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ABSTRACT

Recent theoretical developments in the reggeization of
inelastic processes involving particles with high spin are incorpo-
rated into a model of wvector meson production. A number of features
of experimental differential cross sections and density matrices are
interpreted in terms of this model.

The method chosen for reggeization of helicity amplitudes
first separates kinematic zeros and singularities from the parity-
conserving amplitudes and then applies results of Freedman and Wang
on daughter trajectories to the remaining factors. Kinematic con-
straints on helicity amplitudes at t = 0 and £t = (M - ga)z are also
considered.

It is found that data for reactions of types sN = VN and
N > VA are consistent with a model of this type in which all kinematic
constraints at t = 0 are satisfied by evasion (vanishing of residue
functions). As a quantitative test of the parametrization, experi-
mental differential cross sections of vector meson production reactions
dominated by pion trajectory exchange are compared with the theory. It
is found that reduced residue functions are approximately constant,
once the kinematic behavior near t = (M =~ ﬂa)z has been removed.

The altermative possibility of conspiracy between amplitudes
is also discussed; and it is shown that unless conspiracy is present,
some amplitudes allowed by angular momentum conservation will not contri-
bute with full strength in the forward direction. An example, yp '

in which the data for do/dt indicate conspiracy, is studied in detail.
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INTRODUCTION

Reggeization of vector meson production (3B — VB, 7B — VA)

; z 7 o+
reactions and the related pion photoproduction reaction yp — 3 n has

traditionally presented a number of problems. These may be divided

into:

(a)

(b)

Problems of principle, caused by unequal masses and the presence

of high spins, and

Problems of practice, among which we note especially the

following:

i)

ii)

111)

iv)

The data for forward production of p mesons appear to be
dominated by pi exchange at all energies despite the fact
that the w and A2 trajectories have larger &(t)'s.

w production differential cross sections and density
matrices at small t bear scant resemblance to those pre-
dicted on the basis of p trajectory exchange, although
this is the only well established trajectory which could
contributef

For reactioms such as p and £° production, in which =
exchange seems to dominate, a rapidly varying residue
function is mnecessary to fit both the data and the known
couplings at t =m_.

Standard reggeization techniques for wvarious trajectories

lead to the conclusion that there should be a dip in the
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forward photoproduction cross section. It is well known,
however, that at low energies the cross section has a
peak at 02 and there are experimental data at 2,5° cm
which indicate this is still probably true at the highest
energies measured (2-3 GeV/c = kY)°

Recent developments in the Regge pole theory of unequal

mass scatteringl) and the construction of helicity amplitudes free

. 2 5 :
of kinematical singularities ) now make possible a straightforward

parametrization of inelastic reactioms in which the particles have

3)

arbitrary spins and masses. Within this framework, the Regge

3

asymptotic form of a helicity amplitude is

—ina(t) o [m| o M| =M
] K(t) (sin‘EE) (cos EED ?(t)(% )
o

t [lte
cd;ab =~ sin mQ(t)

where

A = a-b n = c~d M=max (|\[,|r]) -

Here, K(t) is a known function of t containing kinematic singularities
of the amplitude, and y(t) is a smooth function of t.

This parametrization éssentially solves all problems of
principle, with the exception of relatioms among helicity amplitudes
required by kinmematical constraints at particular points (such as
t = 0, thresholds, etc.). A method is now known for determining all

4)

such constraint equations. Hence there are no longer fundamental
mathematical obstructions to a thorough investigation of the applica-

bility of Regge pole formalism in these reactioms.
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The purpose of this study is to demonstrate that the
formalism outlined (i) provides an adequate basis for description
of the particular reactions "™ — VN, 7N — VA, yp —= f+n, and (ii)
allows solution in a natural way of many practical problems, including
those listed above.

Chapter 2 is devoted to a discussion of the theoretical
advances in reggeization of unequal mass processes, and processes
containing high spin particles, which are applied in the rest of the
work. 1In Chapter 3, a parametrization for reactions of the form
nB — VB, "B — VA is developed and properties of this parametrization
are related to features of the experimental density matrices and
cross sections. Section 3.2 is devoted to the reggeization of pi
exchange in these reactions; it is shown that the rapidly varying pi
trajectory residue needed to fit differential cross section data can
be understood as a kinematic rather tham a dynamic phenomenon.

The analysis of Chapter 3 provides a great deal of evidence
that conspiracy between trajectories is not important in vector meson
production reactions. Nevertheless Chapter 4 is devoted to a theo-
retical examination of conspiracy relations in order to complete the
kinematic discussion. It is demonstrated that the option of conspiracy
plays an important role by allowing all angular-momentum conserving
s-channel amplitudes to contribute in principle in the forward direc-
tion. As an example of a related reaction in which conspiracy does
seem necessary to account for experimental observations, the reaction

Yp «s 7'n is discussed in Chapter 5.
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Chapter 2

BASIC THEORY

2.1 Method of Reggeization

For elastic scattering of spinless particles, the contri-
bution of the leading Regge pole, obtained from a Sommerfeld-Watson

transformation on the amplitude, takes the form

-ina(t)]

- [1L +te a(t)
By ey M Y Po(cos 0,) (11.1)
where
. £ -2’ +m )
cos 6 = + . (1E.2)
t thkt 4 9, kt
As s - w, (qt kt)a(t) Pa(cos Qt) —>sa(t). Thus, in this case, those

trajectories with the highest Q(t) should dominate, regardless of the

value of (nmegative) t.
For processes in which the external masses at a single

vertex are unequal (Fig. II.l),

2 2 2 2 2 2
2t (s - m - ) + (&£ + m - omy ) (t + m - my )

cos Gt = : ; ) . Z.L 172
t—(ma-mb) ][t-(ma+mb) ][t-(mc-md) ][t-(mc+md) h
CEE.8)
At £t =t ., , cos §_ = -1. Within a region about t__. , often referred
min t min

to as the forward cone, |cos et| is small and the replacement of
a
Pa(cos Gt) by (cos Gt) is no longer justified. In other words, when

the external masses at a single vertex are unequal, it is no longer



Figure II.Ll

Labeling of Particle Kinematics
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clear which term in the expansion in powers of s of

a(t)

(qt kt) P (cos Qt) dominates at low t., The ambiguity has been

1
resolved in the spinless case by the work on daughter trajectories, )
which demonstrates that those terms in the expansion which are singu-
lar at t = 0 will be cancelled by the contributions of the daughters,

a(t)

Hence the s behavior of the Regge pole contribution is preserved,
and the resulting amplitude contains only singularities of a dymamical
nature.,

When the external particles have spin, some care must be
used in applying the above method. 1In order to carry through the
procedure, it was necessary to write the invariant amplitude for the
process in the form of a dispersion integral with the location of the
cuts and the discontinuities across them determined solely by the
dynamics of the process, Thus a major problem in the case with spin
is to determine which pieces of the physical amplitude can be ex~
pressed in this manmner. It is most convenient to find expressions
closely related to the t-channel helicity amplitudes, as the differ-
ential cross section and the density matrices can all be expressed
simply in terms of these. It has been foundz) that if fcd-ab is the

b
t-channel helicity amplitude for the problem, defined by

.(Pc: C; Py d |8 - 1| P,sa; Pys b)
-1/2
o

- b o
=4 Q)" BlE, F P < By B Toauan WPy By Py By

a

(1.4 )

and
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A= oy

] 2]
- o i
fcd;ab = fcd;ab/ (51n 3 ) (cos 3 ) (1L.5)
where \ = a-b, p = c-d, then
=t =t . PP
fcd;ab * f-c-d;ab = K(t) £7(s,t) ’ (I1.6)

where K(t) is determined by methods discussed in the following

section, and ;i(s,t) is analytic except for dynamical singularities,

; may then be written in the form of a dispersion integral and the
application of methods similar to those used in the case of unequal mass

spinless scattering yields an asymptotic form.s) The result is that

f takes the form

o-M [l # e'i“a(t)]
sin nQ(t)

T s

where M = max (]h], ]ui)and ;i(t) is expected to be a smooth function
of t. Hence the s-dependence of each fcd;ab arises from two sources:
(i) the factor ;, in which the sa_M behavior is preserved by contri-
butions of daughter trajectories; and (ii) the kinematic factors
(sin Qt/Z)P\'"ul (cos Gt/2)1h+u|. At large t, these kinematic factors
contribute the remaining sM, but in the "cone" at low t this growth
is suppressed when the masses are unequal.,

To place these conclusions for helicity amplitudes on the

same intuitive basis as those for spinless scattering, it is helpful

to examine some of the details involved in the replacement of



by

a-M [

Ki(t) ;i(t) s 1+ e-i"a(t)]/sin na(t)

for a particular exchange. Because of the action of the parity

6)

operator on helicity states

J=8. =8

W
:;ZD |95 Ags xz) = 0, N (=) EA SN (I1.7)

a Regge pole of parity P will couple to the particular linear combi-

nation of vector-pseudoscalar meson states lJ,Klkz) SR (-l)J+1P]J,-Kl-h2)

J+1

(where P is either (-1)J or (-1) ). Thus its contribution to the

; : J ISR, 1% .|
partial wave amplitude obeys T-c~d;ab(t) = P(~1) Tcd;ab(t)’ and

hence for exchange of a spin J object

J

d
-t e Et =73 TJ ku(e)
cd;ab = “=-c~-d;ab = cd; ab 6 [N=n| 0 [Nt |
(sin EE) (cos EE)
O b ay_ ()
i o L]
o] n] G

in EE cos fE
Sl 2

Expansion of the diu(e) in powers of cos Bt shows that a given Regge
pole contributes with maximum strength to only one of the amplitudes
(I1.8); its contribution to the other amplitude is proportional to a
smaller power of s, For large s, therefore, if the contribution is

~ (1) Et To determine

. i gt
mainly to the (i) amplitude, £ d -c-d;ab*’

cd; ab
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whether the important amplitude is the sum or the difference, it is

convenient to use the properties

- A= J = (=13M"R J
(9) (-1} uh(e) t-1) h—u(e) (I1.9)
to obtain
i i
J 1l J J 2
d = e d ) ; d _=-e d )
AR thz A-p k3h4

where Prs Pys and the ki's are defined by the requirement that

Kl Ay N Ayt 4, and KS Ka all be greater than or equal to 0.
For dh N functions in which the indices have this property,
1°2
Xi-h. hi+%.
0 J ) b, ML)
g’ = [sin = cos =t p_ = o P J (cos o ) 3
% W 2 2 J-M gs ¢
1]
(I1.10)
hence,
o LEE agad e ATl D (o )
cd;ab = “-c-d;ab 3 cd;ab J-M t
ig s
+ P (--1)J+l e . Pﬁlgfu" lh ul)(cos Gt)J (I1.11)

and the amplitude with the most important contribution has sign (%)
oo 2y is (%),

Systematic application of the method of Ref. 5 shows that
Yi(t) contains functions of C(t). These are not important except at
those places where they require the amplitude to vanish; in general,

an amplitude derived from diu must vanish for all integer J smaller

than |h| or |u

« In vector meson production at low negative t, this
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means that all P = (--1)J exchanges (which have |p| =1, M> 1 as
shown in Section 3,.1) must vanish at @ = 0, Because & = 0 occurs
for |t| 2 0.5 GeV2 for the p, w, and A, exchanges considered here,
this effect may be considered independently of forward kinematic ef~-
fects and is not of central interest to this study.

For our purposes, the important thing to notice is the

form
A=n] [N
f = g(t) sin gE cos EE . sa(t)-M
cd; ab 2 2

(I1.12)

At the lowest physical |t| for the s-channel process, cos 0, - -1,
cos ;E ~+ 0, Also, (d cos Qt)/ds + 0 as t * 0 for any unequal mass
process, For such low |t|, therefore, the s-dependence of the
amplitude is reduced by the maximum helicity in the t-channel, M,
If for some reason the trajectory with largest G(t) cannot have

M = 0, a lower trajectory may account for the observations at small

| t

. This is exactly what happens in vector meson production.,

In order to distinguish between the simple cone effect
(|cos 6t| ~ 1) due only to unequal masses, and this effect (which
depends also on a particular treatment of the spin kinematics), the
reduction in power of s will be referred to as spin suppression.

2.2 Identification of Kinematic Singularities and Zeros

~4
The discussion above assumed that amplitudes f (s, t),
analytic except for dynamical singularities, could be obtained by a

particular procedure, In the following paragraphs, this procedure
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is justified and the method used to obtain Ki(t) is explained,
Helicity amplitudes ft contain various '"kinematic'" zeros
and singularities, which are fixed by angular momentum requirements,
Once these are identified and factored out, the remaining factors
will have only dynamical singularities, with resulting simplifications
in the representation of Regge residues. The first step in this
direction was taken by Gell-Mann et al.?)who isolated the kinematic
zeros which occur at forward and backward scattering angles in the

t=channel., For

£ % el e i -t
fcd;ab =(sin 5—) (cos E—) fcd;ab (11.13)
0 [»=n]
the kinematic factor (sin EE) vanishes like thk_ul in the

forward direction; this expresses the fact that conservation of
angular momentum along the direction of forward scattering requires
helicity conservation, A = p (otherwise, the amplitude must vanish).

Similarly, the kinematic factor
0 [N |
(cos —E)
2

|K+u|

vanishes like (m = Gt) in the backward direction; this expresses

the fact that conservation of angular momentum along the direction of
backward scattering requires the helicity to reverse sign, A = -p.

. st . ;
The remaining factor f has the partial wave expansion

-t J (l}\--uI) I?\.‘H.].[)
fcd;ab = Z:J (2J+1) ch,-ab(t) Pk (cos et) @i.l4)
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where

M = maximum of (||, |u|)

and PJ-M is a Jacobi polynomial. Since the remaining cos Qt dependence

in ft is a sum over polynomials which are non-singular at finite

7)

cos 6, and are not all zero at the same cos Gt, and since

2 2 2 2 2 2
[2st+t7 -t )i‘. m, + (ma - m ) (mc - my )]
cos 9t = (1II.15)

\/Qt-(mafmb)z) (t—(ma-mb)2 (t-(mc+md)2) (t-(mcﬂmd)z)

is linear in s, % has no further kinematic singularities or zeros in
cos Gt or s.

The remaining problem is to factor out of ft the kinematic
singularities and zeros in the other variable, t. We know there are
such singularities from any of the following methods:

(i) study of Feynman diagrams;
(ii) study of behavior at t-channel thresholds;
(iii) relating ft to £° by crossing, and noting that £° has
kinematic singularities in cos QS (i.e., in t) and that the
crossing matrix has further singularities in t,

8)

Hara studied the singularities by a combination of all

three methods, while Wangz) used the crossing method exclusively. In

either case, it proved most convenient to consider the "parity-

=t =t

" \ ’ : . ;
conserving' combinations fcd;ab X f-c-d;ab’ and Hara and Wang split

i ~
these into a kinematic factor K and a dynamical factor f:
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Fro o+t =Kk, (8) £ (t,s) (11.16)
cd;ab ~ “-c-d:ab cd; ab cd;ab *7? g <

:t
giving a prescription for K .

In detail, the crossing method makes use of

ftf=5x, , £ (I1.17)
i 3 ij 7 j

where the subscript i stands for the set of helicity states cd,ab,
9)

and X, , is the crossing matrix explicitly given by Trueman and Wick,
i

The corresponding relation for the f's is

ft=zrx, £ (I1.18)
i : A3 J
J
where
A N
X,. (sin - ) (cos _§_)
X, = —=l = - : (II.19)
ij ) [N 0 | At | :

. _t _t

(sin 2 (cos 5

and A' and p' are the incoming and outgoing helicities in the s-
channel center-of-mass system. The kinematic singularities and
zeros of ft in t are all in the explicitly known i, since £° has
none. Thus by careful examination of i, Wang was able to obtain a
prescription for the kinematic singularities which is, as far as we
know, complete. Wang's prescription for the Kt is used throughout
this work; this is all that is needed for the discussion in
Section 2.1,
~i
The amplitudes f (s,t) identified in Eq. (II.6) are, however,

subject to further kinematic constraints. This is because the
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program outlined, as implemented by Hara and Wang, was not completed;

& G 10,103

kinematic zeros remain in linear combinations of f's For

example, if one takes Wang's singularity-free amplitudes fz for
NN - NN, it turns out they are not all linearly independent at t = 0

and t = 4M2. Thus there are linear combinations of the f; which

have kinematic zeros at these points. 1In terms of the equation

= =5
X, £, 11,20
i1 £y ( )

Hh ¢
I
™

i
this implies that the different rows of ;ij are not all independent;
i.e., the determinant of ;ij has zeros and the linear combinations
of EE which vanish are the eigenvectors associated with the zero
eigenvalues of E. The reason Wang's study is incomplete, then, is

that it is not enough to locate the singularities and zeros in each

row of the matrix Xij; one must also locate the extra zeros of the

determinant of Xij' 12}

Of course, one can work out the determinant of X by hand

~

and locate its zeros explicitly in any particular case, but it would
be much more convenient to have a general prescription for the answer.

0)

1 ; — ’ ;
Fox has given such a prescription for the class of reactions in
which at least two particles are spinless. More recently,

Cohen-Tannoudji, Morel, and NaveletZ+> have pointed out that at zeros

~ ~_
of det X, elements of the inverse matrix X o which appears in

P w g% “LE (1I.21)
PR S T
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will have poles, and it is easier to locate poles than to form a

13)

" ~ -1
determinant. If the matrix elements of Xi. have the form

i o G
b b o + (terms regular at t ) , (II.22)
ij t-t 0
then the condition
Se . - (e = © (I1.23)
i ij 'j "o -

. : =8 g3 Tt
must hold, since neither fi nor the individual elements £, have

kinematic singularities or zeros at t = to.

The physical nature of the additional kinematic zeros may
be guessed from NN scattering. In this example, the conditions at
t = 4M2 are those expected at threshold due to the dominance of

B(E = J-l)J over 3(3 = J+1)J states at this point.la)

For the meson
production reactions studied here, the additional kinematic zeros again

have the physical interpretation of threshold and pseudothreshold
conditions at t = (ma 2 mb)2 , £ = (mc % md)2 o It is these extra
threshold and pseudothreshold zeros which provide the relations used
in discussing pion exchange (Section 3.2).

Kinematic conditions also occur at t = 0; these "conspiracy
relations'" are especially important to the study of forward scatter-

ing processes. In the example of NN scattering, a physical interpre-

tation may be given the relation by noticing that t = 0 coincides with

GS = 0° . At this point the vanishing of s-channel amplitudes
s . Noe-n'l|/2
fc'd‘;a'b' like t‘ I for \' = a'-b' , u' = c'=d" due to

angular momentum conservation yields directly through crossing the
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t ft = ft _ ft

- i ti f - .
well~-known conspiracy relation A i Wiy

When the masses in either or both the initial and final states of
the t-channel reaction are unequal, the point t = 0 is no longer
physical (except in the limit s * »). It is thus less easy to see
intuitively that additional conditions should exist, although

15)

Bardakci and Segre have given a method by which the additional
symmetry at t = 0 in these reactions can be displayed from a

physical point of view. Application of the method of Cohen-Tannoudji
et al. leads, however, in a natural fashion to conspiracy conditions
on the Et comparable to those on the ft found in equal mass

processes (see Appendix A). Physical consequences of these are

discussed in Chapter 4 for the reactions in question.
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Chapter 3

APPLICATION TO DATA OF THE NO-CONSPIRACY PARAMETRIZATION

FOR IIN -* VN, IIN —* VA

3.1 Parametrization of the Reactions

The purpose of this section is to examine the qualitative
effects which kinematic factors may produce at small \t] in differ-
ential cross sections and density matrix elements of vector meson
production reactions., Three different types of factors are considered:
half-angle factors, the Wang K(t), and additional powers of t suggested
by physical considerations such as factorization of Regge residues.

For all cases of importance (see below), the factors found this way
for single trajectory exchange have the t = 0 behavior required by an
evasive solution to the conspiracy relations listed in Chapter 4;
thus this may be considered a study of the no-conspiracy case.

A Kinematic Peculiarity of Vector Meson Production

Application of the parity operator to a pion-vector meson

helicity state gives

_7: [J m; AO > = (--1)‘T+1 |J m; -\ 0> (II3.1)

Thus the state in which the vector meson has helicity 0 can couple
only to systems with '"unmatural parity," P = (-1)J+1. (This will be
true for the production by pseudoscalar mesons of any system with
"natural" parity, P = (-l)s). Hence, M = 1 is the smallest value of

M possible for exchange of a Regge trajectory with P = (-l)J. 16)
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Due to the form of the reggeized amplitude (Eq. II.l2) and the low
6 6
t behavior of the half angle factors cos -£ and sin "£~, exchanges

2 2

with P = (-l)J will effectively be suppressed by at least a power of
s in the forward direction. This means that in any reaction where
the pi trajectory is the P = (—1)J+1 exchange with highest @, its
contribution can dominate the cross section at large s and sufficient-
ly small t despite the possibility of natural parity exchanges with
higher-lying trajectories. More generally, the effect will enhance
the relative importance of M = 0 amplitudes in the forward direction
even in cases where known exchanges have P = (-l)J. For larger t,

% O g 1/2
the sin 7 and cos 7 terms are proportional to s ; thus for
large enough t and s, the normal hierarchy of trajectories should be

Seen.

Effects of K(t)

Without examining the other pieces of the amplitude in
detail, we have pinpointed a possible explanation for the experi-
mental observation that pseudoscalar exchange tends to dominate the
most forward directions in any vector meson production reactions in
which it is possible, while natural parity exchanges become more
important at larger t.l7) The (sin Qt/Z)IK'uI (cos Gt/2)lk+u|
pieces contain, of course, only a portion of the t-dependence of the
amplitude. To be able to say that mnatural parity exchanges are
kinematically suppressed at low t, one must make certain that K(t)
does not tend to cancel the half angle effects. To this end, K(t)

has been listed for the cases of interest. (Table III.l)



In this table A = A, = A

B > VB

p=(-1)

p=(-1)7

B VA

pe (-1 7L

p=(-1)"7

=19=
Table TIT.l

Kinematic Factors i(t) for Helicity Amplitudaes

n=Ar, N=NA

N N’ v
1
Ty = L(E = mymm)Z) (e = (mgtm )2)]2

K(t) Solely From From Factorization

N Crossing Matrix of Residues Net
-1 -1 ; < -1
0 t ETﬂV t (s trajectory) t2 T 4y
- 3 2.1
0 (t-4M%)2t 2 t(« trajectory) t2(t-4M7)2
2 = 2 X al
1 (t-4M°)2t 2 (t=4M“)2¢t 2
1 (e-ams)e= (t-4M7)2
0 T
w TﬂV
_% L
1 Tt t t2 %

All Factors Come from Crossing Matrix

-1
0 T i [

L 271-1
1 t2[t (M-i-MA) 1m%

2.=1  JE
t -(ka)] [t -(Mﬂ%)] 2

271 -1

2 Tﬁv[t - (M-MA) 12t
sl 2 -l

0 tE[t-(M-I-MA)]?

- 21 =%
1 [t (M+”A) ]

N

2.1 o
Tﬂv[t - (M-gﬁ) 12t

“Me 2-3
Tyt t - (M—MA) ]
1 'rn,v[t - (M-MA)Z]'%

2 ('r,w)2 t-%[t - (M+MA)2]%
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Clearly, all threshold factors and the vector-pseudoscalar

pseudothreshold ([t-(mv-mn)z]llz) factors will be smooth enough in

the region of small negative t to be absorbed into y(t) . The only

portions of K(t) which might be important at low t are factors of

t1/2 2]1/2

and of [t'(Mn'MA) . From Table III.l, one sees that the

dominant amplitudes for both types of parity exchange contain the
" -1/2
same NA pseudothreshold factor, [t=-(M- A)Z] . Hence this factor

can be neglected in the study of relative enhancement; the only parts

of K(t) which might compete with the spin suppression effects are

1/2

powers of t « Most of those listed in Table III.l fall into three
categories:

: 112 . ;

i) Factor of t in the 7 exchange A = O,p = 0 amplitude for

18 -* VB found by factorization of residues,
At first glance, one might expect this to be comparable to
the cos Gt/2 terms which appear in natural parity exchanges. How-
ever, the 7 exchange amplitude is strongly affected by the 7 pole,

so that the overall behavior at small t may be approximated by

J}/t-uz which suppresses the amplitude only for |t|< 0,02 GeVz.

In contrast, the poles for natural parity exchanges do not

have much effect on the amplitudes, and the effects of spin suppresion

18)

are appreciable out to [t| = 0.2 GeVz. Hence, for the range

0.02 < |t]| < 0.2 GeVZ, the 7 exchange can be expected to dominate

19)

natural parity exchanges.

1/2

ii) Factors of t in ®B —* VA reactions.,

In reactions where the masses are related as in 7B ~ VA,
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sin Gt/Z behaves near t 0 1ikeljf . (In contrast, for @B —* VB,

0.) Because of this behavior, each parity=-

sin Gt/Z ~ 1Af2 mnear t

conserving combination £ has a kinematic factor

tﬁglz’ 3

cd; ab & f-c-d;ab
= max( [A-n|, |h+u|).2’8)

It happens, however, that when cross sections are formed
in a single Regge pole model, these amplitudes contribute only the
factor (sin et/2)2§' , where E£' = min(]h-u],[h+u[). Thus in order
to remove kinematic zeros in the cross sectiomn, it is necessary to
have only a kinematic factor of t_gfl2 from each of the amplitudes,
This is the factor which appears in Table IIl1.l. It follows from
the above discussion that these factors do not make the amplitude
increase at small t (because they are cancelled by the t = 0 zero
in (sin Gt/Z), neither do they cancel the zero in cos GtIZ due
to the cone effect.

1/2

iii) Factors of t in the P = (-1)J,|h| =1, |u| =1 and

J+1

P = (-1) ,|u| = 1, A = 0 amplitudes for nB —* VB,

These are implied by the factorization condition when the

min([x-u|,|K+u|)

kinematic singularity (llff) justified in (ii) is

used for the =% -* VV amplitude.,
Hence, for single Regge pole models, nmone of the kinematic
factors in K(t) will cancel the spin suppression effect in the region

0.02 < || < 0.2 Gev?, 20 The £!/?

factors are the kinematic
factors which have the greatesteffect on the behavior in the region

of interest; thus, for purposes of fitting, the amplitudes may be

approximated by the form
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l+e-iﬂa(t)] o, [A=n o Il a(t)-M
———F—| (sin

bi(E) f(t-z) [ sin 7a(t) 7)) (eos -2}_) s

(TIT.2

where f(t%) is found in Table IIIL.l, and h(t) is more slowly varying.,
A number of comments about this parametrization are in

order:

a) In both types of reactions considered, the product of kinematic

factors K(t) (sin Gt/Z)Ih-u|(cos Gt/2)|K+pI, when evaluated in the

physical region of the s~channel, has the same phase (up to a sign)

for all helicity amplitudes corresponding to a given trajectory.

This means that relative phases between helicity amplitudes are de=

termined solely by the y(t)'s.

-M
o vy(t). Near

b) The entire residue takes the form K(t) (PﬂV'IhN')
each fermion-antifermion threshold, it is observed to have the

behavior (Ref. 3, footnote 8)
L. L,
(e-tady or [t-(M+MZ?2] .

where Li is the smallest permissable orbital angular momentum for

the parities and spins involved.

Ne?r the pseudothreshold t = (M--IVEA)2 it has the behavior
[t-(M-ﬂA)Z]L where L' is the lowest possible orbital angular
momentum for a pair of fermions with intrinsic parity +. In other
words,.the pseudothreshold behavior is the same as threshold behavior

for a particle with negative mass and opposite parity to one of the

" fermions,
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The behavior at the boson threshold is normal and is identi=-

cal to that at the pseudothreshold., Presumably this is because the
antibosons have the same parities as the bosons,

c) As we are approximating all amplitudes by Regge poles, the

O

residues K(t)?(t) (P1rv must obey the factorization condition.

PNN
This places additional constraints on the analytic pieces y(t).3)

The additional powers of t discussed above are the minimum required

by the comparison

[ﬁﬂN"VNJ ¢ _ ﬂmc-»vv BN’N"NN
Ay (YN Ny N

(provided the factor (lﬁji)min ([h-u|,|h+u|)

e =

is used in computing
VV). This provides information only at t = 0, as all the
residues automatically have the proper behavior at thresholds,

d) The kinematic factors obtained from crossing matrix and factor-
ization considerations agree with those found by comnsidering all
perturbation theory graphs for the exchange.ZI)
e) The kinematical factors in Table III.l are (with the exception

of the |\| = 1, p = 0 amplitude of 7B ~* VB, as explained in Ref. 21))
‘those which would apply in the case of a single Regge pole exchange,
i.e., when only one parity-conserving helicity amplitude is important
to highest power of s. This situation may be characterized by the

4)

requirement that all subsidiary conditions imposed on the helicity
amplitudes by kinematics at t = 0 are satisfied by the wvanishing of

individual regularized helicity amplitudes at this point, rather than

by conspiracy between amplitudes.
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Removal of this requirement would allow the amplitudes for
7B > VA and 7w = VV to have a singularity of order (1ﬁJtﬂKJ+[uJ;
also, the additional t's listed for some 7B = VB amplitudes would not be
required, The coefficients of the singular terms would in this case
have to satisfy conspiracy relationships. 1In the s-channel physical
region, the resulting singularities of the |\| = |n| helicity ampli-
tudes would cancel the spin suppression dip due to half angle factors,
and there would be no kinematic reason for P = (-1)J+1 dominance of
the forward peak (see Chapter 4). However, all the experimental
evidence to date on vector meson production is comnsistent with the
no-conspiracy hypothesis; hence, we conclude that any contributions
actually containing the additional singularities are small enough to
be neglected in these reactions., This is the point of view taken in
the analysis in the following section.

Relations between the amplitudes at points other than
t = 0 (thresholds andvpseudothresholds) have not been considered in
this section.

Application to Data

For the purpﬁse of illustration, we consider only the
reactions ®N > &N, 7N ~* pN, "N * ufd, and 7N * pA because the
number of possible exchanges in these is sharply limited by G
parity and isospin. Identical kinematic statements can be made
about the processes KN — K*N, KN = Kf& ; the density matrices and
differential cross sections for these reactions have the same

22)

qualitative behavior as those for p production.
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The differential cross section for production of p mesons,
both with and without an isobar, possesses a well-defined diffraction

peak at all energies in the range 2.5 - 8 GeV/c incident pion mo-

23,24,25)

mentum, The spin density matrices of the p's produced

closely resemble those for elementary one-pion exchange (poo = 1;
Re Pio = o, Pl = 0) at the lowest physical t, but as t increases

25) This

the value of pOO decreases and that of pl-l increases,
makes the density matrices look somewhat more like those expected

from elementary vector meson exchange (p 0).

00 = Re Pyp =
Trajectories which may be exchanged in this reaction are

7, AZ(R)’ and o (in non-charge-exchange mN -* pN). As the AZ and w

have natural parity, it is expected that they will be suppressed at

small t and that the forward peak is produced by % exchange. In fact,

the region 0.05 < |t| < 0.4 GeV2 agrees fairly well with an ampli-

tude of the form

-ino_(t) a_(t)
N - VN Ve g(t) [1+e L (S/So) 5 dan o (t) ,
- -ina (&) a (t)
N - VA g(t) [1+ e ] (s/so) /sin nct (t) :

(111.3)

over the experimental range of s (see Section 3.2)., Deviations from
this at larger t become more pronounced at the higher energies, as

expected (the region over which suppression is appreciable decreases

as the energy increases).18’26)
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In contrast, the differential cross section for production
of w mesons is quite flat as a function of t at all energies mea-

23,24,27)

sured. Among well-known trajectories, only the p can

contribute, but none of the differemtial cross sections show the
expected dip at t = =0,5 GeVZ. e Furthermore, the density matrix
elements consistently disagree with p exchange dominance: pure p
exchange implies Poo = 0, but the measured values average to one-
half; and a reasonable model of the p-nucleon-isobar vertex29’30)
predicts A density matrix elements which also disagree with the
data.Bl)
This behavior is at least plausible in the light of the
above kinematic separation. The p exchange is suppressed at the
lowest t by kinematics and at t = -0.5 GeV2 by a zero in the ampli-
tude, It is not surprising, therefore, that it should be entirely
masked by background effects, such as the possible exchange of a B

meson (O% = Ob -1).32)

If these are the only causes of suppression,
the p trajectory contribution should rise above the background at
large t and s, This would probably produce a small bump in the

differential cross section above t = =0,5 GeV2o

A further indication that spin suppression factors play a

*
major role is provided by comparing the cross section for ﬁ+N+'* N S
*
with that for ﬁ+ﬁ+ - 1° N e at the same energy. Both reactions are

*.
expected to be dominated by p exchange, but whereas ﬂ+N+ -+ ° N L

differential cross sections consistently show a forward peak and a

0. 23,24) + + ot
F )

dip at Ob = the T N —* alN distribution in t is flat as
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mentioned above. Plots of cos Gt versus t for the two reactions
show that the region over which spin suppression might affect
T * ﬂN* is considerably smaller (|t| < 0.05 Gevz) than the compar-
able region for 7N - mN*, and that much of the p peak for =np = KN*
falls within the "suppressed" region for w production.

The shapes of the density matrix elements mear t = 0 are
also strongly influenced by the suppression factors. In the co-

33)

ordinate system in which these are normally measured, the density

matrix elements can be expressed entirely in terms of t-channel
; 5 2
.. . _ i i k . .
helicity amplitudes, Pyij L T, T xlzk,x|T Al (i, j refer to the
helicity of the particle under consideration, A runs over all sets
of other helicities in the problem). Unless a particular model is

used, the behavior of the p;; as a function of t is quite complex,

J
However, the behavior for the lowest possible t is easily found
(Table III.2),

These general results replace, in a Regge pole model,
the expectations for pure T or vector meson exchange obtained from
field theory. The elements Pi.12 P312 and Py_q are predicted to
have a definite shape near the lowest t regardless of the parity
exchanged; this shape can be seen most clearly in K* production,34’22)
Additional assumptions must be made to obtain values for the constants
which multiply these low t shapes, or to find the shapes at larger
t.35)

It is interesting to note that the suggested shapes strong-

ly resemble the behavior near t = 0 of density matrices obtained on
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Table III.2

Behavior as t —;tm.

P of density matrix elements. Each expression may be

multiplied by an arbitrary constant

B — VB
Parity of
Exchanged 0
Trajectory Poo 10 Byt
2
sin 6 sin 6
(_1)J+1 1 £ tl
s 2
s
J = 2
(-1) 0 0 !31n th
1B 5 VA
Poo P10 P1-1 58 "3 P3.1
sin 6 sin 8 sin 6 sin29
(_1)J+1 1 l t - t _l_2 t >
s Wt ts s Jt s te
2
sin 6 sin 6 sin 6
(_1)J 0 0 = t i £ . t
Je
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6)

the basis of the absorption model.3 This behavior agrees with the
bulk of data to date. The agreement of shape at low t between
experiment and the two theories should thus not be viewed as a
triumph of a particular dynamical model, but simply as an indication
that the kinematical constraints have been handled properly in both
theories. Until recently, it was mnot clear how to incorporate these
into a Regge pole model. Hence the agreement in the density matrices
provides a great deal of support for the methods of References 1

and 3,

The spin suppression effect is also expected to occur in
tensor meson production. Because 2+ mesons have natural parity, the
helicity O state (and hence any M = 0 amplitudes) can be populated
only by unnatural parity exchange. As in vector meson production,
unnatural parity exchanges should thus dominate others in the forward
peak.

Although relatively little data are available on the produc-
tion of tensor mesons, the work of the British-German collaboration
at 4 GeV/c provides some indications that spin suppression effects
may explain features of these processes also. Consider, for example,
the reactions ® p fon, and ﬂ+b T AP In @ p ~ fon, the 7 and Ay
exchanges are allowed. These are the same contributions expected in

" P = P 1 it is found experimentally that the cross sections for the

37)

two reactions have sharp forward peaks indicating 7 dominance., In

contrast, the A, production differential cross section is relatively

23)

flat, resembling that for w production. A.2 production is like w
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production in that the only well-accepted trajectories which can
contribute (p and fo to 1N ™ AZN; p to 7N ~ wN) have natural parity.
Discussion
A. Careful treatment of kinematic effects and the use of
daughter trajectories are only two elements of a complete Regge pole
model of these reactions. There is no reason for them to completely
determine the relative importance of various exchanges, particularly
at lower emnergies. Other well-known explanations of pi dominance in
such reactions as 7N = pN include: (a) nearness of the pi pole to the
s=channel physical region in t, and (b) the relatively large strength
of couplings at the vertices. These facts certainly play an impor-
tant role. The kinematic effect described here is quite distinct,
however, and is by no means confined to pi exchange.
B. It is extremely difficult to obtain purely theoretical
estimates of the magnitudes of Regge pole couplings. Some of the
couplings can be obtained at the particle pole by comparison with
Feynman graphs, but their variation with t cannot at present be pre-
dicted. For those couplings which vanish at the particle pole, there
is no known way to theoretically estimate magnitudes at any t.
Because of the difficulty, it is felt that a least squares
fitting program would be premature. 1In particular, it is essentially
impossible to compare (for example) the magnitude of p and B exchange
in w production processes. Until such a comparison can be made, one
cannot be certain how much of the suppression of natural parity ex-

change is due to the spin suppression effect discussed in this section.
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Within the present Regge formalism, however, the

K+ulsa4ﬂ

(sin Qt/2)lk-u[(cos Qt/Z)| dependence will continue to play

an important role.

3.2 Reggeization of Pi Exchange in Production Processes

38,39)

It has been found that in production reactions where

1t dominance is suspected, rapid variation of y with t is required to

2

fit the data at t < 0 and the known pole strength at t = m. .

In
this section a study is made of reggeization of the pion, including
both the Wang prescription for kinematic singularities and further
kinematic relations at the NA pseudothreshold. It is found that the
rapid variation of y(t) is caused by these further kinematic effects,
rather than by dynamics. These considerations suggest a model for
v(t), which is then applied to several processes. The agreement with
experiment is comparable to that obtained in the one pion exchange

model with absorptive corrections.

Threshold Behavior

The factors provided by Wang were obtained, we recall, by
a rather abstract crossing argument (Eqs. II1.18 and II.19). As noted
in Section 3.1, they can be checked by less abstract arguments based
on the threshold behavior of partial-wave helicity amplitudes with
definite parity. Since the threshold argument increases one's confi-
dence and will be used extensively in the following sections, it is
appropriate to work out an example showing how it goes at pseudo-

thresholds as well as thresholds.
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The example will be 7N -* pA, or rather the t-channel re-

action NA ~* p7. We take the amplitude (ft' 11 + ft 1 _1) which
0 0;%% 0 0;-% -3

122
J+1

is purely P = (-1) and is therefore contributed to by NA T~ p,

The Wang prescription for this amplitude is

& t + ~t
£ + £ = K (t) f£ (s,t) (IIL.4
00337 f00;-3 .37 Fo 03 % o3 307 ‘
wherez)
+ 1
K () = "
0 0;% %

Le-mgm)?] [ (o=, om0 (- i) (- (g om 2

(III.5)

Now, what factors in

t
cd; ab

J

£ = % (2J+1) ch;ab

e (t) Pglﬁ-u”|h+u|(cos Gt) (III.5)

could explain these fixed singularities in t?

£ y)
(i) At a threshold, FJ(t) contains the usual factor q, » gq out
in out
where
Jee-@mamd?) (e-(m,m)?)
" A AN
Uin = ’ (III.6)
2t
2 2
\j&t-(m +m)%) (t-(m_-m )?)
Yout = - e (III.7)
S 24t
(ii) PJ—M is a polynomial in
25 t+t0 -t Em o+ (mh - me) (mo - mo)
HOR g, & i » {TTL8)

ok qin qout
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The combination of these factors may give ft an overall singularity

or zero at either of the two thresholds t = (mA + mN)2 and

2
t & (rnp -+ mﬁ) 2
To see how to obtain the overall singularity at
2 - _ " ; -
t = (mA-+ mN) , consider Bys ™ 0. For this orbital state, the NA

system has JP =1 or 2 . Since the particular amplitude we are

considering has P = (-1)J+1, the NA system must have JP = 2 , For

big = 0 there is no qinﬂin factor from FJ; for JP = 2~ (and with
M = 0 for our particular example),

P§l§-p|’lh+u|)(cos et) = Péo’o)(cos et) is a second-order poly-
nomial in cos Qt with leading singularity qinm2 e [1:---(m,/_\-f-m.N)z]-1
(Eqs. (III.6) and (III.8)). This agrees with Wang's result,

Eq. (IIL.5). For arbitrary Lyns FJ picks up an additional factor
q o but the most singular part of PJ-M picks up a compensating‘
factor q- in) so the overall singularity is unchanged. The key
steps in this argument are tabulated in Table III.3, together with

the corresponding steps which explain the factor at t = (mp = mﬂ)z.

Next we consider singularities at the pseudothresholds.,

It is helpful to think of the pseudothreshold t = (mA - mN)2 as a
threshold involving the "antiparticle state," EN .~ -y Exactly
the same arguments can be applied as above, except that the intrinsic

parity of the "antiparticle state" is reversed relative to the

particle state for a fermion (and not reversed for a boson). Thus,

+ -+

for By = 0, the "NUA system has JP =1 or 2, and since the parti-

1 +

cular amplitude we are considering has P = (—1)J+ , only JP =1
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Table III.3

Threshold factors in the amplitude
-t —t -

(f + £ ) for NA — pm,
00;33% " 700;-3 -3
. P
Possible Allowed J
JP for with 41 Threshold
Threshold Lowest £ Lowest £ P = (-1) Factor
2 _ - - - 2,-1
= (Hbjﬂﬁ) biy = 0 1, 2 2 [t-(mame) ]
2 + + 2.-1
= = - 2
(m +m, ) Loy = 0 1 1 [e-(mtm )"]
2 + + 2,-%
= - = - = 2
(mp m,_) B i 0 1 1 [t (m.p m_) ]
e + + 2.-1
- e = - - 2
(mp ) m "0 1,2 o le-(mm)?]
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contributes. For ﬂin = 0 and J

o

Ly FJ gives no 9Un i factor and
P gives q L (t=-(m - )2)-% which agrees with Wang's result
J-M in AN ’
Equation (IIL.5). Again, the argument is summarized in Table III.3,

together with the corresponding argument at t = (mp-mﬂ)z. Note that

because of the parity change for fermions, the singularities are of

Il

. 2 2
different order at t = (mA + mN) and t (mA-mN) , whereas they are

2
(mp-mﬂ) °

The type of argument sketched above agrees with Wang's
40)

of the same order at t = (mp+mﬂ)2 and t
prescription in all cases checked. At this time, no corresponding
physical argument for the behavior at t = 0 is known.

The additional kinematic zeros described by Fox,lo)
Cohen-Tannoudji et al.f) and others can also be interpreted in terms
of threshold effectSAl) (except for the relations at t = 0). We
have already mentioned how this works out for NN - NN (see Ref, 14).
In meson production reactions, the corresponding relations are quite
complicated, but simplifications occur in the special case of pure
JP =0 exchange which is relevant to the study of pion exchange.,

For example, at t = (¥A - MN)2 in 7N ~* VA, the method of

4)

Cohen-Tannoudji et al., * yields one condition connecting the A = 0,

u = 0 amplitude to other helicity amplitudes, and other conditions
not involving A = 0, p = 0. In the special case of pure JP =0
exchange, the first condition simplifies to fn=0,%=0(t= (MA_MN)Z) = 0.
The physical reason for the simplification is that a spin zero

exchange couples exclusively to the A = 0, p = 0 amplitude, so that

the threshold conditions can only provide the A = 0, p = 0 amplitude
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with extra zeros in this case rather than relating it to other ampli-
tudes. Similar behavior occurs at the other pseudothresholds and
thresholds.

Elementary pion exchange is a familiar case in which the
extra zeros of pure 0" exchange appear. It is represented by a
Feynman diagram which automatically satisfies all the kinematic
relations. The amplitude for elementary pion exchange in TN ~* pA

has the form

. K7(£) v ,(t)
0 bk »L = > (III.9)

Ot
<
N
=

where K+(t) has been given in Equation (IIL.5). Evaluation of the

Feynman diagram gives

2
Yop (0 = ¢ [e=mgm)®] [e-(mym)®] [e=(otn)? ] [e-(m-m )7
(II1.10):
with the constant fixed by the known strength at the pole. The extra
zeros provided by the workings of the kinematic relations for 0
exchange are evident in (III.10).

To understand from an angular momentum point of view why
the kinematic factors in 0 exchange, as exemplified by elementary
pion exchange, differ from the Wang K+, we observe that the kinematic
factor K+ can be obtained by setting £ = 0 and finding the corres-
ponding JP, whereas to obtain the elementary pion amplitude one must

set JP = 0 and find the corresponding £. For example, at
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£ = (ﬁd+mN)2 the intrinsic spin-parity of NA is 1~ or 2-J so to reach

total JP =0 requires an orbital state Ein = 2, Then in the JP =0

contribution to ft, FJ=O ~ qin2 and PJ-M = PO = constant, so
ft = (K- yellt-mﬁz) A qin2 ™ [t-(mﬁﬁmN)z]. This implies that Vo1
picks up a factor [t-(gd+mN)2]2, in agreement with Equation (III.10).
A resume of the analogous arguments at the other thresholds is given
in Table III.4.

Repeating the same arguments for, say, an elementary g
particle, one sees that it would not have a rapidly varying y(t) in
the N\ = 0, 1 = 0 amplitude. The reason in the present language is
that it can couple to NA or 7p in both £ > J and £ < J states, and the
contribution to y(t) from the lowest £ does not vanish at threshold.
Equivalently, one can say that a 2" particle couples to several
helicity amplitudes, and satisfies the threshold conditions by
relations among these amplitudes rather than zeros in the x = 0

2

p = 0 amplitude, The same is true for any particle on the sequence
l+, - 3+, . . ..42) The rapid variatiom of yel(t) for the pion,
then, is a special feature of JP = 0-, which can couple only to
AN=0, u=0, and £ > J, and therefore has extra threshold zeros in

the A = 0, p = 0 amplitude.

Models for 7N —* pA

In this section we consider in succession three different
models for pion exchange in 7N ** pA. The experimental density

matrices for 7N -* pA 1in the forward peak indicate that the non-

43)

helicity change amplitude with pw = 0 = A dominates. It therefore
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Table ITII.4

Threshold factors in the elementary pion exchange contribution to

the amplitude (£ . , , + f- . . ) for NA = px.
00;33 00;-3 -3
Intrinsic 4 Beeded
; To Make Factor for Factor for
P S s P K Alone
Threshold J Parity J Y Y
2 - - - 2 22
= ¥ = - -
B (mA-PmN) 0 1,2 in 2 | [t (mA-i-mN) ] [t (mA-HnN) ]
2 - + _ 2 2
t = (mp+mﬂ) 0 1 gout = 1 Jt (mp+mﬂ) (t (mp+mﬂ) )
2 - + _ Jectin 2y T2 en e 1B
t= (mp mﬂ) 0 1 ﬂout = 1 t (mp m_) (t (mp mﬁ) )

I

t = (m.A-mN)2 0" 1+,2+ £, = dt-(mA-mN)z (t-<mA_mN)2)
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makes sense to focus our attention on this amplitude, which is the

one dissected in the previous section.

Of the two possible p = 0 = A amplitudes
(ft 11 £ £- ._1 _1), the - combination vanishes on account of
00,25 00;-3-3
parity conservation. The + combination (Eq. (IIIL.4)) is purely

e

P = (-l)J+1. Writing the Regge representation for fg 0.1 17
r2 2

approximating it by the pion trajectory, and keeping only the lead-

ing power at large s, one obtains

t t —_—
f + £
00;% 4 00;-% -3 § o
) Gl (1+ -thCtﬁ(t)) (e +d) (20 +1)
e
K t £y l= .
0 0;1 %—( ) v, ( )(So) sin n Q_(t) r(@ +1)

(III.11)

where K+ was given in Equation (IIIL.5) and y is the reduced residue

function,

The first model is a straight line trajectory with constant

dynamical coupling factor:

s (III.12)
(GeV)

yﬁ(t) = constant 5 (IIT.13)

The constant is determined from the known strength of the pole at

.2 . - 2 mmmm = 2 -
t=m, and s, is chosen as s, 2 W m 0.74 (GeV)” (similar
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results would be obtained with the commonly assigned value
o = l(GeV)z). The resulting forward peak (Fig. III.lb, curve (iii))
is much too sharp, falling far below the experimental cross section.
The predicted c;oss section remains too low for models with flatter
trajectories, as long as y_ is held constant.,

The second model is elementary pion exchange, as calculated
from the Feynman diagram. The amplitude for this model, and the
coupling yel(t), have already been given in Equations (III.9) and
(I1I1.10). As t goes negative, yel(t) is a rapidly rising function,
which more than offsets K(t) and produces much too large a cross
section (Fig. III.la, curve (i)). The t-dependence of Yo1 is crucial
here; even if we revert to the straight line @ with slope 1(GeV)-2,
the cross section remains too large as long as we retain yel(t)

(Fig. III.la, curve (ii)).

One way of viewing the failure of elementary pion exchange
is in terms of unitarity in the s-channel. The elementary.pion
exchange term does not include the influence of other channels, and
even exceeds the unitarity bound in some low partial waves, so ab-
sorptive corrections must be made. This approach has been used in
the report of the Aachen-Berlin-CERN collaboration;ZA) it produces
theoretical results quite near the data (Fig. III.lc, curve (vii)).
The reggeized pion exchange of our first model, however, lies well
below the data, so it is certainly below the unitarity bound. Some
approach other than absorptive corrections is needed to improve the

Regge model.
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Another way of viewing the failure of these first two
models is in terms of the t-channel threshold effects discussed at
the end of the previous section. The first model ignores these ef~
fects completely., The second model, on the other hand, incorporates
the special effects of JP = 0  exchange even at thresholds where the
Regge @ is far from 0. These faulty approximations contrast with
what is presumably the actual situation:

(i) The 7 trajectory couples mainly to the A = 0, n1 = 0 amplitude,
with the special threshold behavior of the elementary pion, at a
pseudothreshold or threshold where Gﬂ(t) is near enough to zero so
that most of the contribution comes from the JP = 0 state.

(ii) When @ is far from zero, the trajectory couples to various
helicity amplitudes, and the threshold conditions are satisfied by
relations among helicity amplitudes rather than by zeros in the

A =0, pn= 0 amplitude.

The third and final model attempts to incorporate kinematic
effects into the A = 0, p = 0 amplitude more realistically, by taking
v(t) variable but using the extra zeros of elementary pion.exchange
only at pseudothresholds and thresholds where Q'  is near zero. For
simplicity we again confine our attention to the A = 0, up = 0 ampli-
tude. This, of course, restricts the validity of the model to small
t (say, |t| 5 0.2 GeVz), but that is the region where 7 exchange is
most prominent anyway.

We again take the straight line approximation

aﬂ(t) = -0,02 + t/(GeV)z. The locations of the thresholds and
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pseudothresholds for NA P, and the corresponding values of @,

are listed in Table III.5. At t = (mA-mN)Z, & _is only 0,07 and the

Tt

Regge amplitude projects heavily onto the 0 partial wave. Thus the

Regge amplitude has a 0 part (probably dominant) which vanishes at

t = (WA- mN)Z, and another part (the projection onto other partial

waves, probably rather small) which does not vanish. It is plausible

to represent the net effect by a (t-b) contribution to YRegge’ where

b is somewhat shifted from (mA-mN)Z. At t = (mp+mn)2 and (méf mN)z,

@ is large, the projection onto higher partial waves whose coupling

does not vanish at threshold is probably large, and there is no com-

pelling reason to introduce another zero into YRegge' The point

t = (m_p-mﬂ)2 is intermediate and it is less clear what to do here.
These considerations lead to the approximate form

Yeuge = c(t-b) where b is small, and ¢ is determined from the known

strength at t = mi. The cross sections computed in this way with

b = 0.09 (GeV)2 and with b = -0,005 (GeV)2 are compared with experi-

ent23,24)

in Figures III.lb and III.lc. The fit with b = (mA.-mN)2 =
0.09(GeV)2 (curve (v)) already represents a great improvement-over the
simple Regge model with constant y (curve (iii)). For smaller b, the
fit becomes comparable to that obtained with absorptive corrections to
elementary pion exchange (Fig. III.lc). By taking b < mi, the "hook"
in the experimental cross section is also obtained (curves (iv) and
(vi)), although b < mi admittedly departs from the spirit in which the
model was derived.

Although this "hook" appears regularly in experimental data

presented for 1mB * VA, there is a possibility that it is spurious --
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Table III.5

Location of thresholds and pseudothresholds of NA - TP, and corres-

ponding values of Gﬁ(t) = =0.02 + t/(BeV)z.

Threshold t in (BeV)2 a
£ = w3 0.09 0.07
A lT'N o L
~ 2 0,37 0.35
t = (mp-mn)
2
t = (mp-i-mﬁ) 0.79 0.77

2
t = (méme) 4,75 _ 4,73
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an effect caused not by nature but by the method of
analysis chosen. This is because for large t, all A and V events
within a mass band of width ™ 100 MeV are counted in determining the
cross section. For very small t, the heavier A's and V's will not
be counted

oy P % (mAz ‘“'NZ) )

(as tmin = = = + 0 (;E)

will be larger than some reported t for these large mass values);
hence the cross section will appear to decrease. If this be the

case, the "hook" should disappear when the differential cross sections

44)

are plotted against angle. Until this experimental question is

resolved, it should be borne in mind that fits to do/dt can be made
with b on either side of mo .

Comparison of the Model with Other Reactiomns

The purpose of this section is to show that the model of
pion residue functions developed for ™ > pA above also fits the
differential cross sections for 7N > pN, KN ~ K*A, N > an, and
N - fON at small t.

First, some comments which apply both to #iN = pA and to the
reactions considered in the present section:

(i) A complete study of residue functions would involve a great
dealAmore than comparison of differential cross sections. One would
first separate the contributions of different helicity amplitudes to
the cross section on the basis of density matrix elements and s and t
dependence. Thén individual residue functions for various exchanges
could be isolated and studied, Some work along these lines has been

38)

done by Thews. The purpose of this section, however, is only to
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indicate dominant features of the situation and such a detailed

study has not been undertaken.

(ii) TFor all reactions considered here, the density matrix elements
and s-dependence at small t are compatible with the assumption that
pion exchange in the N\ = 0, u = 0 amplitudes dominates. The graphs
below show that the t~dependence of do/dt can also be understood on
the basis of this assumption. The comparison with data must be
confined to small t, however, because the assumption is expected to
fail at |t| 2 0.2 (GeV)2 on. both theoretical and experimental grounds,

58l on the density matrices of produced p's, for

Experiments
example, show that for |t| > 0.2 (GeV)2 a large percentage of the
vector mesons produced are transversely polarized, which implies

p # 0. Thus the model developed above for the \ = 0, p = 0 amplitude
will be judged successful if it approximately fits do/dt for |

|t] < 0.2 (GeV)2 and tends to fall below the data for |t| > 0.2 (GeV)Z,
leaving room for other amplitudes.

(iii) To specify the model somewhat more fully than was done above,
let us discuss the various terms in some detail., Under the assumption
that fk=0,u=0(ﬁ exchange) (Eq. (III.11)) dominates the forward peak,

the differential cross section can be written as

dg _ 1
dt  4x [s-(ml-imz)zl [s-(ml-mz)zl (III.14)
(04 (t) ( -iTQy ) 1 2
o 1t e w | (e +5) (2a +1)
K(t) Yﬂ(t) (SO) sin T aﬂ P(a“"'l)
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where my and m, are the masses of the incident pseudoscalar and

baryon for the reaction under consideration., The factor
P(Gn+%)/F(0%+1) is a coefficient of sO‘Tc in the asymptotic expansion
of Pa(cos Gt); the variations of these I' functions and (20%+l) over
the small range of t considered is not extremely important. The
kinematic factor K(t) for each reaction is taken from Wang2’3) and
listed in Table II1.6; for reactions of type @ + N = (p or fo) + N
3)

it includes the factor t which Wang derived from the factorization
condition (see Section 3.1). A straight line with slope 1 (Ge‘\l)_2
has been used to approximate Ctn(t)° The reduced residue function
yﬁ(t) suggested by considerations above has the form y = constant
(t-b) for the reactions involving an NA vertex; a similar consider-
ation of the reactions involving an NN vertex yields the form
Y = constant, since in this case the nearby pseudothreshold has-
moved to t = (mN-mﬁ)2 = 0 and Yol ﬂ(t) has no zeros at t = 0, The
value of each yﬂ(t) at t = mﬂ2 is known from the experimental coupling
strengths for pmnmw, foﬂﬂ, K*Kﬁ, NN7t, and AN7®, These values are listed
in Table III.6. The remaining parameter b has been treated as a
variable, and we discuss below some of the values which give good
fits. Finally, the scale factor s, has been chosen as 2 J;EEEEGEZ;
which is not far from 1 GeV2 for all cases considered. This choice
is not crucial; fits with similar b's could be obtained for a wide
range of g (0.5 GeV2 S 5, <3 GeVz).

With this background, one can quickly determine the peculi-

arities of individual reactions.
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Table III.6

The Wang kinematic factor ﬁ(t), and the strength of the dynamical
residue function yﬂ(t) at t = mnz, for pion trajectory exchange

in various reactions., The symbol Tij denotes

(t= (b )% (- (mym )% o2

= 4.
Reaction R(t) v, (t=m_2)/ (mb)2
ip ~p° ATt ol -l [~/t-( o, 3 4.5 Gev®
pmt  NA "NTA °
7 p =~ p°n NP 9.9 Gev?
| pn
A [~/t( +m)] 2.5 Gev®
P o KK NA m .
o™~ £°N Je Tﬂ;Z 67.2 Gev”

/ 8

nf NA
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ﬁ+p . po A++: The cross section for b = (mA-mN)2 = 0,09 GeV2 is

shown in Figures III.lb (curve (v)). The best fit, which gives the
"hook'" visible in the 8 GeV/c data in Figure lc, as well as at lower
energies,AS) is given by b = -0,005 GeV2 (curves (iv) and (vi)).

T p Qon: The cross section of form (IIIL.l4) with K and ¥ taken from

Table III.6, fits the data 46) quite well (Fig. III.2) without
additional parameters.

= * 4 ; ; ; ; : ;
Kp ™ KO A ': The differential cross section for this reaction in

the extreme forward direction is not well known at present. As a
result, there are two solutions of the form indicated above which

47)

fit the data points -- one solution with b = 0.045 GeV2 and the

other with b = 0.001 GeVz. They are both plotted in Figure III.3.
i = £°N: As in the analogous reaction 7N ~* poN, the cross sectionha’ag)
can be fit quite well by use of a constant residue function with the

kinematic factor and Yyt (t = mﬂz) of Table III1.6 (Fig. III.4).

ﬁ+p - §° Aﬁ+: Fitting this reaction with a linear residue function

we find, as in the case of nN = pfa, that the zero must fall at
t < 0 (b = -0.015) in order to reproduce the "hook" at low t (Fig.
III.5). Again a fit to the magnitude outside the hook region can be

obtained with a zero at the NA pseudothreshold.

Discussion
A. Mandelstamso) has moticed a difficulty which arises in the formal
reggeization of processes involving particles with higher spims.

Normal methods of continuation in angular momentum produce, for
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example, contributions to the Regge residues for 7N = VN from

£ = -1 states, This is in contrast to the arguments above, in
which only physical orbital angular momenta £ > 0 to the t-channel
have been considered. Mandelstam has also demonstrated,so) however,
that the contributions from unphysical £ may be cancelled by other
terms, if all of the external particles involved lie on Regge tra-
jectories. Thus the restriction to physical orbital angular momenta
conforms to the result one presumably obtains by consistently
reggeizing all hadrons both internal and external.

B. Dashen and Frautschizg) have predicted from static model boot-
strap calculations that

BnNﬁ(t)

e B gonst . (I1I.15)
B )

. : 1,52
This relation has been tested in various contexts5 »52)

and found to
be in agreement with vector meson production data. It is interesting
to note that Equation III.l5 would not be comsistent with B's deduced

purely from kinematic factors, but is roughly consistent at negative

t with the behavior we have found from angular momentum consideratioms,

2

- M, t-B }J;:- = .

Bgg ~ (EBINE=(mymy)

C. Kinematic conditions affect the couplings of all trajectories,

The existence and detection of the very rapid variation of yﬂ(t) in

N ~* pA, however, depends on the close conjunction of:

2

(a) the pole with large residue at t =m -,

(b) the pseudothreshold with kinematic zero at t = (mA-mN)2 =



50w

0.09 GeVz, and
(c) the physical region where the resulting residue variation
can be observed at t < O,
This close conjunction of all three effects is a unique feature of

1t exchange.
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Figures III.1lb

Comparison of the same data with: (iii) reggeized OPE with constant
residue; kinematic factors from crossing matrix; (iv) reggeized OPE
with linear residue (b = -0.005 Gevz)J kinematic factors from crossing
matrix; (v) same model as (iv) with b = 0.09 Gev2,
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Figure IITl.lc

ﬂ+p *po Aﬁ+ at 8 GeV/c. The data are from the Aachen-Berlin-CERN
collaboration (Ref. 24). The curves represent: (vi) reggeized OPE
with linear residue (b = -0.005 GeV2), kinematic factors from crossing
matrix; and (vii) absorbed OPE (calculation in Ref. 24).
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kinematic factors from crossing matrix and factorization, constant residue,
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Figure III1.3a

K+p - K ° Aﬁ+at 3 GeV/c. The data are that of the CERN-Brussels col-
laboration (Ref. 47). The curves represent two possible fits with
reggeized OPE, kinematic factors from crossing matrix, and linear

residue function: The solid line corresponds to b = 0.001 GeVZ, the
broken line to b = 0.045 GeVZ.
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Figure III.3b

The same reaction and models as 3a, at 5 GeV/c.
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Figure TIIT1.4a

ﬂ+n = fop at 6 GeV/c. The data are from Bruyant et al. (Ref. 48).

The broken lines are various absorption model predictions (calculations
by Yock and Gordon (Ref. 39). The solid line represents reggeized OPE
with kinematic factors from crossing matrix and factorization, constant
residue.
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Figure III.4b

Tp -~ £%n at 10 GeV/c. The data are from Wahlig et al. (Ref. 49).
The curves have the same significance as in 4a.
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Figure TII.5

ﬂ+p - fo Af+ at 8 GeV/c. The data are from the Aachen-Berlin-CERN
collaboration (Ref. 24). The curve represents reggeized OPE with

kinematic factors from crossing matrix, linear residue (b=-0,015 GeVZ),
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Chapter &

ROLE OF CONSPIRACY IN THEORY OF VECTOR MESON PRODUCTION

Application of the methods of Chapter 2 yields two con-

spiracy relations at t = 0 for 7N = VN:SB)
_t _t o ] -—t
Vi (Flo;1-1 “Eli0;3-0 = -1 Ve (F10;1 17E090;2 1) (VWD)
0 0;3-3 00;% 3% (1v.2)

For all four parity-conserving amplitudes involved here, the Wang
kinematical factor K allows a t_% behavior at £ = 0 (Table IV,.1A).
The additional kinematic conditions imposed by Equations (IV.l) and
(IV.2) can be satisfied in either of two ways: a) each of the two
amplitudes involved in an equation can have an additional factor of
t from ;; in this case each side of the equation would vanish sepa-
rately like t (no comspiracy), or b) each amplitude can retain the

-k
singular t 2 behavior at t = 0; in this case the two sides of the
equation must approach the same constant (comspiracy). For example,

one conspiracy solution behaves like

% = Cl.'/'\/t
(IV.3)

o = -i CQ/J—t

near t = 0.
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For the reaction "N =* VA, the t = 0 conditions obtained by

the methods of Chapter 2 (see Appendix A) are:

3/2[:t =t _ _.3/20zt _ ozt

£ 1f1053/2-3 f-1o,-3/2-%} = Lf1o;3/2--;_ f-m;a/z-g] (IV.4)
= =£ =t =t

t |E + F = -t[ - .5, Iv.5
o * Froigey] = oigs - Fro) _—
=t =t . _ ozt

£ [f10;3/2 L ¥ togpae -;-} = t[ 10;3/2 & = F-10;3/2 %] LEY<62

g od + FC

In each of these amplitudes fcd;ab % f-c-d;ab

the Wang kinematic
factor K (Table IV.1B) allows a maximum singularity GJk)-lc-dl—la-bl
at t = 0 -- just enough to cancel the explicit factors of t in
Equations (IV.4) and (IV.6). Again the t = O conditions can be
satisfied either by having each side of the equation vanish separate=-
ly like t, or by conspiracy between the coefficients of the singu-
larities,

The discussion in Chapter 3 demonstrated that presently
available data on vector meson production can be understood within
the framework of the no-conspiracy (evasive) solutions. To obtain
an understanding of the entire range of behavior allowed by kinematics,
however, one must also examine the consequences of conspiracy.
General properties of the conspiratorial solutions are discussed in
this chapter; application to the particular case of photoproduction,

where they appear to be needed, is made in Chapter 5.
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Conspiracy and Angular Momentum Conservation in the Forward Direction

It has been known for some time that in NN scattering, the

1 is non-zero in the forward

=l =1

s
double spin flip amplitude £, ,,
Z 22 2

direction only when conspiracy occurs, despite the fact that angular
momentum conservation places no restrictions on this amplitude., The
purpose of this section is to demomstrate that conspiracy has the
same role in unequal mass reactioms: that of restoring the contri-
butions of double flip amplitudes to full strength in the forward
direction.

As discussed in Chapter 2, although cos etlz and sin Qt/2
are large and proportional to S% for larger t, they are comstrained

o

to approach O and 1 respectively at Gs =0 (t=t ., ). This means

min
that all amplitudes

t _ =zt
co;ab co;

y |e=atb | |cta-D |
f o5 (sin Gt/Z) (cos Gt/Z) (Iv.7)
with (ct+a=-b) # 0 vanish in the forward direction of the s~channel.
For (cta-b) = 0, the forward amplitude does not vanish but the fast
drop in drop in sin Qt/2 toward t = tmin tends to suppress it. Un-

=t
less £
co;

ab for (ct+a-b) = 0 compensates by growing like t ™ with
2

appropriate x, the suppression will greatly decrease ft p Pear
b4
It is instructive to view these same phenomena from the
point of view of the s-channel amplitudes. As shown in Appendix B,

o ; ;
at QS = 0  the crossing relations reduce to the form
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t s

= &
coj ab - f—ca;ob * (B.5)

The vanishing of all fz with ¢ + a=b # 0 at = 0°, then, is

0;ab

simply a manifestation of angular momentum conservation along the

direction of forward scattering in the s-channel. The suppression of

t : _ _ o ' .
fco;ab with (cta-b) = 0 at 95 0”, however, is not required by

angular momentum conservation. Therefore it is to be expected that

-Eo-ab can have the compensating factor t ® needed to restore the
2

(o]

normal size of the angular momentum conserving amplitudes at QS =0
For reactions such as 7N = VA, sin Gt/2 ~WNts at high s;

the forward suppression is caused by the Je factor. Hence if
§§o'ab g (1%J£)|c-a+bl’ we see from Equation (IV.7) that the amplitudes
2

allowed by angular momentum conservation will contribute with full
strength in the forward direction. This is exactly the maximum
singularity allowed by the Wang formalism. As shown (Eqs. (IV.4) -
(IV.6) and Table IV.1B), the amplitudes will have this maximum singu-

larity only if they conspire at t = O,

L 1
For "N = VN, sin Qt/ﬂ ~ t* s2 at high s; the forward sup-

1
pression is caused by the t* factor. Hence, for this case, the t = 0

behavior necessary to ensure full contribution of the angular=-momentum-

- -l -
conserving amplitude is fgo ~ (t “)Ic a+b[. Again we see from

;ab

Table IV.l that the relevant amplitude Efl 0:1 , is allowed just the
’)Z T3

1
-1 |c~atb| o -1 ;
right singularity (t %) ~ t 2 in the Wang formalism, but (in

view of Equation (IV.l) can achieve it only through conspiracy.
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Hence we conclude that the conspiracy relations play a very
similar role in equal and unequal mass reactions. In both cases non-
conspiring flip-flip amplitudes vanish at t = 0; the main difference
is that t = 0 corresponds exactly to forward scattering in the equal
mass case, but is only approached asymptotically by forward produc-
tion in the unequal mass case,

Conspiracy relation (IV.2) is in a separate category, since
the A\ = p = 0 amplitude is not multiplied by half angle factors and
thus is not subject to quite the same suppression in the forward
direction. In the no-conspiracy case, however, it does contain a
J%, which along the curve 65 = 0° contributes an effective suppression
o 5-1. In the case of conspiracy, Equation (IV.2) equates ft 11
12 2
to (i/2) Eg 0:1 -1 which grows like SQC“l t_%. "Since t—% ~ s along the

22 T2

t : , o ‘
boundary curve, fO 0:1 1 will grow like s at GS = 00, i.e., a con-
122 ‘

gpiring singularity contributes full strength to the A\ = p = 0

amplitude along the forward direction.
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Table IV.1A

Amplitudes for mN > VN

Extra Factor
Dominant Kinematic in No-Con-
Amplitudes LA Parity Factor spiracy Case
- § o (1 1Nt t
’2 2
L o 1| (=) 1NE €
2 "2
-t J
- 1
CERREIPEETN R
=t J+1
- - 1INt
%_%_ f-10;+%‘+% d 0 ( 1) A[ t
=t J+1
+ £ 1 1 (-1) 1
10)% —% ~10;+5 -'%
=t J
. F T 1| (=1} 1INt t
i3 -3 -l0i+% -3
i




~66-

Table IV.1B

Amplitudes for TN = VA

Extra Factor in
Dominant Kinematic No-Conspiracy
Amplitudes Al _Parity Factor Case
fgos% L | g 1
Bo0;3/2 3 1] 0T | A
B0;3/2 - 3 | gyt 1/t
B o 1| P | e
’2 T2

%io’_% 1t Eﬁlo;% 3 0| ¢-1)7 1Nt
flop 3 Tz g Jica L
Elo;% 3t Eflo;% -3 1| -1t 1/t t
%;0,% - Ho; 14 1| (-1)7 1/t t
E11:0,3/2 ¥ fti10,-3/2 1 1| DI 1/t .
E§0,3/2 1- El-:10,-3/2 1 1] -7 1/t t
§§0,-3/2 -%+EE10;3/2 o 2 gy 1/¢3/2 t
§1io;:;/z -%-'Eflo,-_a/z -1 2| (-1)° /e 32 C
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Chapter 5

CONSPIRACY IN THE REACTION yp ﬁ+n

Because yp w'n is a special case of the class of rcactions
AN ~ VN, time reversed, the forward dip displayed by Equation (II.12)
and discussed in Section 3.1 should again apply to all amplitudes
with p # 0 if there is no conspiracy. But photoproduction has the
special feature that there is no amplitude with p = hn_h = 0;

Y

therefore, the dip should show up directly in the cross section and
does not have to be disentangled from a dominant non-flip contribution

in the usual fashion.

Due to this special feature, photoproduction is an especially
favorable reaction for establishing whether conspiracy exists., At
present, there are three strong indications that conspiracy does exist

in photoproduction.

4)

. . 5 3 . - ;
i) Halpern has noted that the invariant amplitude conventionally

1abe1ed55) Al vanishes at t = 0 unless there is comnspiracy. But the

6)

low energy data, as discussed by Adler and Gilman5 and by Halpern54,

indicate that Al does not wvanish at t = 0.

ii) Evaluation of Feynman diagrams for the s-channel nucleon poleSY)

2
leads to Al(t = 0) # 0 at s = M . For this (s,t), no other diagram
can cancel the pole; hence we can conclude that conspiracy is indeed
present.

iii) Finally, there is the above point that the differential cross

58)

section would exhibit a forward dip were there no conspiracy.

59)

The absence of a forward dip at low energies agrees with the con-
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clusion of i) and ii). Our t-channel analysis in terms of Regge
poles is, however, more relevant to high energy data. At the highest
energies measured, the differential cross section for y + p 7" + n
(Fig. V.1) appears to be rising as one approaches small angles,sg)
strongly suggesting conspiracy. As explained below, measurements of
the 0° cross section at high energy should settle the question

definitively.

Kinematics of Photoproduction

The four independent combinations of helicity amplitudes
needed to describe photoproduction, and the kinematic factor K for
each of them, are listed in Table V.l. 1In evaluating K, there are
special problems associated with the zero mass of the photon, and
the K listed in Table V.l is the limit as my = 0 of K evaluated for
the amplitudes with my # 0. The reasons why this choice has been
made are given in Appendix C.

It is also straightforward to express the four invariant
amplitudes Ai of Ballss) in terms of the t-channel helicity ampli-
tudes ft . This is done in Table V.2.

Now as t * 0, let each helicity amplitude behave like the
corresponding kinematic factor K(t) listed in Table V.l. The effect
of this behavior of the Ai is easily deduced from Table V.2. One
finds that all Ai can be non-zero at t = 0. A2 will have a 1/t
singularity, however, unless the coefficient of the 1/t term satisfies

the condition
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Figure V.1

0§™ [degrees]

Center-of-mass differential cross sections dog/dQ (yp ~ ﬁ+n) as a
function of pion c.m. angle Gﬂc'm' for different incident photon

energies E,, reproduced from Buschhorn et al. (Ref. 59).

lines may be disregarded.

The broken
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(this relation can also be found by the techniques of Section 2.2),
Equation ¢.1) can be satisfied in either of two ways:

i) By conspiracy among the different types of Regge trajectory (or
cuts or fixed poles in angular momentum) involved in Equation (V.l).
This has been studied by Halpern,sq) Mitter,60) and Sawyer.6l)

ii) By individual vanishing (~t) of the Regge residues on the left
and right-hand sides of Equation (V.l). The extra factors of t in

this '"no=-conspiracy" solution are indicated by the * in Table V.l.

t

= =t
Note that in this case, with (f01.1 1~ 51,01 .1
- -

) and

t -

0y
+ £ 2
0Ll:% ,%

=

1 1) behaving like ¢t instead of t , the amplitude
2

&
01; -5

Al in Table V.2 vanishes at t = 0. As stated above, this is the
basis of Halpern's arguments for the existence of comspiracy in
photoproduction.

The equations written thus far have referred to helicity
amplitudes; this is all one needs to establish the properties of
forward photoproduction discussed below. To express the conspiracy
relations in terms of Regge trajectories, however, a partial wave

expansion of the helicity amplitudes is necessary. In the form

=t

- J (=], M)
fcd,ab = I (2J+1) Tcd,ab(t) A (cos 6,) , (V.2)

J

partial wave amplitudes with definite parity are



Table V,1

Kinematic Singularities and Partial Wave Expansions of the Helicity Amplitudes for Photoproduction

Dominant

Amplitude A ] K(t) Partial Wave Expansion Parity
-t -t 2 + (1 1) 1yJ
e z {1,1) 1
=t =t t- - JH+

= % ’ -
I LS £ . 2,0)_5(0,2) 2,0, 5(0,2) 3
01;% -3 01;-% & 1 1 t% * Z(J+3) |a (P )+ a (P J 1 ) (-1)
=t =t D 2,0 0,2 2,0 +1
By acE oy 11 (ead)? z:(y%)[ FelH 002 o 2304 20 ))] -1y
1278 itz 3

*
In the absence of conspiracy, these amplitudes should be multiplied by an extra factor t.

1
~
=

]
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Table V.2

Relation Between Invariant Amplitudes Ai

and t-Channel Helicity Amplitudes

A = ;"[2 L = | & Egl.l , + Egl__l |- 2m e Egl.] ok Egl. "
(4M°=t) (t-n°) 12 2 ’ 2 T2 22 T2 272
-t -t A -t
£ +f r i -
‘ 01;4 £701;-4 -1 t 01;1 1 “o01;-1 -1
22 M
iy, = 2 2
(t-4M7) (t-n")
2M =T =1
= Jt | for;1 -3tfor; -1 2
- _J
A3 = \[22 " 2 [Egl-i ik -581._1 1
Je-4M" (t-p°) iz 3 373 3

A, = i"fZM [ZM (Et y B u g} «alE (Et AEE L
4 M -t)(t-uz) 10;5 0l; == == 0L;5 - 01;-% &
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Here, amplitudes with + supersciprts have P = (-1)J, and amplitudes

1 =
with = superscripts have P = (-1)J+ , so that aJ+ and bJ+ refer to NN
: 3 - 3 - 1
-+
in the ‘J_IJ state, aj to the JJ state, and b 3 to the JJ state.

The first two combinations of amplitudes % in Table V.l,

=t &
£ t E =% (231 (T
Olsa &~ “Olp-k <k S 01;

(W]

are then easily expressed in terms of the b's, while the last two

combinations in Table V.l,

Et i 1 + Et . T | = Z (2J+1)
01;3 -5 01;-3 5 J
o (0,2) J (2,0)
To1;4 -2 Fr-1° * Tor;-11 By ) (V.6)

can be expressed in terms of the a's. The results are listed in
Table V.l. Finally, by inserting the appropriate partial wave
expansions in Equation (V.l) we obtain

L (25+1) b pilal) oo 6,) = -iZ (J+ 1)

ik V.7

- (2,00  .(0,2) + (2,00 . (0 2)J
[;J Pyl " =By D +ap (P17 +Pp g .
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This is the familiar form of the conspiracy relation, from which one
can deduce ratios of the residues of the various conspiring trajec-
tories.

Consequences of Conspiracy for the Photoproduction Cross Section

The differential cross section for photoproduction by un-

polarized initial beams can be written

P 2
da £ t
S E——— F |f ] (v.8)
dQ l6ﬂzspi aled cd, ab

where Q, P> and P, represent the solid angle, initial momentum, and
final momentum, all in the center of mass. Using the relations be-

t t Z . .
tween fcd,ab and f-c—d,-a-b provided by parity conservation to reduce

the number of amplitudes, we can rewrite (V.8) as

4 .
2 2
t t t t
lf + £ + | £ - f
Forsh 4 ¥ fou-g -3 ¥ |fona 4 foued
do  __°f >
s,
: 167"sp,; + 'ft + £ f e -£- i
oy -1t fou; 33 *[Tong 3 o
\ o
(Vv.9)

Most of the t-dependence of do/d near t = 0 should be
determined by the half-angle factors (sin Gt/Z)IK—pI(cos Gt/2)|h+ul,
the kinematic factors K(t), and the extra zeros which appear in

I = 4 S .
certain £  in the absence of conspiracy. The remaining factors in £

are dynamical and are expected to vary only slowly at small t [one would
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expect the pion exchange pole to provide an exception, but because
|u| = 1, the pion pole (sin = an)-l is canéelled in Et by a factor
o (see Appendix G). Thus, all ;t are smooth functions below the 2w
threshold at t = Amﬂ ol

In order to study the difference in t-dependence between
the situations with and without conspiracy, then, we approximate the
dynamical factors by constants at small t. With this approximation,
the helicity amplitudes I. take the forms listed in Table V.3(a).
Relating ft to ft and squaring, we obtain the contributions to dg/d
(V.9) given in the right-hand columns of Table V.3(a). In Table V.3(b)
the variation of these contributions at the sample energy kY = 3 BeV/c
is indicated by a numerical evaluation at t = =0,02 BeV2 (i.e., a point
outside the dip region), t = -0.003 BeV2 (i.e., at center-of-mass
angle GS = 2.80, which is near the most forward point measured at
present), and t = € (where Gs = 00).

The numerical evaluation at kY = 3 BeV/c works out as
follows. 1In the absence of conspiracy, all kinematic factors in

Table V.3 (i, ii, iii, iv, and v) tend to decrease from t = -0.02 to

t = -0.003, which corresponds to the most forward region measured by

59) 2

Buschhorn et al. The decrease by a factor of 100 between t = .003 BeV

and Bt 0 is even more striking. Thus, in the absence of conspiracy,
there should be a sharp drop in do/d? in the forward direction (6 less
than 2.50 in the center of mass). This drop is already well-known for

pion exchange, and our derivation shows it occurs independently of the

particle exchanged.



Table V,3(a)

The low t behavior of each photoproduction helicity amplitude, with and without conspiracy, when the

dynamical factors and (t-4M2) are approximated by constants c o The contribution of each helicity

amplitude in this approximation to dg/d? [the relation of cos 6, to t is given by

2
cos Qt

£ (abbdlen o) [l Ve (Y] o

lsﬂz SPi 4o
Contribution to 0
Ps di
Behavior Behavior LN N
Without With 7 _
Amplitude Conspiracy Conspiracy Without Conspiracy With Conspiracy
2 2
=t =t [eq ] les | 2
Bon 8 3 ¥ 8. 9 3 .2 2 1 2 1 2 , 2
0135 5 0L; -5 ~% ¢y (t=n") ¢; (t=n") m (t-n") sin "9 4 (t-p7) sin 9t
2 2
=t -t 1 . 1
fOl;% % - fOl;—% _% ¢y Jt c2/ Jt ) 4 t sin et s sin Gt
; 2 2
1 2.2 <5 g~ 2
2, | —m t(t-p") [l+cos (t-n") [l+cos 8, ]
c, (t=p") 4 4t t
-t =t .J' 2 3
fO]_-l -l+ fo P N C3 t (t"]_l ) e
iz "2 i B JE e [2 le l2
4 2 4 2
< + % [ 1+cos Gt] -+ 3 [ 1+cos Qt]
. *
£t - ft : N VO % % 2
f01;%__% f01;_%>% <, ¢y, - Re ¢y ¢, t2(t-p"~) cos Qt t%_ (t-pn") cos Qt
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Table V.3(b)

Sample Values of Kinematic Factors for k = 3 BeV/c
- 2
9 t=-0.003 BeV t (T
Factor t=-0,02 BeV (2.89 cm) (0o cmﬁ
2
i) - (t—uz) sin Zet 0.72 BeV4 0.11 BeV4 0
i1) t sin 20 9,2 Bev? 0.64 Bev? 0
'ii)' sin 2Gt/t 2.3 x 104 BeV-2 Tl 10!’L 32’;c=,V“2 0
2 . - "
iii) -t (t-uz) [1 + cos zet] 1.4 x 10 k BeV6 3.3 x 10 4 BeV6 7.8 x 10 : BeV
2
iii)' - % (tp’) [1+cos 28]  36.1 Bev’ 36.2 Bev’ 72 Bev?
iv) [1 + cos 26t] 460 214 2
L. & - -
v) [t? (t-uz) cos Qtl -1.2 x 10 1 BeV3 1.8 x 10 . BeV3 6.6 x 10 3 BeV3
— 2
v) ,_L (t=p~) cos Gt’ 6 BeV 6 BeV 6 BeV
te '

_LL-
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Kinematic factors (ii)', (iii)', and (v)', which replace (ii),
(iii), and (v) in the presence of comspiracy, tend to show the forward
rise indicated by experiment as GCM decreases to 2.5°. At still smaller
angles, the difference between the cases with and without conspiracy

become more dramatic; (v)' is constant, (iii)' remains essentially

o

constant from GC = 2.5 to 6. = 0.5° before doubling at 6 , and

M CM g

cM
o

(ii)' remains essentially constant from GCM = 2.5 to QCM = 0.5° before
o

plunging to zero at QCM = 0°. Thus the deep forward dip predicted by
standard techniques for reggeizing individual exchanges should be absent
if conspiring trajectories dominate the cross section.Gz)

The same qualitative features apply at energies below 3 BeV.
While the dip which distinguishes the no-comspiracy from the conspiracy
case becomes less striking at low energies, the depth being of order

10 (Ey/BeV)Z, the effect persists below 1 BeV.63)

Thus, for example,

the measurements at EY = 800 MeV by Beneventano et al.,sg) who find

do/dQ rising as QCM is decreased by steps of 2° from 10° to 00, are

relevant and strongly favor conspiracy. The measurements down to 5°

by Ecklund and Walker at somewhat higher energies, and down to 2.,5°

by Buschhorn et al. at 1.2 to 2.9 BeV, support the same conclusion.

If this pattern is corroborated by extension of the higher energy mea-

surements to 00, the existence of conspiracy will be firmly establishedfh)
It should perhaps be emphasized that the expansion of the

differential cross section in terms of t-channel amplitudes is correct

at all enérgies, as is the assignment of kimematic factors to the

t-channel amplitudes. Thus the above discussion depends in no way
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upon comnspiracy between Regge trajectories; it requires only conspiracy

between t-channel amplitudes. As mentioned above, a conspiracy of
exactly this type is provided by the s-channel nucleon pole in Born
approximation57>; likewise the "absorptive corrections'" to one pion
exchange, which are made by adding several low partial waves in the
direct channel, remove the dip which the unmodified one pion exchange

would exhibit at t = 0, It is therefore entirely possible that the

exciting possibility of comspiracy between trajectories is not realized.

+ E F s z = =
in yp * ® n, and that the conspiracy indicated by experiment is just

an old theory in disguise.
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CONCLUSIONS

This study indicates that the experimental differential
cross sections and density matrices of reactions of the form "N - VN,
“N * VA can be understood on the basis of a Regge pole model provided:
a) The half-angle factors in t-channel amplitudes are treated as

kinematic factors and evaluated explicitly.

1

b) The results of Freedman and Wang are assumed to apply to the
regularized t-channel parity-conserving helicity amplitudes,

¢) Kinematic constraint equations at thresholds and pseudothresholds
are taken into account, where necessary.

d) The contraint equations at t = 0 (conspiracy equations) are
satisfied by evasion, at least for the dominant exchanges.

Further, the data seem to indicate that the residue functions are

approximately constant once kinematic behavior has been removed.

This model cannot explain presently available photoproduction
data. Published results and preliminary data at very small t indicate
that conspiracy between helicity amplitudes occurs in this case. It
is not clear whether the data can be explained solely by Regge pole
exchange; other singularities in the angular momentum plane may have

to be invoked.
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APPENDIX A

Cohen~Tannoudji et al., found that in reactions (such as
N ~* VA) with unequal masses in both t-channel states, the technique
described in Section 2.2 does not lead to any conspiracy relations

between different fzd;ab's' It does, however, lead to relations be-
tween different parity-comnserving amplitudes.65) If the amplitudes
are dominated by Regge poles, different poles will dominate different
parity-conserving amplitudes; thus the relations obtained are of a

non-trivial nature. For this reason the simple derivation is presented

in detail.

PR ; =t " ,
For each individual amplitude fcd-ab in reactions where the
2

masses are related as in 7N = VA, the Wang kinematic factor at t = 0
: ’ - i [h-u] o o _
allows a maximum singularity (LAt) , where A = a=b, p = c-d.
Thus ft and ft have different maximum singularities unless
cd; ab -c-d;ab

at least one of p and A vanishes. The parity=-conserving combinations

-t -t ’ . Ca—
(fcd;ab + f}c-d;ab))are allowed the larger of the two singularities,
, A+ . = - - Ft
i.e., ANDIMFIR? Hence if P = [[n[=IN]], Q= |n|+|n]| and fcd;ab

is the individual amplitude which is only allowed the smaller singu-~

larity, we have

-t . P
A (ANE) (A.1)

and

gt w L | " £t =t _ =t
de;ab T2 {(de; ab * f'C-d_;ab) " (fcd; ab f"C'd;ab)} (A,Z)

ol
“ldn? W
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To make (A.2) comsistent with (A.l} C1 + C, must have a zero of order
QJ%)Q-P at t = 0. As with all t = O constraint equations this can

either be satisfied by conspiracy (C1 and C, non-vanishing and corre-

2

lated) or mon-conspiracy (Cl and C2 separately vanishing like
(\/'t)Q-P) _66)

This derivation does not make explicit use of the crossing
matrix, but it is easy to verify that conditions of type (II.23) do
arise if one works with parity-conserving amplitudes, and lead to the
same t = 0 relations as described above.

As a particularly simple example of this type of conspiracy,
consider the s-channel reaction #t * yy., The relations can be derived
as in Equations (A.l1 = A.2), or from the invariant amplitudes for |
this case., but it is instructive to work through the crossing method
of Cohen-Tannoudji et al. The crossing relations for the helicity

amplitudes are

i s
fr0;40 = £+ ;00
r iy (A.3)
+0;-0 = T++;00
Rewriting Equation (A.3) in terms of f's one finds
: 2
Et _ (sin GS) 2
+0;+0 % teas et/2)2 + =300
(A.G)
:Et - 1 -8
+0; -0 ++; 00

{ain et/z)2
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which can be re-expressed in terms of s and t:

- - t— 2 2 -
e ™ > By oo
o 4s(s=4u") A
(A.5)
Et _ ={E= - ES
+0;-0 st ++; 00

; 2,8 =S : : :
By standard reasoning, ’ ) the f have no kinematic singularities or

zeros in t. Thus it follows from the crossing relatioms (A.5) that
=i

~ = =t s =1 :
f+0;+0 constant at t = 0 and f+0;_0 t . The amplitudes
a = - —1 gt
- 2,2 T40;40
(t-n") J
(A.6)
TR O S

2.2 +0; -0
(t-p7) ’

are therefore free of kinematic singularities of zeros at t = 0.67)

The counterpart of Equation (II.21) for this case is

f+_; 00 4s (S-tﬂl ) 0 a

= ' (A.7)
=S
f++;00 0 s b

which, analyzed by the procedure of Equations (II1.22-23) gives no
t = 0 relations., This is in agreement with the conclusions of Cohen-

Tannoudji et al. about the lack of conspiracy between different

=L o 4 i 2 g
fcd-abls' But if we turn to parity-conserving combinations
2



Bl

t =t

=t sfd = _ 3 5
(£ + £ ) and (£+0;+0 f_0;+0), the reasoning following

+0;+0 -0;+0
Equation (A.5) indicates that both parity-conserving amplitudes

=

it at t = 0, and that in this case the amplitudes which are free
of kinematic singularities or zeros at t = 0 can be written68)

~t(+) & =t =t

£ e + B e uad

+0;+0 (t-uz)z +0;+0 0;+0

(A.8)

~t(-) t =t =t

£ B i (F ol ATy

+0;+0 (t_uz)z +0;+0 0;+0

=t

=t
(note that f_0;+0 = f+0;_0).

Working out the crossing matrix connecting ft to fs, we find

zs 28 (o<Bp~} =0sCa-tpe) TE(H)
+=;00 t t +0;40
_ (A.9)
=s } Ft(-)
f++500 s/2 s/2 f+0;+0

For this matrix, the procedure of Equations (II.21-23) gives the

condition

-t -t s -t
¢ [f+o;+o * f-o,-+oJ ) S [f+o;+o 'f_05+0} (A.10)

at t = 0. As usual this relation can be satisfied either by separate
zeros in both parity-conserving amplitudes, or by conspiracy between

them.
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APPENDIX B

Crossing Relations in the Forward Direction
For Umequal Mass Reactions

;59 ; ’
The Trueman-Wick ) crossing relations between t-channel and

2)

s-channel helicity amplitudes may be put in the form

J J J J

a b c d s
fcd,-ab = () duy, () dpr (X dpiy Xy fc'A';D'b'

(B.1)
where ,
2 ma'dw(s,t) 2 mC~J¢(s,t)
sin Xa = T s sin )(.c = ra s
ab "ac cd "ac
(B.2)
2 m No(s,t) 2 md-Jw(s,t)
sin Xh = T = sin Xd = T -
ab bd cd bd
211 21 1
- o 2 = = 2
tij [ t (mi + mj) } [ t (mi mj) J
(B.3)
_ T, 2% oo -mp] ¥
Sij = [s (mi + mj) s (mi m,)
2 2 2 2 2
p(s,t) = st (T m, -s-t) -t (mb— d)(ma-mc)
2 2 2 2
=g (ma - mb)(mc-md) (B.4)
2 2 2 2. .2. 2. 2. 2
- (ma my -m_ mb) (ma +m + m_ + md)
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and ¢ vanishes on the boundary of the physical region.

For those cases where the masses are unequal in either the
final or the imnitial state of the t-channel, ¢ = 0 does not coincide
with t = 0 at finite s. At ¢ = 0, therefore, the sines of all the
crossing angles vanish; hence, these angles must assume the values O
or %, When these values are substituted into the crossing matrix, it
is easily seen that each s-channel helicity amplitude crosses to only
one t-channel amplitude along the curve ¢ = 0, and that this crossing
is such that each helicity index in the amplitude either remains the
same or changes sign.,

It has been shown by Shepard69)

that a) for the particles at
a t-channel vertex conmecting unequal non-zero masses, both helicities
flip (don't flip) if the mass of the particle whose line is reversed
under crossing is less (greater) than the mass of the uncrossed
particle; b) at a vertex comnecting equal non-zero masses, both
helicities flip (don't flip) if (for the unequal mass pair at the
other vertex) the mass of the particle which gets crossed is greater
(less) than the mass of the uncrossed particle. Hence for the

s-channel reactions 7N ~ VN and 7N —* VA the crossing relatioms along

the curve ¢ = 0 take the form

fco;ab ol f-ca;oh (8.5)
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APPENDIX C

Kinematic Singularities and External Photons

The K listed in Table V.l were obtained by taking the compa-

rable factors from the amplitudes for 7B = VB and forming Iim. K .
iy 0

Note that two of the K in Table I contain a factor (t-pz) and the
other two do not.

Study of the explicit crossing matrix for photoproduction
evaluated directly at mY = 0, on the other hand, gives a factor
(t-uz) in the K for all four helicity amplitudes. An analogous dis-

7)

crepancy has been found by Horn6 in the reaction yy > #it, Thus the
determination of kinematic singularities from crossing matrix consider-
ations must be re-examined when one or more of the external particles
has zero mass.,

In order to decide which prescription for K is more suitable --
the limit as my, = 0 of K calculated from the crossing matrix for
m; # 0, or K calculated directly from the crossing matrix for m, = . B
let us turn to the reggeization of pion exchange. If we reggeize
parity-conserving helicity amplitudes in the ménner discussed in
Chapter 2, the dynamical pion.pole contributes only to the particular

parity-conserving amplitude

L 1= 5 @) b 7(e) ¢ (cos 0,y

=t
f
015% 2 T2

o[-
o
H

.

|
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(1,1)

Because reggeization of PJ_'1

(x) leads to a term proportional to

asa-l, the contribution of pion trajectory exchange to amplitudes
ft and £* assumes the form
01;% % 01;-% -3
- -inC
¢ L e yie) ae® ! (1e” I
fOl-k 5 (sin St/2)(cos Gt/Z) ]
2 W | \[t

where we have inserted K(t) from Table V.1. As first noticed by

70)

Zweig, the pion pole in this expression emerges in a curious way.
The dynamical contributionm is proportiomal to aﬁ/sin T Oﬁ, which
contains mo pole at & = 0. However, the kinematic factor
e
& e

2 sin _E cos — = sin Qt = -jl - cos 26

2 £

. 2
introduces a pole at t = u  because

2 =k -2

S o T T R

c0526t =t [25s +t - 2M

Thus the pion pole arises kinematically when the K of Table V.l is
used.

The alternative K, obtained by working directly with the
crossing matrix at mY = 0, has an additional factor t—uz. If this K
were used in the above formaiism, it would cancel the t=u2 pole from
the half-angle factors, and the resulting amplitude would have no
pion pole. This would contradict gauge invariant perturbation theory,
where‘ft does have a pion pole, and the experimental observation that

such a pole is mecessary to fit charged photoproduction data. Hence,
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we feel that the K listed in Table V.l are to be preferred.7l)

When the kinematic factor listed in Table V.l is used for

a non-piom P = (-1)J+1 exchange, a spurious pole at t = p2 will ap-

‘pear. Residues of these exchanges should include a dynamic zero of
2

form q.K = SE:%—l to cancel this pole.72)
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It is found that it rises sharply from 1 at tyij, to some
(coszet)o, and then remains close to this value for the rest of
the range considered, (|t| < 0.5 GeV2Z). The rise for 2
2.5 < P < 8 GeV/c occurs principally in region ]t\ < 0.2 GeV'.

ii) Calculate (d cos 9¢)/ds as a function of t. This increases

rapidly from 6 at t = 0 as |t| increases in the physical region.

Above |t| =~ 0.2 GeVz, the rate of increase ( d da feam B3 3
d(-t) ds t

is appreciably slower than it is below this value. This

criterion depends only on the masses involved -- not on the

energy of the experiment.
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m P PP

p
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