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Richard A. Morrow
Bennett Hall, 7 ni& e~ sity nf i1Iaine, O~.ono, IlIaine O-l-I, 3

(Received 12 July 1971)

An attempt is made to fit certain data for the reactions E'P —A. *(890)&=P and &'P —p P
using simple Hegge models incorporating the Reggeon-particle spin couplings of Blanken-
becler and Sugar. The aim is to see if a. universal form of such spin couplings exists. It
is shown that this is not thc case if simple, unadorned Regge models are used, but that if
absorption is appealed to virtually any type of spin coupling will yield successful fits to
existing data.

INTRODUCTION 11. THE MODELS

In spite' of tile support that Regge asymptotic
behavior has acquired in scattering reactions, the
structure of vertices involving Reggeons and spin-
ning particles is still incompletely understood.
All theoretical models are ambiguous to some de-
gree on this inlportant point, thus allowing a cer-
tain freedom in fitting experimental data with
Regge models.

The purpose of the present work is to study the
form of the spin couplings in a comprehensive
model, namely, that of Blankenbecler and Sugar. '

This model is applied to the reactions"
K'p -K*(890)x*p

and"

1l'P PP,
both of which, in the Regge limit, are described
by amplitudes involving vertices composed of a
spin-one object (Pomeranchukon. K', or p), a
spin-zero particle (K or x) and a Reggeized pion.
The aim is to determine if a universal spin cou-
pling exists. The data fitted are various differen-
tial distributions for reaction (1) and a certain
ratio, (Rep„)/po„of spin density-matrix elements
for reaction (2).

The result is that a universal coupling for the
particular vertex involved does not exist in a
simple Regge amplitude. That is, using unadorned
Regge amplitudes, different couplings are needed
in (1) and (2) in order to fit the data. However, it
i s demonstrated in a rough way that, by including
absorption, virtually any type of spin coupling can
lead to agreement with the data for (1) and (2)
simultaneously. This is an unfortunate circum-
stance indicating, as it does, that to unscramble
the nature of the basic universal coupling —if one
exists —from the data, incorporation of absorptive
effects in reactions of type (1) and (2) must be
well understood.

Double - Regge Model

The useful kinematic invariants associated with
the reaction depicted in Fig. 1(a) are s = (p, +p, )',
s, = (q, +q, )', s, = (q, +q, )', t, = ( p, —q, )', a.nd t,
= (p, —q, )', where p, , q,. are the four-momenta and
are related to particle masses by p,. =ppg,.~, q,. = p, ,
The exchanges in this figure are taken to be Reg-
geons with trajectories o, (t, ) and o.,(t, ).

Neglecting the spins of the external particles
for the moment, the invariant amplitude for large
s, and s, was shown by Drummond et al. ' to have
the form

A1 )~,E„,f, (t, )f, (t, )f,(t„ t, , w)

where

&& (z, /s»)"'(z, /s»)" 2/(sinvn, sinvo. ,),

For reactions (1) and (2), Regge amplitudes re-
taining only the dominant Reggeons and represented
by Figs. 1(a.) and 1(b), respectively, are envisaged.
The theoretical model to be analyzed is that of
Blankenbecler and Sugar' which, in leading order,
is as comprehensive as any other. Thus„both
ease of calculation (Feynman diagrams) and some
semblance of generality are present. In this mod-
el Regge behavior is generated by summing an in-
finite set of diagrams containing exchanges of par-
ticles of physical spin, as suggested by Van Hove'
and Dur and. ' Drummond et al. ' have in fac t shown
what form this model predicts for the middle ver-
tex of reaction (1), while Morrow' has already
used the model in a study of certain aspects of
reaction (2). Thus only brief descriptions of the
necessary amplitudes need be presented here.

In much of the following the notation will be
more general than necessary. Specialization to
reactions (1) and (2) will be made at the end of
the model building.
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z) = S( —f2 —B2~ —2(p 3
—f) —f2) S(,

z, = s, —t, —m, ' ——,(p, ,' —f, —t,)-s, ,
I

W = —,
'

p, ,'(4s —2s, —2s, + f, + f,
—2m, ' —2m, ' + p, ,')/(z, z, )

2p &'s/(s& s2) ~

Signature &, is included as (,=1+T,.e '""~ and the
s„are scaling parameters. In addition, f, (t, ) and

f, (t, ) are unknown form factors, while f,(t„ t„W)
takes the form

2'
f,(t„t„W)- dy $(u„u„W, y),

0
with

$(a„u„W,y}=G"(a2, u„y)W" (',',F,(-u„uz —u, +1, W 'e'~)+(a, u, ),I' @2'

where 6"(a„a„y) is derived from the (unknown)
field coupling used in the interaction Lagrangian.

For reaction (1) in the double-Regge region (s,
and s, large), the Reggeons deemed important are
the Pomeranchukon at the proton vertex and the
pion at the kaon vertex. Then, with n, —=1.0, the
prediction of the model for the middle vertex
simplifies enormously":

f (t„ t lV) "J d„y G'( „l, yl '"(I —e '",W),
0

which may reasonably be parametrized as

most of the data occur in the domain where s2 is
small. Appealing to duality, " the above model
will therefore be extended into this region. In so
doing it may be argued that the factor s/(s, s, ) in

(4) should be replaced by something else. To this
end, note that this factor derives from W/(2p, ,'),
which in the small-s2 region may be approximated
by (s ——,s, )/[s, (s, —m, ')]. Also, it is possible to
show that the Bardakci-Ruegg model" suggests
using (s —s, )/[s, (s, —ms')], where ms is an effec-
tive mass of a resonance in the s2 channel. Thus
a reasonable parametrization for all s, is

f,(t„t„W)- I +y, u, s/(u's, s,), (4) f,(t„ t„W) -I+y, (u, /u')(s —s, )/[s, (s, —m, ')],
with n' the slope of the pion trajectory and y, a
real, unknown, function of t, . In fact, because n,
=-1.0 there are only two field couplings for the
middle vertex, and y, is proportional to the ratio
of the minimal to the maximal derivative "coupling
constants" entering the interaction Lagrangian.
An over-all factor omitted in the last step in reach-
ing (4} may be incorporated in f, (t,) in (2).

Essentially the same amplitude parametrization
results from general arguments based on analytic-
ity and from the Bardakci-Ruegg model" of Vene-
ziano couplings, as also shown by Drummond et al,.'
The notable exception is that in the latter model
y3 + 1 results —an important fact which wil l be
returned to below.

Now in considering reaction (1) it is found that

(5)

which form was used in the calculations described
below.

Turning next to the inclusion of K* spin, it is
readily apparent that the same basic couplings of
Reggeons and particles used above for the middle
vertex are also appropriate to the mKK* vertex.
Letting f" denote the contribution to f, (t, ) due to
these couplings, for K* spin projection m along
the incident K momentum in the K* rest frame,
it is possible to show"

(a)

)i

FIG. 1. (a) The double-Regge diagram for the reaction
K~p pm K* with Pomeranchukon (a&) and pion (e2) ex-
changes. {b) The diagram for ~"p p'p with pion {e) ex-
change.

where

&(x, y, z) =x'+y'+z' —2xy —2yz —2zx,

and where y, replaces y3.
Finally, putting (2), (5), and (6) together and

assuming that the effect of the protons' spins can
be handled by f', (f,) in the large-s, limit, the spin-
averaged absolute square of the invariant ampli-
tude for reaction (1) has the form

x (z,/s»)'2 V, V, (1 —coswa, )-',
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with

V, =X(m ' m '
p, ') 'I]f'f'+ ff'P+ ff 'P]

, r, ( a, / n') - 2( t, + p.
' - m, ')

s, ~3.0 (GeV/c)', t, and t, ~-1.0 (GeV/c)'.
The distributions resulting from this model

were investigated at a K laboratory momentum of
10 GeV/c; the results are discussed in Sec. III.

Resonance Production Model

S —S
V, = 1+y,(a,/a')

S&~S2 PP22 g

Specializing further to reaction (1) and following
the conventional treatment, "the amplitude (7)
may be normalized at the pion pole (t, =m„') to
the @K'* coupling constant and the pion-nucleon
scattering cross section. This is accomplished
by the following choice of functions, with all re-
maining factors lumped into the constant Np.

f,'(t, ) = exp(8t, ), f, (m, ') = 1.0,
n, = n'(t, —m, '), n' = 1.0 (GeV/c) '.

In addition, cuts are imposed on certain variables
to delimit the domain of applicability of the model:

g', = A(t, m, ', p, ') —y(a/a')(t+ p. ,' —m, '),
g', = -Z, ' =r(a/a')(-2p. 't)' (8)

These are sufficient for present purposes for,
as shown elsewhere, ""the ratio (Rep„)/p«of p-
meson spin density-matrix elements for reaction
(2) are, at large s, dependent only on pion ex-
change and on the mmp vertex. Thus the quantity
to be compared with data at 8-GeV/c v laboratory
momentum is

The amplitudes for Fig. 1(b) with Reggeized
pion exchange are readily available from Eq. (6).
In terms of the new kinematic invariants s = (P, +P,)'
and t = (P, —q, )' with p, ' =m,.' and q,.'= p, ', the t
channel helicity amplitudes g, , with neglect of the
protons' spins, are (up to unnecessary factors)

(Rep o)/poo = gI/gg

r(n/n=')( 2p, 't)-" C&(t, »;, p, ') r(n/n—')(t+ p.' —m, ')] ', (9)

with n = n'(t —»,') and n' = 1.0 (GeV/c) '.

III. CALCULATIONS

It is well known that good fits to the data"
of reaction (1) result from use of (7) if maximum
derivative coupling (y, =y, =0) alone is used and if
the form factor

f,'(t, ) =a(m, ', m, ', p, ,')/X(t„», ', p. ,')
is adopted. Typical distributions for this model
are shown in Fig. 2 as full lines. Since these
curves fit the data reasonably well'' they will be
used as a standard against which curves for other
values of the parameters are compared.

The difficulty referred to in the Introduction con-
cerning a universal coupling is immediately evi-
dent when maximum derivative coupling (y =0) is
also adopted in (9) for reaction (2}. In this case
(Rep«)/p„=0 is predicted in noticeable disagree-
ment with the data" as seen in Fig. 3.

At this stage a parameter search might be at-
tempted to see if a universal form for the y exists.
Instead two additional specific eases will be pre-
sented to show the scope of the dilemma. A partic-
ularly suggestive choice is y =y, =y, =+1, which
corresponds to using Veneziano-type residues in

the spin couplings, as remarked on earlier. As
shown elsewhere" and reproduced in Fig. 3, the
agreement of model and data for reaction (2) is
fair. On the other hand, trying this choice in (7}
for reaction (1) —and using an ad hoc f,'(t, ) to fit
the k, distribution —leads to obvious disagreement
with the data, as shown by the long-dashed curves
in Fig. 2. Note in particular the Q distribution.

The third parameter choice explored was y =y,
=y, = —1. Here reasonable fits to the data of reac-
tion (1) result —again if an ad hoc f,'(t, ) is used to
fit the I;, distribution —as shown by the short-dashed
curves in Fig. 2. As for reaction (2) it is straight-
forward to show that (9) predicts -(Rep»)/p«&0
in disagreement with the data.

It is therefore tentatively concluded that a uni-
versal field coupling in the Blankenbecler-Sugar
model does not exist when the resulting vertices
are used in a simple Regge amplitude. In Sec. IV
this distressing point is resolved by appealing to
absorption.

IV. ABSORPTION

Since there is no unique prescription available
for incorporating absorptive effects into scattering
reactions, let alone production reactions, absorp-
tion will be treated only roughly here. A simple
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f„'- (—t, )
+" '&&(term in which t, is replaced by m, ').

The absorbed scattering amplitudes are thus, recalling n, = n'(t, —m, '),
f-' [l &-,(u, ' - t, m, ')-/~&, +&., ( lt.)"-—&. , (-l .)"]

x [-,'5, ,(m, ' —p, ' —m, ')/p. , —5, , ( ,'t, )'t'-+-5, , (——,'t, )'~']+-,'(5,5, , +5„,5 „)(t,—m, '),
where it may be noted that there is no dependence on y, or y3.

It then follows, as indicated in the Appendix, that the production amplitudes contain a term of the form
(A2) with f replaced by f„Th.e net result is to have K~M~' of the form (7) with the replacement

V, V, —V„=(1+Z)'+4p. ,'t, Z/X(m~', m, , p.,') —4p, ,'(p. ,' —m, ')Z(1+Z)/A(m, 2, p, ', m, 2), (12)

f"-[-.~..(t,'-t, -t, +, ./ ')H~, +&., ( t, )-'--&. ,(--,)"]
(10)

where m (m') is the helicity of the Pomeranchukon (K*). Then the OPE-5 prescription requires (10) to have

the form

where"

Z = (t, —m„')(s —s, )/[s, (s, —m, ')].
This is the result of applying the helicity-depen-

dent part of the OPE —5 absorption prescription.
There is still an unknown helicity-independent part
which may be taken to be given by f,(t, ), A IXirr-
Pilkuhn form" for this latter function was adopted:

1+R'X(t m ' p ')

with "vertex radius" R, = v'0. 2 GeV/c chosen to fit
the t, distribution. One further modification in the
amplitude was found to be necessary in fitting the
data. Recall from Sec. II that the functions de-
scribing the spin couplings at the vertices depended
on the momentum-transfer variables only via the
Regge trajectories. This is decidedly not true for
(12) because of the factor t, in the second term.
To make (12) independent of t, (since n, —= 1.0 is
used) this variable was replaced by a parameter
T which if desired may be viewed as an absorptive
parameter. Curves (not shown) for T = -0.13
(GeV/c)' were then found to come very close to
the short-dashed curves of Fig. 2, which are
acceptable themselves. Thus all spin couplings
(all values of y, and y, ) in the model lead to reason-
able agreement with the data.

Resonance Production Model

To apply the OPE —5 absorption prescription in
this case the s-channel helicity amplitudes g, are
needed. They are found from the t-channel ampli-
tudes of (8) by the Trueman-Wick crossing rela-
tions":

g:=&dl.(X)gl

where, in the large-s limit,

cosy- (t+y. ,' —m, ')/Z(t, m, ', p. ,')'t'.
The results are

g', = X(t, m, ', p. ,')'~[t + p, ' —m, ' —yn/n'],

gl g-I y(t m 2 ~ 2)lk( 2~ 2t)lk

Next the absorbed amplitudes are found by the
requirement

g„,-(-t)~ ~ '&&(term in which t is replaced by m, ')

and are crossed" back to the t channel by

gA& Zd (x)g~

to yield the absorbed t-channel he1.icity amplitudes

g&, = ~(t, m, ', t,') —(nln')(t + I,' —m, '),

g~~ = -g~I = (n/n')(-2u, 't)'",
up to a common factor

A. (m ' m '
p. ')' '/X(t, m ' p ')' '

Thus —(Rep«)/p~ for these absorbed amplitudes
is precisely the same as for the unabsorbed re-
sult (9) with Veneziano-type couplings (y =+1). As
already shown (Fig. 3) this result does fit the data
to a fair degree. Hence again all spin couplings
(all values of y) in the model work equally well.

IV. CONCLUSIONS

The calculations presented in the last section,
while admittedly crude, nevertheless do suggest
that absorption strongly masks the nature of the
underlying spin couplings of Reggeons and particles
from observation. It will therefore be rather diffi-
cult to determine whether a universal coupling of
the spins exists or not. To this end incorporation
of absorption will have to be understood much
better.



ANALYSIS OF REGGEON-PARTICLE SPIN COUPLINGS. . . 2857

APPENDIX

P 1 ~1& P2 ~2

Then in the mK* center-of-mass frame select" p, to lie in the +z direction and q, to lie in the x-z plane
with positive x component and making an angle 6]2 with the +z axis. A set of polarization vectors for the
P(e ) and the K*(e ), where m and m' are the respective helicities, are

e'=(]P[, 0, 0, P,)/v—t„e' =-(0, -1, -t, 0)/W2, e ' =(0, —l, t, 0)/v2,

e =(~q, ~, q„sin&„0, q„cos&,)/V, „e'=-(0,cos&„t, —sin&, )/W2, e '=(O, cos&, , i„—sin&, —)/v'2.

Since both P and K* have spin 1, there are two ways each polarization vector can couple to the other two

particles at the vertex. Denoting the two field coupling constants by a min and max notation, the required
amplitude may be written, in part (taking the exchanged particle to have spin J),

f '- [g,(max)e q, P„~ . P„+g,(min)e„P„P„P„]
x[g, (max)e" * p,Q„Q„Q„+g,(min)e„, *Q,, Q„, Q„].

At large s2 the propagator term I'~. , reduces to a sum of J! terms, each of which is of the form

gv. „g„,, (J factors). Thus I'&. „connects the p indices with the v indices in all possible ways. The
resulting amplitude has the form (setting J = o., after the usual Reggeization)

f = (e ~ q, + 6 of 2g, (min)/g3(max)]/(2&t, )](e * ~ p, + 5„.o [2g, (min)/g2(max)]/(2&, )),
where a. factor (—,'s, ) 2g, (max)g, (max) has been omitted.

Identifying 2g, (min)/g, .(max) =y,. a,/n' for i = 2, 3 allows (Al) to be put in the form of Eq. (10) of the text.
The production amplitude follows when the ppP coupling is incorporated. Neglecting the protons' spin

there is only one way for the P to couple to the protons, and so the essential part of the production ampli-
tude is

tvt '-P Q ~ e"*f

(Al)

(A2)

The determination of the P +K-w +K* helicity amplitudes for large s2 and pion exchange can be carried
out very conveniently using the Feynman-diagram Reggeization technique. To do this first define the four-
vectors

'(P, -+q, ), 0' = 2(P, +q, ),

It is straightforward to show that ~, ~M ~' contains the spin-dependent terms V, and V, of ('I).
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