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parameter solution therefore results with (3.5) and (3.7)
satisfied. Now it is straightforward to show from our
equations that neglecting the decuplet in only the BB
channel directly gives (3.7) in agreement with this
model. In fact, under CP and octet dominance (3.7) holds
if, and only if, the decuplet contribution in the BB
channel vanishes.

The Dashen-Frautschi-Sharp model will give (3.6)
as well if their parameter R vanishes, so that the BB
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state is in an antisymmetric octet state. One may then
deduce that the condition for this, in an SU(3) model,
is that the decuplet vanishes in the Bxr channel.
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By assuming that quark-quark double scattering contributes appreciably to high-energy hadron-hadron
scattering, we obtain a quadratic and a cubic sum rule for hadron-hadron total cross sections. These sum
rules are found to agree with experiment at an incident hadron momentum of 16 BeV/c.

HE idea of Lipkin' that high-energy hadron-

hadron total cross sections can be calculated in
the quark model by assuming simple addivity of the
quark-quark cross sections has been widely used? to
obtain cross-section sum rules under a variety of as-
sumptions about the high-energy behavior of the quark-
quark amplitudes. More recently, attention has been
focused on the validity of the additivity assumption.
It has been argued by Franco® that the existence of
several quarks in the colliding hadrons implies that
multiple-scattering effects cannot a priori be ruled out
in such collisions. For this reason he has considered
double-scattering corrections to the additive quark
model, obtaining a subset of the additivity sum rules
for which the disagreement with experiment is con-
siderably reduced.* In the present work we will consider
double-scattering corrections to the additive quark
model, and will also make definite assumptions about
the high-energy behavior of the quark-quark scattering
amplitudes. We then obtain one sum rule which is
quadratic, and another which is cubic, in the hadron-
hadron cross sections, in addition to the linear sum

* Work supported in part by the National Science Foundation.
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4 Franco assumes that the relations of Eqs. (6) are satisfied by
the corresponding quark amplitudes. With this assumption the
additive quark model disagrees with experiment.

rules found by Franco. We also obtain two inequalities
among the cross sections. The new sum rules and in-
equalities are in good agreement with experiment.

We begin by assuming that the quark double-scatter-
ing corrections to the total hadron-hadron cross sec-
tions can be calculated using the Glauber approxima-
tion.5 Then ¢ is given by

~g(l)

><(f7r—)2 2 Re lZ /dZQEfﬁ(‘I)fﬁ'(“‘D

? =5 [t
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where p is the momentum of the incident quark, o(¢7)
is the total cross section for the scattering of the ¢th
quark in the projectile by the jth quark in the target,
fii(q) is the corresponding quark-quark scattering
amplitude at three-momentum transfer q, and all
quantities are evaluated in the lab system. The quanti-
ties S, and S are quark form factors in the projectile
and target hadrons, respectively.

5R. J. Glauber, in Leciures in Theoretical Physics, edited by
W. E. Brittin ef al. (Interscience Publishers, Inc., New York,
1959), Vol. I, p. 315; V. Franco and R. J. Glauber, Phys. Rev.
142, 1195 (1966).
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We now make the following additional assumptions:

(1) The quarks are so tightly bound in a hadron
that the form factors can be set equal to unity.

(2) The quark-quark scattering amplitude f;;(q) has
the following decomposition :

fii(@)= (p/4m)e (i) f(@), @
Imf(0)=1. 3)
With these assumptions Eq. (1) becomes

where

o=Toliivtg E, {E ol +o(io()]

Fra M

+2 oo, 4
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where

= (i) Re [ @ @1(-0). )

We now assume that at high energies SU(3) in-
variance holds for the quark-quark cross sections, the
charge-exchange cross section for quark-quark scatter-
ing is zero, and a weak form of the Pomeranchuk
theorem is valid.” The quark cross sections then satisfy
the following relations:

o(aa)=0(ab)=0o(ac)=c(ac)
=o(ab)=01, (6)
o(ad)=o3,

where @, b, and ¢ are the three quarks.
We then obtain the following equalities among the
hadron-hadron cross sections:

a(pp) =alpn), (7a)
o (K+p)=o(K+n), (7b)
o(K=p)=a(n7p), (7c)
o(Kn)=a(*p), (7d)

and
o(pp)=0Etp)=0(@p)=0(Ap). ®)
We also obtain
o(pp)=901+72gs:2, (92)
o (Pp)= (4o1+502)+g(120 244001054 2005%) , (9b)
o (pn) = (Se1+405)+g(20024+400201+12052) , (9¢)

o (K*p)=601430g0:2, (9d)
O'(K_p)= (4U1+20’2)+g(120'12+160‘1(72-’—20'22) ’ (96)
O'(K_ﬂ) = (50’1+0’2)+g(200'12+ 100'10'2) . (gf)

¢ H. J. Lipkin, Phys. Rev. Letters 16, 1015 (1966).

7 By the weak form of the Pomeranchuk theorem we mean that
the theorem will be assumed to be valid except where an isosinglet
annihilation channel contributes to the amplitude. See, for ex-
ample, Ref. 6.

DE SOUZA, HEINZ, AND LICHTENBERG

169

Eliminating o1, 03, and g from Egs. (9), we obtain the
following linear, quadratic, and cubic sum rules:

[So (pn)+100 (K—p)+100 (K+p)]

=[200(K~n)+40(Bp)+0o(pp)], (10)
(5o (pp)o (Bp)+300 (K+p)a (K~p)+80 (pp)o (K*p)
+450 (pp)o (K~n)]=[500 (pp)o (K~p)
+30(Bp)o (K+p)+50 (pp)*+300 (K+p)7], (1)

[250 (pp)?s (K=p)+90 (K*p)'o (K~p)+250 (pp)’o (K*p)
+900 (K+p)*+1680 (pp)o (K tp)o (Kn)
+81o (K+p)o (Kn)]=[300 (pp)s (K*p)o (K~p)
+84¢ (pp)o (K+p)2+ 500 (pp)%s (Kn)
+1800 (K*p)20 (K—n)+ 540 (pp)o(Kn)*]. (12)

From the conditions ¢1=0, ¢,=0 we also obtain the

following inequalities:
120 (K+p) = 5o (pp) (13a)
and
5[350 (pp)+450 (bp)+ 1440 (K—p)]= 3[1650 (n)
41400 (K*p)+240(K—n)]. (13b)

The cross-section equalities of Egs. (7) and the linear
sum rule Eq. (10) have been previously obtained
by Franco.

We will test the sum rules at the same hadron lab
momentum for all processes.? We shall use the 16-BeV/¢
data of Galbraith et al.,? since at higher energies some of
the cross sections are not as well known. Like Franco,
we find that there are discrepancies of up to 4 mb in the
equalities (7c) and (7d); for example, o(K—p)=21.3
+0.4 mb while ¢(77p)=25.140.3 mb. For the linear
sum rule Eq. (10), the left-hand side (lhs) is 647419 mb
and the right-hand side (rhs) is 642412 mb. The
quadratic and cubic sum rules are satisfied within the
errors. We find for the quadratic sum rule Eq. (11)
Lh.s.= (6.1020.13)X 10* mb? and r.h.s.= (5.99240.12)
X 10* mb?. For the cubic sum rule Eq. (12), we have
Lh.s.= (4.74+£0.13) X 10 mb? and r.h.s.= (4.802-0.15)
X 10% mb?. We have also examined the two inequalities
Egs. (13) and have found that they are also satisfied
within the errors. The three equalities Egs. (8) involving
hyperon-nucleon cross sections cannot be compared
with experiment at the present time.

There exists a certain freedom in testing the sum rules
(10)-(12) because of the discrepancy in Egs. (7c) and
(7d) ; we find, however, that if we replace either or both
of ¢(K—p) and ¢(K—n) by o(rp) and o(7*p), respec-

8 In this model the sum rules should be tested at the same quark
lab momentum. There is some uncertainty as to what this means
in comparing meson-baryon and baryon-baryon cross sections.
If we assume that the quark momentum is given by the hadron
momentum divided by the number of quarks composing the had-
ron, then this would imply that we should take K =3Kp, where
K and Kp are the meson and baryon momenta, respectively;
however, the meson-nucleon cross sections vary very little in the
region 10-16 BeV/c, so that such an assumption seems to be

unnecessary.
9 W. Galbraith et al., Phys. Rev. 138, B913 (1965).
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tively, the sum rules are still satisfied quite well. In
order to obtain agreement with experiment in our
model, quark double scattering must give a large posi-
tive contribution (2859%,) to the total cross sections.
The question of whether higher terms in the Glauber
expansion might not also be important therefore arises.
In order to test this hypothesis we have performed a
least-squares analysis of the data at this energy, in-
cluding successively double- and triple-scattering cor-
rections. This analysis will be presented elsewhere;
however, our results indicate that there is little statis-
tical improvement of the fit obtained with double
scattering when triple-scattering terms are included. If
one assumes SU (2) rather than SU(3) symmetry of the
quark cross sections, then it becomes very difficult to
eliminate the parameters of the model to obtain sum
rules. However, one result of such an assumption is that
the equalities (7c) and (7d), which are not well satisfied,
are no longer obtained from this model. Furthermore,
our least-squares analysis then indicates that the

SUM RULES 1187
double-scattering corrections are considerably reduced.
This latter result is similar to that of Barnhill,’® who
used this parametrization of the quark amplitudes in a
somewhat different model.

We obtain the results of the additive quark model by
putting g=0 in Eq. (9). In addition to the relations
which we have already obtained, this yields the result

20 (pp)=30(K*p).

The left-hand side is 77.441.2 mb while the right-hand
side is 51.040.3 mb, in very poor agreement with ex-
periment. We therefore conclude that it may not be
valid to use the additive quark model to rule out SU(3)
invariance of the quark cross sections, as double-
scattering corrections are undoubtedly important.

We wish to thank Roger Newton and Marc Ross for
their comments concerning this work.

10 M. V. Barnhill ITI, Phys. Rev. 163, 1735 (1967).
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The condition for nonoscillation of scattering amplitudes at high energy, proposed in a previous paper
by the authors, is applied to show that (i) fast oscillations can be incorporated into the picture by taking
into account the finite resolution of physical apparatus, (i) finite-energy sum rules are equivalent to the
fulfillment of the criterion, (iii) Regge cuts lead to nonoscillating behavior in our sense, (iv) the criterion
may still be satisfied when the leading singularities in the complex / plane are more general than the usual

cuts and poles.

I. INTRODUCTION

N a previous paper,! a new criterion defining non-

oscillating behavior of scattering amplitudes at high

energy was proposed and discussed. The criterion
amounts to a requirement that the limit

lim f@="//(u> ’

5% a(B)

W(B)=TmT(Ef) (1)

exists. Here E is the lab energy of the incoming particle.
As shown in Ref. 1, this existence implies that (%) is of
the form #2. The function T is the scattering amplitude,
and we drop the dependence on the momentum transfer
¢ since we consider ¢ to be fixed.
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As shown in Ref. 1, the standard high-energy results
follow from this assumption. Thus, e.g., we could prove
that (1) implies Regge-type behavior, including signa-
ture, asymptotic equality of differential cross sections,
and the Pomeranchuk theorem. On the other hand, it is
amusing that, after writing the former article,! we
discovered that the criterion (1) has been previously
studied in the mathematical literature? in a quite
different context, and that the functions satisfying it are
referred to as “regularly varying functions.”

In the present paper we extend the analysis of Ref. 1,
giving new results, partly our own and partly obtained
from Ref. 2. In Ref. 1, it was shown that sufficiently
slow oscillations (with constant relative amplitude)
could be incorporated into the high-energy picture
without changing it, since they satisfy criterion (1). In

1J.-L. Gervais and F. J. Yndurain, Phys. Rev. 167, 1289 (1968).
2 G. Karamata, Mathematica CLUJ, Rumania 4, 38 (1930)
Bulletin de la Société Mathématique de France 61, 55 (1933).



