g¢ is normalized by Eq. (3.33) and & = 0.1 + 0.9U
(N, a= %) .
The residue functions ¥, («) for the s-channel

helicity flip ( AN = 1) and nonflip ( &N = 0)»amplitudes
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are given in terms of the conventional residues ¥ a and

¥ g of Eq. (3.25 - 3.28) in the lérge s 1imit, as

(ah=1) Yaln) = JH Y (w)
Js

(83=0) ¥iT(W) =~  Yp(u) + My Yg(u)
NN

(3.36)

where A =g, N

Consider the leading Ajs contribution in (3.35).

Substituting (3.25) in (3.36) by taking my = m, and Mg =25
we obtain

\,++(u)
bs ~ J-u=xl6 (;L.'L'?_\Ml".f.rs.u W\zu-kuz)
I : §
Yoo (w ‘
S o~ _tewm (273wt t Iag MU+ 366 uU0)
s , .
(3.37)
Now if we take p = 0.6 which corresponds to m =~ 1.16(18)

and solve (3.37) for zeros, we find that

tt
Y,
_Li = 0 - qt w~ —-0-Z
J-u ‘
and - ;

(3.38)
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‘'while a slight change inm tom ~ 1.01 gives

'
_bs = O ot U~ —0-6
Far
and
+—
YM = 0 at w= -0.2

(3.39)
~ The second zeros of the residues in (3.37) occur at
large [u] values outside the region of interest
( tul € 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(z). The above zero structure in
the residues in fact resembles that of the Bessel-function-
like 'residues’, ffﬁk( rJ-w) of the dual absorptive

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

Ag - residues is illustrated in comparison with that
of the Bessel functions fb(rJﬁl) and jﬁ(r;ﬁ) (19)

(d) a5 - Amplitude |
The dué] absorptive mode1(]2) is based on the assumption
that the imaginary parts of the SHA are dominated by the
most peripheral resonances (i.e. resonances with ¢~Js ),
and consequently one gets Tw AY™ ~ j"‘o(ff_ﬁ) and
I. oYY o j“-l (¢J@ ) , where the interaction radius

r~ 1 fermi. As will be shown in chapter IV, the DAM
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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, ¥ = ¥; .
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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
1ike the Besse]vfunctions. In our case, the zeros of the
polynomial residues will produce zeros in both the real
and imaginary parts of the flip and non flip 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

r‘(P)r‘(|_P)= L '

St Th

S

SR AR 547((«,,—3/1)] = [r‘(olr'/z)]—l.

which gives .
' g , . x[x f%]‘i(o(,_-'/,_)]

Inbs ~ Ya (M (b))

. - —' ) .
Re s ~ Yag [ M(%-4%)] W%(«A—'/z) (3.40)

E | = ) =l
Noting that [ (et,-%4)] =0 while [[T(2a-%)] »
"t“”"—‘_}_(xa— W)¥FO at e, =-Y% , corresponding to
u >~ - 0.6, we have the following behaviour for our SHA for

Ag - exchange:

T -0.2 ; I A‘+S_ ~ lo]
AA=0 | '
Re Ay ~ (o]
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++
ahet + (o]
Re A%
u= -0.6;

Iw\ Atg- ~ [0}
Al=D
Re &% 4 (o]

Iu 8%~ [0)°
Al=1
(3.41)

Re A:; ~ [0]

We also have a negative relative sign betweén the
flip and nonflip residues near u = 0.

It is clear from (3.41) that the form of our ZIudg
agrees with those of the DAM for ju] £ 0.6; we have an
extra single zero coming from [i"(cc,--vz_)‘j'l at u = ~ 0.6
for our imaginary parts. It is also worth noting that in
a recent DAM-based amplitude analysis for =N backward

(21), the authors concluded that Re AT "~ 0 near

scattering
u ~ - 0.2 and Re A*ﬂlv O 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 éccount
of the fact that it is rather dependent on the detailed
assumptions about their input imagiﬁary pérts. In fact,
Barger and Olssen(]o) have pointed out, from their model
independent analysis of =N backward scattering data, that

I A" ~ o0 near u =~ - 0.2 and that ei’th}er att
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or A" 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 £q;§ontribution we found that the Ag-contribution
alone is inadequate to exb]ain the experimental =« p—> px~
differential cross section. For the case of m =~ 1.01
corresponding to (3.39), the predicted differential cross
section shows a shallow dip afound u = - 0.2, while for
m =~ 1.16, corresponding to (3.38), a broad dip is observed
arounﬁ ux~ - 0.5, The prediction for the latter case is

- shown in comparison with the experimental data in Fig. (3.5).
The broac dip is clearly due to the accumulation of zeros
of the Ajs-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 nd free para-
meters.

Although our model in the present form seems to
suffer from the defect of haJing higher order zeros in some
of the Ag-amplitudes (possibly Im AYt and Im A+'), we
find that an acceptable behaviour of the amplitudes is
howevef achieved when.the secondary A contribution is

also considered. Taking

Ky, (u) = 0.15 + 0.9u

. %y (u) - 0.65 + 0.9u (3.42)
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(22)

and with no other free parameters we are able to re-

produce the general behaviour of the differential cross

section and po1arization(20)

as shown in Fig. (3.5) and
(3.6) respectively. Here we have chosen the trajectory
parameter of o arbitrarily (but reasonably) without
worrying too much about the presence or absence of particles
on the corresponding Au-trajéctory. 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'-reﬁidue. In fact we find that
the qualitative features of the results are rather insensi-
tive éo the parameters of A’ amplitude.

In Fig. (3.5) we give the ccmparison between the
theoretical and experimental differential cross section
for Wp ->pw reaction at four different energies.
We nofe that the agreement between theory and experiment
is much improved as the energy is increased. The effect
of the accumulation qf zeros in the Ag-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 realiand imaginary parts
of the A% and  A' amplitudes. © We find that the exact
'z'.'é=r~_o‘$j_’qf the Ag-amplitudes at w ~ - 0.3 and u ~ - 0.7

';(correépdndiqg to taking m =~ 1.16), are shifted by the

presence of the A contribution.
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3.5 Conclusion

We have seen that by using a Reggeized.gupermu]tiplet
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 tc polynomial Regge
residues with many desirable featufes.- In particular, the

Ag -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
. _.._1s 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,

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

Similar structures are also observed for forward scétter{ng.

Also the Ny -residue provides a correct value for the

pion-nucleon coupling constant 3:hu/q+x = 5.5 ,
which howev;ﬁ'extrapolates bédly to the scattering regibn
and fails to account for the observed =N-backward peak.
This we interpret as due to the symmetry breaking effect
present in the N'-residue, and also possibly due to the
absence o{thp -contribution in our model.

From the above analysis and comparison with the ex-
perimental data, we find that the §-chanﬁe1 helicity
;ﬁﬁbiiiudg_for Ag -exchange seems to have undesirable

ﬁféxtfa‘?é;bg’grqund 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(®)

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 po]ar{zation for Tp—> PN scattering,
simultaneously, with essentially no free parameter. Here
the lower order A  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 dua]ity(]) 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 deséription of high energy amplitudes.
It has since become clear that Regge cuts, such as those
arising from absorptive correbtions(z) are also important.
Thergfore, it is desirable to extend the idea of duality
to inL]ude both Regge poles and Regge cuts in a consistent
manner. This led Harari to formulate his dual absorptive
mode1(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 familijar
signature factor provided that absorptive corrections
(cuts).are suspected to be negligible and the asymptotic
" behaviour assumed at an early stage. Otherwise, the real

parts are unknown, and for this reason, the DAM is only a
una]itative model with 1ittle predictive power. In any
case, the peripheré1 nature of the imaginary bart is, by
itself, a'very important characteristic of high energy
amplitudes which has been tested in various meson-baryon
ﬁééﬁfering and photo-production forward prOcesses(3’4).
.fltiwahﬁagljhgrefore, be interesting to see whether the

modé] 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 ;ince 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

(5,6) of direct channel effects which suggests the

evidence
peripheral nature of the imaginary part of backward ampli-
tudes. Such a behaviour for the As( Tu=3,) exchanged
amplitude has also been obtained in a mode1(7) with poly-
nomial Regge residues. '

In recent years, a number ¢¥ phenomenological mode]s(s)
have been proposed to accounf for the observed features of
high energy =N backward differential cross-sections and
polarizations(g’]o) but none of the conventional Regge pole
and Regge pole plus various cut-models (except bossib]y the
one we mentioned in chapter III) was able to explain the »
new data on backward = p polarization at 6 GeV/c(]l). Hith
the hope of giving some consistent explanation to the above
observations we extend the DAM to the backward direction.

In section 4.2 we show how the ideas of duality,
peripheral resonances and absorption lead to the prediction
of a simple form for the imaginary part of any hadronic two-
body amplitude. The extension to the backward direction
is made fdr thg 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=%)

and A(Iy= 34, ) exchanges are possible. The model is then
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applied to nN 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 dn the émpirica] fact that certain
simple features of high energy amplitudes persist, in a
Tocal avérage sense, down to 1ow energiés(]). The most
impor?ant features are a fixed t or u zero structure,
rea]ify'of the amplitude and an approximate power-law energy
behaviour. There are several versions of duality which

differ in their precise definitions. For the present

(12)

purpose, the two-component duality of Harari and-

Freund(]3) is assumed, which, according to Harari(]4)

» 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 fs imﬁortant
to note that resonance dominance in a Tocal sense applies
Qh]y_to the imaginary part of the amplitude (i.e. the Breit-
";ﬂ{gﬁérjfgrmu1a becomes pure imaginary at the resonance

energy), Qh{feffor the real part, distant resonances may be
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imporfant. In the backward diréttion P(s,t) is absent
from (4.1) due fo 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,u))
represents the contributions of the t (or w)-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).

N

 l

/

~~

Res.

R +
(Background) ~ jE

Fig. (4.1)

Many aspects of two-component duality have been

~successfully tested against experiments(]s) 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 a]]lsimple 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 fhe
Regge pole model, dips are due tc the wrong-signature-
nonsense zeros of the Regge fesidue 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, considef the case of spinless particle
scattering, where the contribution of a resonance of spin

%2 and mass m, is proportional to

P (cos 0) =d_((2+}) sin ©7,)

where a well known identity between the Legendre polynomial
and the Bessel function for Targe 2 has been used. Since
sin e/2 ~ /:%/ﬁz , a Tixed-t structure at all energies

imposes a relation of the form

Lem = /3 2



.'03'

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 (= § GeV']),

which puts the dominant resonances on the parabola

(2+5)//§ = 5 GeV™) = 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 Eonstant radius ~ 1 Fermi. (Fig. 4.2).
,(c) Absorption

From the above discﬁssions, it is cTear that there
is a fundamental difference between the above assumptions
and those of the absorption model. The basic idea which
is commor to all versions of absorption models is that
ine]astid scattering amplitudes are dominated by the most
peripheral impact'paraheter within the interaction radius,
which is about 1 Fermi. The contributions from the 1ower
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 absorptioh models. The only difference from
the assumption above is that the absorption models assume
the dominance of &£ « v§ 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 (&2 =« v¥s). On the other hand, the real

part is not dominated by resonances in a local way and we
do not expect it aPriori 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
—Im-G(s,u) = R(s,u) ' (4.3)

where R{s,u) répresents either the contriﬁutions of peri-
pheral (£ =« Vs) 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 Im 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):

Ce J .\ A
GHS(S’L) = -]ZZ 3 (J'*'%) ,dA'IJ(a) GHS\S) (4.4)
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where X = X =1,, u = A3-1,, Hg = (2,233 2;2,) and k =

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

do ' . z
—_— = (s,u)
du, gs {GIHS W l . . (4.5)

Here 6=w% near the backward direction and we have the

re]ation(lﬁ)

T 2T v
ap (8) = () alx"»( T-€)

(4.6)
At high energy and small 6' = (7n-8), the rotation function
may be approximated by the Bessel function as
T, e N
d‘\u(e) = Ty (2710 smE; ) .
(4.7)
Therefore, (4.6) becomes
RN
ol{ (6) = (..-)* J ((23+1)Cos Y, ) ,
» IAtp] 2
é->n , (4.8B)
We introduce the impact parameter b by the expression
J + 3 = kb | . (4.9)

" which corresponds, in classical physics, to the closeness

of approach of a particle with angular momentum J to the -



106,

target centre (Fig. 4.2). We then make the replacement

-]

§-—>Lkdb

} b~1 Fermi
(-):”AG:,,(S) —> Qés,b)‘

Fig. (4.2)

and (4.4) becomes

]

Gle(s'u? = gobolb f’jus(s,b) J'M(bJu.—-uL) ~(.4.]0) .

where AX = | + p|, u_ = (m2-u2)2/s. We have used

0
cos 8,, = “"o'ulzk' By using the orthogonality relation

between the Bessel functions, we may invert (4.10) to give

%Hs(s.b) = S ( u,-u)d(m)JA)(bJW-“) C‘Rs(s’b‘)- 4 |
? | (4.11)

Since ax = A + y] = l(llflq)'(xzfla)l, it repreéents the

~ “total s-channel helicity change. We will drop the sub-

script HS for c]érity and define u' = u-u .
- The extreme - case of the peripheral-assumpinn is to
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take
hn-%(s,b) « 8§(b-r) (4.12)

which gives

Im G(s,u) « J,,(r/0") _, . (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 JAA i.e., We assume

Im 6(s,u) = Ae®¥’ J  (r/7u') (4.14)

which, by using (4.11), gives(]7)

- ey b
Im% (s,b) _/2\_3 exp (—-:—B—) I.M\(J:;:_B') (4.15)

where I, (y) = (i)AxJAA(iy), which for large y becomes(17)

T = e (1 +0(1y)

Y2ny

Then (4.15) becomes

Im¢ (s,b) _ __A exp(_(_f:_'-f)

—— ¥B /.
2 ﬁBY‘b - . ) (4.]6)
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which is peaked around b = r, with the width Ab given by

ab ~ 2/B ' ' (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) + Eq. (4.12)

as reguired.

| A
Im&cs.b) L _§(b-r)

: _--__---.T-__

Fig. (4.3)

The three parameters A, B and r are each a function
of energy, which may be quite complicated in genefa]. But
we expect them to be simple when the cut contribution is
negligible. This will become c]eérer wﬁen we discuss the

real part. Therefore we assume for s +
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A(S) ~ A s
B(s)~ B + B'lus
ris) ~r + r'tus (4.18)

where A, &0 = o - :,B,B',r and r' are constants. It
should be noted from (4.17) that the condition for peri-

pheral dominance is

RN
T 2 [BG) (4.19)

Thus (4.14) becomes

¢! = .l V
Im G(s.&) = A SU et B J'M((Hr'@vxs)J-_fA’)
(4.20)

which gives the usual form of DAM harametrization when

(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 dua]ity 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 Hehaviour
of the imaginary part for s -+ + «, Therefore, a definite
signature, i.e. a definite connect{dn befween the two 1imits
s + + =, has to be assumed. Howéver, we know that cut-
contributions are also present and there is no reason apriori

to expect the pole + cut .contribution to have aASimp]e“ .
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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 Phragmén-Lindeldff theorem concerning

the phase of the terms in asymptotic expansions of crossing

symmetric amp]itudes(]g) i.e. if

1MG(S,'A2 ~ Z_ f;iu.) st -
o (nmees)B (4.21)

then

— cot Lk (0)  (even)
cx (W) «

Re_G,(SM) ~ Zr.tu) r
(tatn 5" tan L TR (odd)

(4.22)

The sum on the right-hand-side of(4 el)

So<(u)

may be replaced
by where d(u) is some effective trajectory describing
the ovéra]l effect of poles and cuts. Therefore, unless
~cut contributions are sma]],‘&(u) may‘not be represented

by a simple function like «(u) = &, + B'u’ of

Eq. (4.20). Again'the combined pole-cut contribution, in
general, may not have simple crossing properties. . One
should also note that cht terms will reach their asymptotic
phases only when (tm Ian ... s)M»1 , Which is rather
ﬁiﬁd to realize at energies of a few GeV.

' f‘i Therefore we may safely assume 3 s1mp1e form of

Im G(s u) 1n (4 20) and the asymptotic phase (4.21), (4.22)
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only when the cut contributions are suspected'to bé neg-
Tigible. Otherwise the real parts remain unpredictable.
(c) J-Plane Structure
Consider Im G(s,u) as given by-(4.2) for the following

cases:
(A) B" =0, r = 0; then Im G(S,u) ~ éa, Jap (r J-u”) and

- the full amplitude is given by the asymptotic phase relations
(4.21), (4.22) as :

+ X -1’7{&,
Gos\u) ~ = JTnp(rffw) s & £ 1

S T,

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 Im G(s,u) ~ s X (W) Jap{r J¥-u’) and the
full amplitude

—

{4

+ ) o L -10H)
G™ (sim) ~ - I (¢ fFw) s £
: Sim nA(n)

!

 (4.28)

‘where F(Mm)=Xq+ B'w . This corresponds to an
ordinary Regge pole (plus cut) model with a residue function
rJA) (rﬁl-u'). In this case poles (ghosts) will develop

‘faélnegétTYe,jnteger values of & (u), unless J,, (rJ=u)

vanishés‘exact1y 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 Jbgn(]7{

T ixsing —i@.A
’ 4 in - .
Jar(x) = ;'_—;(S e | dg
=¥ : (4.25)
to giQe
: +X .
IMG[(S;M) ~__|_ S SE(“)'*"‘Y'J:E' S‘\I-ﬁ& *.(rFa'Sl;A?—(PAA)
| 2w e de
=R
(4.26)

which may be viewed as a superposition of complex poles at

o

T = Wo+ B'W 44 s oW ("¢ P<w)
(4.27)

According to our asymptotic relation (4.21)-(4.22), Re G(s,u)
“is then given by: '

o T et T F(u, ), _

RG. Q (S.U\) ~ .L S P i S«(uncp)

, QTSR o th) o
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w"\e re

K(w, @) = ®(u) +i ¢ [Cw smmg

'(4.23)

Such a complicated J-plane structure is similar to that of
the complex-pole models of Zachariasen(zo) and Oehme(Z]),
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 {w J—wsmd factor

in the trajectory function. - A typical J-plane structﬁre

is shown in Fig. (4.4).

"9

] fImo
L
M———’
u<u, U= U, ud U Rex

Fig. (4.4)



114,

4.4 A Dual Absorptive Model for Backward =N Séattering

(a). The Model(zz)

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'modEf”(DAM), which has been shown(4)“to account

for the qualitative features of experiment data in the
forward direction. In this section we apply the model to
backward =N scéttering, 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

Y
~A eBY Joyp(riZw ) where AX is the total s-channel

helicity flip.
(ii) Re G(s,u) is unknown in the s-channel picture. In

the u-channel picture, it is expressed in terms of the same

pole and cut which describe Im G(s,u). At asymptbtic

energies and when the cut contributions are small, it may

héve_ the form ~ A eBW Taa () et %n&(u) or

~A33“JM(N_—(,:) taaln&w 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 = 3)
and A (1u=3) amplitudes may be estimated from the form
(zero structure) of the corresponding Regge pole ampli-

tudes(23).

In the case of the N, exchange, the usual
wrong-signature-nonsensg zero of the residue at EN = =]
produces a single zero in both Im N (&arx=0) and Im N (8r=f)

at u = -0.2. By compariﬁg them with the corresponding

Bessel functions J (r J-u") and J, (r [-u’) (with r =1 Fermi),
we found that a very weak or no cut is required for the

N (aA=0) amplitude whi1g avrather strong cut is required
for the N (ad=1) amplitude. For O&f- exchange, a similar
analysis shows that a sﬁrong cut is needed for the ZS(AX=0)
amplitude while a weak or no cut is required for the A (ak=1)
amplitude. ~The N and A amplitudes in our model are )
summarized in table I, and the corresponding schematic forms
are shown in Fig. (4.5).
In table I, F., = A% 7w

1

Ten for i = N,a,
~and Citw) = f QB“'ci(u) where the unknown functions C;
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’ = 0, 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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'50 cotym &(u)

Jj tanymo(u) |

> U

Fig. (4.5)
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(b) Experimental Data

The differential cross-section (g) and the polari-
zation (P) are given by

- 2
o= ) |G, , (8h=o0,1)
&)
. - .
; P; -_—.AzI.m(Gl‘A;.-.: C“1Ax=o R {(i=4,-:0)
where for )

wtp s pwt | gt = %.(zN + A)

Tp 2>px , G = O

Tp—>nm® , G = I (N-A)
s (4.29)
Alternatively, the set of observables (o4,c-,00,)
can be replaced by a new set (oy,o0n » D) (5);
2
N :’-Z: [ Neai
al
2.
0ap = Z l Abﬂ\
aA
*
D = Z RC(NA,\AA}\)
el (4.30)

and the relations between the two are
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S, = o.
on =Y [3(o%+50)-0])
D = Y[3(s-260)+ 0] (4.31)

By using all the common data on " OG¢ ¢ for
Piep 2 & GeV/, (9), we obtain the experimental o, o
and D from (4.31), which are then used in (4.30), along
with the 6 GeV/c data on polarization Pt(]0’11)’ for our
fits.
(c) Analyses and Fits
Our model, as given in Table I, involves the para-

a) %) ax a
meters Ay, , B, T, AA ,B:

and v, which are not ali
free. The appropri%te parameters are fixed in the

following way: ‘
-We start by looking at the 6 GeV/c data. The parameters

, Aﬁ and AS are fixed by the backwarkIpeaks (at u’ = o) -
of oy and oz . We obtain

A%

. o
N = 9f2 H AL ~ 1.7

-

The radius r is assumed to be independent of the ﬁelicity
change AX and the u-channel isospin. We take rﬁ*z,f:’=
r ~ 1 Fermi,and exact values are obtained by requiring
Jo(¥u {~w ) and J;(v; {=w ) to vanish at u-values where

~ poles Heve]bp in cot Inx, and tan }nxX, , where oy (u) =

-0.45 + 0.95u,  ,(ry=~ 0.0 + 0.95u. Thus Re N0 and
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and Re Ay have non-zero finite values at- u= -1.0 and

uz2 -0.5, respectively.

We are therefore left with three free parameters (at every
s) A, B° and B' 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 A') o or o, respectively. In each case, the unknown
functions Cy and Cp are determined as follows.

CN: The isospin bounds on the po]arizaéion (PN) due to

N-exchange amp]itudes(s);

Py < Py <Py

N
Tower™ upper

where

i ! ¥ %
PNlower = ‘/4 $L3 [ 2-;‘(!+P+)]/z— [%N(I-FP-)]V-L} -1,

Pramr = 1= % {3 [ 0P = [Z 02
(4.32')

may be converted, using our ampiitudes in Table I, to the

isospin bounds on CN’ namely

C < €y ¢ ' (4.33)
NiowerS N T Nupper -

The bounds on CN’ of course, depend on the parameters AN

‘ 1S . _
and BN. In both cases An‘z 0, We normalize ?N at u’ = o
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according to the Regge-po1e'phase and thus it-is expected
to be small near u = uy (ud =~ —0.15). As a start, we take
Cy = 0 at u= uy and estimate Ay from the value oy(uy)

. for B& = 1. With these values for A and B, an estimate
of the bounds on C, are obtained. The inset of Fig.
(4.8b) shows the Canunds for A&j> 0. We then take an
input Cy» as shown in the figure, for the detailed fitting.
CA: Since we have both the ©. and P. data at 6 GeV/c for
fitting, we parametrize C, , with iwo additional free

- -—parameters, in several different ways but in"eacﬁ case

normalizing to the Regg-pole phase at u’ = o. Then we

proceed to fit simultaneously the data for oy, D, oo and

P_ all at 6 GeV/c, first by taking A' < o, which corres-
pondé to the phase convention used in our previous quali-

(22). The fits obtafned are bad in the

tative analysis
sense that the parameter values for B’s are unreasonably
large.

In the case A'> o, which corresponds to the phase convention
used by Ferro-Fontan(24)_and by Takahashi and Kohsaka(zs),

we obtain excellent fits for all u 22 -0.6, which are shown
in Fiés. (4.6b), (4.7),(4.10b) and (4.11b). We obtain an
overall xz/ND (ND = No. of degrees of freedom) of about

1.5. The corresponding N and A amplitudes are displayed

in Figs. (4.8) and(4.9), and the calcuTated 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



121,

Al B& and B& as tabulated in Table II. We find that
Bﬁ = B&,and the magnitude is quite consistent with those
obtained in the DAM-analysis of forward scattering(4).
Im N, and Im N, are clearly peripheral, since the width
of the corresponding b-distributions are much smaller than
the radius N However, the real pafts are clearly not
peripheral. Contrary to the conventional Regge pole or
weak-cut models our peripheral Im Ny ~ J; is non-zero at
u= uy . 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 N and BN'
The magnitude of backward peaks of oN at different s gives

AR~ (283 % 25) s”!+4 | (4.34)

and we assume an exactly similar s-dependence for A&, the
normalization being given by the value at 6 GeV/c. Thus

we obtain

R

We then proceed to fit the data on oy having, at each
energy, Bﬁ = Bh and ry 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, ry is formed to be

nearly constant in s (~1 Fermi) and BN increases like fns,

(77.4 + 8.0) s~ 1+4 . (4.35)
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corresponding to the usual Regge shrinkage.
(e) The aA-Amplitude
The parameter values for the A-amplitude obtained
from the best fits are given in Table II. Although we
have B2 =~ Bl , the magnitudes are rather large and the
result is 2 poor peripheral nature of the b-distributions
for ImA  and ImA,. The fits to D, o. and P. as shown
in Figs. (4.7), (4.10b) and (4.11b) are reasonably good
down to . uw=-0.6, showing the approximate correctness of
. the phases of the,A\-amplitudés. The behaviour of the
A -amplitudes are displayed in Fig. (4.9).
A more detailed 1ook at the A-amplitudes seems to suggest
“that Red ~ J,(rJ-w) tomliwa"_ : éhou1d be very small
or zero near w=-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 po]es,ﬂa super-position ofvcompiex-
conjugate pairs of poles etc.). Then the resulting real
parts would also haye zero structure éround u (or t) vé]ues
. where the corresponding imaginary.parts vanish. This kind

‘of mechanism seems to operate for both Re Do and Redy .

4{5:'Conc1usions
”f7wéfﬁ§ye_applied a simple form of DAM to backward

s;attering'wifhithe intention of explaining the observed
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features of the =N différential 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 4A- amplitudes have an inter-
action radius of r~ 1 Fermi. ry varies very little with
energy while BN increases like fws , which is compatible
with standard Regge behaviour. Also the magnitude of BN
is consistent with the corresponding forward values.
Céntrary to standard Regge pole or weak-cut models, our
Im Ny is non-zero at u=uq. However, Re N, haé a zero
‘around this point. In our model oy is almost totally
dominated by the non-flip (NO) amplitude; "the flip-
amplitude (N,;) being very small near the backward direction
preshmab]y due to the presence of a strong cut.

The model also works reasonab]& well for the A-

" amplitude for u>» -0.6. The model, however, seems to

fail to give the correct ReA; for regions beyond this
value. The slope parameter B, is rather large and the
resultant impact parameter distributions ImA are much less
peripheral. This inconsistency is interpreted as due to

the incorrect form of ReA; , as given by the model. In
order to obtain a consistent value for B, , ReA; must be
very small or zero near u =~ -0.5. This type of behaviour
for Red; may be achieved in other classes of DAM where both

B and r behave like constant (in sf or both increase like
ns. The corrésponding'consequences for the peripherality,
dip positions and shrinkage of‘gge differential cross;section

will be different from thatAgfféﬁ¥ 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 Ay .
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Table I - The DAM-amplitudes
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s-channel-

Na-exchange

A -exchange

6
helicity
flip Im Re Im Re
AA=0 3, -J,cotin®, SRS -G, ()
. Ah =1 51 EN (?) 51 T'tam-'z-."{ah
Tab]e’II - Parameter values
N A Units
P1ab 4 6 10 6 GeV/c
A, (fixed) | 15.5 | 9.2 4.1 1.7 | ub/(GeV/c)2
N * . * -
A, (fixed) 3.95| 2.34° | 1.28 3.4 "
BO 0.73} 0.93 | 1.45} 4.0 (GeV/c) 2
B, 0.73| 0.9 | 1.45 3.2 "
R 5.0 | 5.2t | 5.2 4.8% | (Gev/c)7?

* (+) : Free (fixed) for (ogs Dy o_, P_) simultaneous

fits at 6 GeV/c.
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Appendix A -

(a) Dirac Spinors
The Dirac Spinors for the initial and final spin-}
fermions with s-channel helicity A and r', respectively,

are given by
ey .
UL‘ (P) = ]‘E-fm ((+1’I€E"_\_)¢(A)(P) )
. ‘E’.(.m

WUy = JEe ¢ (- —*—E—Ys )

), AL _
N o P ()
\

P

Fig. (A.1)
(A.1)

and p = |[p|, h = 21, where we have taken p along &,, g along
-83, p' at an angle 8(¢ = 0) with respect to &; and q' at
an angle (v - 8) with respect to €3, as shown in Fig. (A.1).

The Pauli representation is taken,where

s = v, Y, , ¥ =(A¥)e, w=-1, ie.
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1Q

{°=(( °>g E:(O ) 3
o -~ -g O

and the spinors are normalized according to uu = 2m.g are

(A.2)

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

£, (q') = Jl:' (q'; -w'sme o0, —w'&os?):"

!

() In | ] g — on B
Ev(‘q,>—'J—_‘2-"<°J.iwent»+sw))

where q' = lgl , with the normalization £ g

= -1 .
(c) In the case of«.spin-a/2 fermion, the spinor-vector

wave function is given by
W) = > (14 vs|%,0) el u
,u = 2. (tlars |y, b) epep wiep,

where ( 1 % v s | 3, , A ) are the Clebsch-Gordon co-
efficients and €, and u are the spin-1 and Dirac Spindr

wave functions. Explicitly

U-f/_z) (b) = &“: uw")
“:&yz)(P) _ \%_ &.;i-) “"'/’)_f = e,i“g””)
L () - _,ﬁ(éc: L) N u(-'/;))
u.(-%)'(?) - E;:) -%)

(A.4)
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Appendix B

(a) =N Kinematics

As stated earlier, the kinematics for "N backward
scattering are defined by taking p, g and p', q' for the
in- and out-going nucleon and pion momenta, as shown in

Fig. (B.1), soc that

s = (p+4q)?
t=(p-0p")?
u=(p-q')?

p + =l+q's l2=p2=m2’
q p P

3(q' + q)

i

q'2 = q2 =4 Q _
' Fig. (B.1) (B.1)

The s-channel helicity amplitudes are given in terms

of the usual invariant amplitudes A and B as

T = W (A s)u (8.2)

and explicitly,

T++ 2[mA+(EJ’s’-mN )B] cos 6§,

Te = 2[EA - my(E - [3) 8] sing, (5.3)

where * stands for nucleon helicity + }, E and my are the

c.m. energy and mass of the nucleon and & 1is the c.m.
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scattering angle.

At fairly large s, we can approximate

T++ ~ J=u B s (helicity flip)

T+- ~ (A + myB) st (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 expiressions

d_ﬂ"_ = 389 | T IL-;‘-IT.-—L pb Ve Y
dw o4 nk's (17 1) /(Gev/eY,
and
Pdc = IIM(T-}-(-T-:;A)
du
(B.5)

(b) Pole Couplings
He define the usual pion-nucleon coupling constant,

9 2NN by writing the Nx -pole amplitude (u=~ m*> ) as

1 ———
Y w
NO{ = 8-‘“" ._‘_. u S( K-}W\) Yg
2L (u_w\l)
- Z —
Lz - Fmay L T AU
R WM (- w?) !

(B.6)
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where we adopt the normalization uu = 1, to be consistent

with the trace caiculation in section 3.4.

For the pion-nucleon- A coupling, g, , we write

the decay amplitude for the process A& = N« as

T o= 5 W) B w0

W (B.7)
~ and the c.m. decay width as o N
N\
FA = _l_ -L’I: l_ Z lT‘?— ‘i:\\'ﬂ'
a4 oamy A
' Fig. (B.2)

where k is the c.m. three-momentum of the nucleon,

Explicitly, we have

2 3 2 “ -
Moe g€ [(memy—m ]
- (B.8)

which gives, for [, = 120 MeV, the value g, = 14.5.
Using (B.7), the elementary A (1236)-pole amplitude

in =N scattering is given, to leading order as

.

Aj ~(3¢) S UW(py W) W
My L{-W\ (IA—VV\")

(B.9)



