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The implications of the failure of duality inBB scattering are discussed in the framework
of a quark model in which all quarks of the target interact simultaneously with all quarks in
the projectile through two-body quark-antiquark interactions. It is assumed that the peculiar-
ity of BB interactions, which at the particle level manifests itself through annihilation chan-
nels, is due to the strong qq interaction at the quark level which inhibits the presence of non-
active quarks (spectators) in the scattering process. This leads to the replacement of the
additivity approach of quark amplitudes by factorization of quark amplitudes. Factorization
of quark amplitudes implies, in general, nonfactorization of particle amplitudes and appear-
ance of effects similar to cuts (dips versus peaks in the forward direction) due to the simul-
taneous exchange of natural and unnatural parity at the quark level. Exchange of exotic quan-
tum numbers appears as a natural consequence of the model, without assuming the existence
of exotic particles. It is, however, inhibited by the smallness of charge- and strangeness-
exchange cross sections. This model should apply both for large- and small-angle scattering,
the difference in these two regions manifesting itself only through different relations between
the helicity amplitudes at the quark level. Predictions are made for quasielastic BB scatter-

, ing at small and large momentum transfer. For the reactions where data exist, the agree-
ment between the relations predicted by the model and experiment is satisfactory.

I. INTRODUCTION: DUALITY, 88 SCATTERING,
AND EXOTIC STATES

The assumptions of (i) the nonexistence of exotic
states of first or second kind, ' and (ii) duality have
]ed to remarkable results for MB scattering' (I
and B represent a meson and baryon, respective-
ly), constituting the starting point for many inter-
esting developments in hadron phenomenology.
However, it was soon realized that antibaryon-
baryon scattering represented a singular case with
respect to the compatibility between duality and
nonexotic states, giving rise to a series of puzzles.

Indeed, Lipkin' has pointed out that hypotheses
(i) and (ii) lead, e.g. , to such paradoxes as the
vanishing of the ZL scattering. amplitude. Another
failure of duality and nonexotic states in BB scat-

tering can be visualized in qui. te a simple way by
contemplating duality quark diagrams. ' While for
MM and MB scattering the drawing of such dia-
grams is possible without invoking exotic states,
for antibaryon-baryon scattering the consideration
of exotic quantum numbers is unavoidable. at least
in one channel. Finally, the exchange degeneracy,
which is a consequence of (i) and (ii), does not
work in BB scattering. This was shown by Rosner'
in connection with the s dependence of BB scat-
tering amplitudes and is supported also by the
recent experimental data of the CERN pP- Y'*F
experiments

The most obvious way to get out of this puzzling
situation is'to assume that either assumption (i) or
assumption (ii) does not hold for BB scattering.

The first kind of approach has been chosen by
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Rosner, who assumes the existence of exotic mes-
ons of the first kind coupled only to BB. While the
validity of this assumption can be checked ultimate-
ly only by experiment. , at least the following two
questions have then to be answered by the theory.

(a) Why is the BBvertex so privileged' ?
(b) Why are exotic channels so rare' ?
In fact, up to the present, the only more or less

reliable evidence for exotic channels comes from
the reaction

and the corresponding cross section is very small'
(1.3 p.b at 5.7 GeVjc).

The second kind of approach to this problem in-
tends to avoid the assumption of existence of exotic
particles and is due to Pinskyo and more recently
to Kugler. ' Pinsky suggests that the above-men-
tioned difficulties ean be avoided if one takes into
account Regge cuts in the exchange, while, more
specifically, Kugler proposes to abandon the fac-
torization of Regge amplitudes in BB scattering for
the baryonic octet and the decoupling of BB f'rom

the leading trajectories (natural parity) in the case
of the deeuplet. The suggestions of Refs. 9 and 10
are related, but not identical. The assumption of
cuts implies in general the failure of factorization
of amplitudes, but has also other implications.
This can be seen among others from the fact that,
as pointed out by Kugler, "the abandoning of fac-
torization alone is not enough to prevent the ~~
amplitude from vanishing. (That ls why Kugler
makes the supplementary assumption of the decou-
pling of leading trajectories in the decuplet case. )
On the other hand, the cut assumption by itself is
strong enough to avoid the above-described puzzles
both for the octet and the deeuplet.

These last two solutions remind us again, how-
ever, of the tantalizing question (a), and if we want
indeed to solve the BB-duality problem, we have
to explain why it is just BB scattering where, e.g. ,
factorization of amplitudes fails.

On the other hand, it is important to emphasize
that question(b) is of great interest independent of
its link to the duality problem. Indeed, even if
exotic particles do not exist, there is no theoret-
ical reason why double or multiple exchange of
nonexotic states should not exist. But multiple
exchange of nonexotic quantum numbers is equiv-
alent to exchange of exotic quantum numbers and
question (b) immediately emerges.

It is the purpose of this paper to suggest an an-
swer to both questions (a) and (b). We construct
for this purpose a model which takes into account
the specific features of BB scattering, and we in-
vestigate its consequences. It turns out that cuts
necessarily appear in antibaryon-baryon scatter-

ing, although the quark-quark scattering amplitude
corresponds to one particle (pole) exchange and
factorizes, and it turns out also that the exchange
of exotic quantum numbers is very rare, indeed,
independent of the assumption of the existence or
nonexistence of exotic states, but just as a conse-
quence of the fact that charge exchange and
strangeness exchange are much rarer than elastic
scattering. Assuming an evasive Regge exchange
at quark level, new sum rules for BB scattering
amplitudes are obtained which are in satisfactory
agreement with experiment. A by-product of this
model is the possibility of a simple explanation of
the occurrence of dips and peaks in the forward
direction for BB scattering in the framework of
multiple parity exchange in the quark-quark scat-
tering amplitude.

Most recently, it was pointed out by Finkelstein"
that for MM scattering too, duality implies the
necessity of exotic exchange, unless there is par-
ity doubling for leading trajectories at t =0. It is
argued below that this result is closely related to
the BBpuzzle, and, in particular, that parity
doubling might occur also in BB scattering. Fur-
thermore, the questions of the specificity of BB
and MM scattering might have the same answer.

II. EXOTIC PARTICLES AND THE QUARK MODEL

To find an answer to the question of the specific
role of exotic states in BBscattering, it is most nat-
ural to go back to the origin of the "exotic" concept.
This origin lies in the quark model, "which, in its
"naive" form, states that baryons can be built only
from three quarks and mesons from one quark and
one antiquark. Given the conventional" quantum
numbers for the three fundamental quarks O', X, A.

it follows from the above statement that:
(1) There do not exist strange baryons with Q

(charge) & 1, 8 (strangeness) &0, 8& -3, I (isospin).
&1, B (baryonic quantum number) & 1, nonstrange
baryons with Q & 2, I& —,', 8& 1 and mesons with
Q& 1, S& 1, I& 1. These "forbidden" particles are
called exotic particles of the first kind.

(2) There do not exist mesons of natural parity
P = (-)~ with PC = -1. (P and C are the internal
parity and charge conjugation, respectively, and
J is the spin. ) These are exotic particles of the
second kind.

Now', it is remarkable that no exotic particles,
either of the first kind or of the second kind, have
been found up to now in production experiments-
i.e., in thes channel. Moreover, the duality ap-
proach in MB scattering leads to results in agree-
ment with experiment if one assumes that neither
exotic particles of the first kind nor exotic par-
ticles of the second kind can be exchanged in the
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t channel. "
Since the quark model is the only model, up to

now, which can explain these facts and the only
model which establishes a link between exotic par-
ticles of the first and second kind, it is most n3t-
ural to look for a solution to the problem of the
specific role of exotic states in BB scattering in
the quark model.

III.. BB SCATTERING IN THE ADDITIVITY QUARK MODEL

BB scattering is an "enfant terribl'e" not only
with respect to duality, but aLso in its relation to
the quark model. The conventional quark-model
approach to scattering processes assumes addi-
tivity of quark amplitudes and considers that in a
given process only one quark of the projectile
interacts with only one quark of the target. This
model leads to good results (i.e. , in agreement
with experiment) for MB scattering, but encounters
difficulties when applied to BB scattering. This is
true even for reactions which can be considered as
one-particle-exchange reactions and where the
additivity quark model is expected to work. This
has been interpreted by Kokkedee and Van Hove"
as being due to the annihilation channels which are
present in the last case but absent in meson-bar-
yon scattering, and indeed, when one subtracts
from the corresponding cross sections the annihi-
lation contribution, the agreement with data is
much improved. "" The fact that the annihilation
part of the scattering cross section cannot be ac-
counted for by the additivity quark model is easy
to realize since annihilation channels involve bar-
yon exchange, i.e. , triple quark exchange.

Annihilation channels, however, are not the only
weakness of the additivity model. As mentioned
above, the additivity assumption denies the exist-
ence of multiple exchange and thus this model can-
not deal also with processes of the type

m P- m+&

where no annihilation is present. Furthermore,
the additivity approach is limited to small scat-
tering angles because at large t, multiple quark
scattering is expected to become very important.
Now it is remarkable that these two facts which
are riot taken into account by the additivity model,
namely, (a) annihilation contributions and (b) mul-
tiple scattering, are not independent. Indeed, we
have seen above that the annihilation channels cor-
respond in some sense to triple quark exchange.
It is thus not surprising that the additivity approach
does not apply to both categories of processes. On
the other hand, this fact suggests a way to gener-
alize the additivity model in order to take into ac-
count features (a) and (b).

The riew approach must replace the additivity
assumption corresponding to single quark scat-
tering by a more general one which allows also
for multiple scattering. But multiple scattering is
not a new problem and has been studied in connec-
tion with nuclear scattering along the lines of the
theory developed by Glauber. " It would thus be
tempting to apply the Glauber formalism to quark
scattering (in fact this has been done") in order to
generalize the additivity model to large-angle
scattering and multiple-exchange processes. At a
first look, such a treatment would appear very
promising also for the duality=BB puzzle because
multiple scattering leads to cuts and that, as men-
tioned in Sec. I, might be the feature needed in
this context. However, the same multiple-scat-
tering formalism leads also to cuts in MB scat-
tering, and it is not clear at all why these cuts do

not spoil the good results of the duality approach
in this last case, too. In other words, question
(a) in Sec. I remains unanswered. Furthermore,
there are also practical reasons why the Glauber
theory cannot constitute a satisfactory solution, at
least at present, for our problem.

Indeed, in the multiple-scattering approach one
has to know the radial dependence of the quark
wave function, i.e. , the quark-quark interaction,
and that is obviously impossible as long as no
quarks could be produced. One must therefore
use supplementary assumptions and thus, even if
all multiple scattering terms would be taken into
account (which is so far not the case because of
computational difficulties), we would not know how
reliable the result would be.

IV. THE FACTORIZATION QUARK MODEL

A. A New Approach to BB Scattering

From the arguments invoked above, it follows
that we have to look for a solution of the problem
of BB scattering in the quark model which should
take into account the peculiar features of this pro-
cess, i.e. , annihilation channels, and at the same
time be sufficiently general to include also the pos-
sibility of multiple exchange without, however,
reducing itself to the multiple-scattering theory.
It seems to us that such a solution exists and has
already been used by the author in the special case
of /ange-angle BB scattering. "

Kokkedee and Van Hove suggested that for BB
annihilation, the additivity of quark amplitudes
should be replaced by the factorization of quark
amplitudes. In Ref. 17 we suggested that factor-
ization" should replace additivity not only for an-
nihilation but also for large-momentum-transfer
BB scattering. That additivity does not hold for
large-angle scattering in general is not surprising
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in view of the one-quark-interaction assumption
implied by additivity, which precludes multiple
scattering; at large angles multiple scattering is,
however, expected to be the dominant mecha-
nism. "'" The factorization model, although con-
taining some multiple-scattering features, is quite
different from the conventional multiple-scattering
approach because it is designed to take into ac-
count the peculiarities of the BB case. We shall
show in the following how the factorization model
can be applied to small-angle scattering, too.""

treatment since this avoids the problem of Wigner
rotations. ""Furthermore, since for the reac-
tions in which we are interested, mass differences
are relatively small at least at sufficiently high en-
ergies, form factors of the type discussed in Ref.
21, which might be important at large angles, are
expected to be nearly the same in all reactions and
should not influence our conclusions.

We work in the helicity formalism and write"
the wave function of a baryon in a given helicity
state h:

B. Physical Motivation and Mathematical Formulation
of the Factorixation Quark Model

=fQ aa aj a~ jfi. '9j j(fP" ~i j k (2)

We consider that because of the annihilation
channels, the quark-antiquark interaction is much
stronger than the quark-quark interaction. Thus,
for MB or BB scattering (where no annihilation is
possible), the interaction can be attributed in a
first approximation to the interaction of a pair of
quarks, . one from the projectile and one from the
target, the other quarks remaining spectators.
On the other hand, in BB scattering all antiquarks
from the projectile tend to "saturate" simulta-
neously all antiquarks from the projectile in. such
a way that it is not possible for even one single
quark to remain "inactive, " i.e., a spectator. This
assumption is supported by the observation that
there exist bound qq states, but no bound qq states.

The fact that there are no spectators in the fac-
torization quark model is important for the spin

where the q are the wave functions of the quarks,
f is the form factor mentioned above which de-
scribes the space variables of q, and the sum-
mation extends over all helicity states n of q com-
patible with h. Because of our assumption that f
is the same for all baryons, we shall put f= l in
the following.

We adopt the "naive" version of the quark model
in which a baryon is composed of three quarks.
The coefficients n in (2) depend on the symmetry
scheme adopted for the classification of particles
in the quark model. We use two different, but re-
lated, symmetry schemes and compare the pre-
dictions which follow from each of these schemes.

The helicity amplitude of a process

A+B-C+D
reads then

~"c"D"A"B—
(y "cP."D

I
T

I q
".A "B)

ai (A }aj (A )ak(A ) ai (B )ad (B )ak(B ) ai (C )aj (C )ak(C) ai (D )aj ( ) D(aDi))

where

~n —i i(C) j(C) k(C) +i(D) j (D) k(D) [ T I i(A) +j(A) k(A) k(B) j(B) k(8)y~%(c) Qj(c) 4(c) ~$(D) ~j(D) 4(D) I I ~k(A) ~j(A) 4(A) ~f(B) ~j(B) @k(B)

(4)

(5)

The coefficients a are normalized:

(6)

The assumption of factorization means that Q
is a sum of all possible three-quark amplitudes.
Here "possible" stands for "compatible with the
conservation laws of strong interactions. " A
three-qua. rk amplitude is a product of three single-
quark scattering amplitudes, where by single-
quark amplitude we understand the scattering am-
plitude of a quark in the projectile with a quark in
the target. This computation scheme is explained
in greater detail in Appendix A.

The factorization model defined by E(ls. (4)-(6)
has indeed the properties we Looked for.in -connec--

I

tion with the puzzle of duality, BB scattering, and
exotic states. It contains the "good" properties of
the multiple-scattering approach such as the pos-
sibility of multiple exchange, which is forbidden in
the additivity quark model, and the exchange of
exotic quantum numb'ers as suggested by the -dual-

ity diagrams. This is obvious from E(l. (5) be-
cause the product of three quark amplitudes can
carry among others exotic quantum numbers. It
does not imply factorization of vertices in particle
(pole) exchange, since in fact it contains cuts,
generated by the multiple exchange. Finally, it
interprets the specificity of the BB case by the as-
suinption that there are 'no spectators and that all
three quarks of the projectile interact simultan-
eously with all three quarks of the target, differing
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in that respect from the conventional multiple-
scattering approach where the amplitude is a sum
of terms, among which there are both single- and
multiple- scattering quark amplitudes. '4 From
this point of view the factorization model consti-
tutes probably the simplest possible solution for
our problem, given the constraints defined above.

Once we have convinced ourselves that our mod-
el can satisfy these constraints, we must test
whether or not the other consequences which
emerge from the factorization model are in agree-
ment with experiment. To do this we compute with

this model scattering amplitudes for various BB
processes in terms of quark amplitudes which are
the same for all processes and which are the pa-
rameters of our model. By eliminating these com-
mon parameters we get relations between particle
scattering amplitudes (cross sections) which can
be compared with experimental data.

C. The Parameters of the Model

The number of parameters in our problem —i.e. ,
the number of independent quark amplitudes —is
determined by two factors:

(n) The different channels available in quark-
quark two-body scattering, corresponding to the
channels of two-body BB scattering, i.e. , elastic
scattering, charge exchange, and strangeness ex-
change.

(P) The different helicity configurations at quark
level which correspond to the different helicity
particle amplitudes.

With regard to (a), by assuming SU(2) symmetry
(i.e. , isospin conservation), the number of par-
ameters can be reduced substantially. This sim-
plification can be pushed even further by taking
into account some empirical facts, as shown below.

On the other hand, factor (P) introduces serious
computational difficulties because we are faced
with a system of equations of third degree (this is
a consequence of the factorization principle) in
which the number of unknowns (parameters) ex-
ceeds, in general, the number of knowns. Indeed,
up to the present there are no data for helicity am-
plitudes, and what one measures is, in the best
case, the spin density matrix. In particular, for
the BB reactions in which we are interested, there
are very few spin-density-matrix measurements;
that is why, in order to compare our predictions
with data, we must limit ourselves in the following
to spin-averaged cross sections. Now, by averag-
ing over spin, and moreover by measuring only
the modulus of the amplitude and not its phase,
much information is lost, and that means that the
number of knowns in our equations is much small-
er, the number of unknowns remaining essentially

the same. To be able, nevertheless, to learn
something at this stage, we have to reduce the
number of unknown parameters. This can be done

by assuming an exchange mechanism at the quark
level.

Charge and Strangeness Exchange versus
Elastic Scattering

Assuming SU(2) but not SU(3), for each helicity
configuration there are three independent single-
quark amplitudes in terms of which all particle
amplitudes can be expressed:

The other quark amplitudes can be expressed in
terms of x, y, z. Thus, e.g. , using SU(2) invari-
ance,

r -=(%6'~std') =x+y. (8)

v(PP - AA) 0.04 mb
&z(PP- PP) 16.3 mb

(10)

at 5.7 GeV/c. (The experimental data for PP- nn,
pp-pp, pp-AA are taken from Refs. 25, 26,
and 8, respectively. ) The smallness of these
ratios is observed at all energies available at
present. Since in the quark model, the amplitudes
for charge- and strangeness-exchange reactions
are proportional to the quark amplitudes y and z,
respectively, defined above, it follows from Eqs.
(7)-(10) that in a very good approximation,

y«x, r

z«x, r. (12)

We shall make use of these inequalities in the fol-
lowing, neglecting whenever possible y, z in com-
parison with x, r.

Z. Large-Angle versus Smal/-Angle Scattering

The spin treatment in the quark model is inti-
mately related to the problem of the wave functions
used in order to express the particle states in
terms of quark states [cf. Eq. (2}]. Until now, in
almost all applications of the quark model where
the spin was taken into account, SU(6) wave func-
tions were used, i.e. , SU(6) was used as a classi-
fication scheme. (This does not mean, of course,

Now we take into account the empirical fact that
charge- and strangeness-exchange two-body reac-
tions have much smaller cross sections than elas-
tic reactions. Thus, e.g. ,

o'(PP- nn} 0.58 mb = 3 x10-'
o(pp- pp) 16.3 mb

at 5.7 GeV/c, and
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that SU(6) was considered to be a good symmetry
for the amplitudes. 4') There exists, however,
another possibility connected with the "hidden spin"
formalism of Franklin. " We shall compare the
predictions of the factorization model for these two
cases. To compensate for the proliferation of pa-
rameters due to the spin, we shall consider two
extreme cases (large-angle and small-angle scat-
tering) and make use of some relations which are
expected to hold between the helicity amplitudes in
these extreme situations. These relations are
quite different in the two kinematical cases, and
therefore our results will also be quite different
for large momentum transfer and forward scat-
tering.

As will be seen below, this different behavior of
cross sections at small and large angles seems to
be supported by the data available until now.

Large-angle scattenng. In this case we assume
that interferences between three-quark amplitudes
are negligible, i.e. , that the amplitudes add inco-
herently (the coherence is destroyed, e.g. , by the
average over an angle interval), and that all helic-
ity states have equal probabilities so that the
squares of the quark helicity amplitudes are equal.
These two assumptions are equivalent to the ne-
glect of spin and correspond to a statistical ap-
proach which is expected to work at large momen-
tum transfer. We have thus three parameters x,
r, z [or four if we also keep y for convenience,
cf. Eq. (8)] and obtain a series of relations be-
tween cross sections (because of our incoherence
assumption we deal directly with cross sections
and not with amplitudes} which were given in Ref.
17 (cf. the second entry in Ref. 17).

Small-angle scattering. Here interference ef-
fects are expected to be important so that we add
the three-quark amplitudes coherently. As con-
cerns the helicity states, however, an important

simplification can be achieved if we consider for-
ward scattering (t= 0). If we consider quarks as
genuine spin-2 particles, and use parity conserva-
tion and time-reversal invariance, there are in
general six independent helicity amplitudes ' "

A, =-(++I++&, A. =-(++I--&, A, -=&+-I+-&,

A, =-&+-i-+&, A, -=&++i+-&, A, -=&-+i++&.

(13)
If t—= 0, because of angular momentum conservation

A4=A, =A6=0

and we are left with only three amplitudes, A, and

A, (nonf lip amplitudes) and A,

D. Evasive Exchange in Quark-Quark Scattering

Now we make the assumption that the quark-
quark scattering process (in our case the quark-
antiquark two-body scattering) is due to the ex-
change of an object with given spin J and parity P
(this exchanged object can be either a particle or
a Regge pole). This means, among other things
that the quark scattering amplitude itself factor-
izes, while the particle amplitude does not. It has
been shown by Cohen- Tannoudji, Salin, and
Morel" that for large cos8„ the following relations
hold between the s-channel helicity amplitudes of
a two-body scattering process:

A(X3, X4; X„X~)

= P/P4P, (-}s4 s2(-) "4 "2A(Xgy -X4, X„-X,) .

(15)

Here P„S„X,are the intrinsic parities, spins,
and helicities of particles i, respectively, and f
is the signature of the exchanged pole [for particle
exchange g =(-) ].

2st —2t(m, '+m, ') + [t+(m, ' —m, ')][t+ (m, '-m, ')]
[[t—(m, +m, )')[t —(m, —m, )'][t —(m, +m4)'][t —(m, —m, )']}'~ ' (16)

We are interested in the limit of small t. From the
above expression for cos8, it follows that the con-
dition cos8, »1 can be achieved in this case pro-
vided s is sufficiently large, which we shall as-
sume in the following. An exact estimate of "suffi-
ciently large" depends on the masses m; of the
quarks.

Equation (15) corresponds to evasive exchange
as opposed to the conspiracy solution which as-
sumes the exchange of two trajectories with oppo-
site parities. Experimental data strongly favor
the evasive solution (associated with cuts"'").

E. The Leading Trajectories

We recall now that in MB scattering the hypoth-
esis of exchange degeneracy between the two lead-
ing nonets (isovector and isotensor} leads to re-
sults in fair agreement with data. Now since in
these cases the additivity model works quite well,
and since in the additivity approach the scattering
process is due to two-body quark-quark scattering,
it follows that in quark-quark scattering, at least
in MB scattering, the exchanged objects are the
leading trajectories which have natural parity
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BB B'B', (17)

where both 8 and B' are members of the baryonic
octet, and

BB B*B't
BB-B*B*,

where B* makes part of the baryonic decuplet.

V. PREDICTIONS FOR QUASIELASTIC
OCTET SCATTERING

A. Forward Scattering

(18)

The assumption of leading trajectory (i.e. , nat-
ural-parity exchange) leads, with the evasive so-
lution (15), to the following relations between the
quark amplitudes (12):

We make now the assumption that this holds also
in BB scattering at the quark level whenever nat-
ural-parity exchange does not decouple. This is in
accordance with our philosophy that the peculiarity
of BB scattering lies in the fact that all quarks in-
teract simultaneously, and not in the manner in
which two-body quark scattering takes place.

In the following we shall discuss separately the
implications of the assumptions outlined above for
two kinds of BB scattering:

From Eq. (14), it follows then that

(21)

r(pp- AA)

r(pp- Az') (22)

r(pp- AA)' r(pp-z'z') (22)

r(pp-="=-) 16 r(pp-AA),
o(pp- z z-) & o(PP- nn)

(24)

and we are left with one single-quark helicity am-
plitude A, =A, . This means that if (as we shall as-
sume) in all three of the single-quark scattering
processes P6'-@6', P6'-%%, and Pd'- XX only
natural parity is exchanged, then we have only one
helicity configuration for all three [four] param-
eters defined by Eq. (7) [Eqs. (7) and (8)], and it is
easy now, using the approximations (11) and (12),
to express all particle amplitudes in terms of
these parameters. This is done in Appendix B.

By eliminating the common quark amplitudes x,
y, z, r, we get the following relations. (The
choice of processes considered is dictated by the
availability of experimental data. Wherever pos-
sible we have written these relations in terms of
spin-averaged cross sections i, in the other cases
the amplitudes were used. ")

A, =A3,

A2 = -A~.

(19)

(2o)
r(pp- ="'-"')

r(pp-=" =- )
(25)

A(pp-XA)p = aA(pp- Z'Z') 1+—,
'' A(pp-z'z') (26)

A(pp- Z Z )=fgA(pp- Z Z+)[2A(pp- AA)p —~A(pp- Z'Z')])'~2 —2A(pp-Z'Z+). (27)

The parameter p takes on the following tmo values: B. Large-Momentum-Transfer (I.m. t.) Scattering

1 for Franklin's" wave functions
p=

2 for SU(6) wave functions.

As was to be expected, the difference between
SU(6) and Franklin's wave functions appears only
in those relations which involve A or Z' (but not in
the A/Z' ratio). This is due to the fact that the rel-
ative assignment of A and Z' in the hidden-spin
formalism" is not a priori known. Vfe have ob-
tained relations between exotic and nonexotic ex-
change cross sections [Eqs. (24), (27)] as well as
relations between purely nonexotic exchange cross-
sections [Eqs. (22), (23), (26)] and purely exotic
exchange cross sections (25).

g 1.m.t. = 11 (22')

&
1.m.t.
2 (28')

These tmo relations mere given in Ref. 17, too.

r(pp-= = ) r(pp-Aw)=2-—
r(pp-z z-) r(pp- nn)

' (24')

(25')

For the sake of comparison, we list also some
relations" which should hold at l.m. t. in the fac-
torization quark model, within the assumption dis-
cussed in Sec. IV C2 and Ref. 17:
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o(pp- AA) = ,'c(p-p- Z Z') 1+(
~o(pp- z'z')

VI. PREDICTIONS FOR QUASIELASTIC
DECUPLET PRODUCTION

A. The Decoupling of Leading Trajectories at t = 0

(28')

(22)-(27) deduced for processes (1V), can be ob-
tained only with supplementary assumptions about
the relative importance of the different possible
exchanges. This problem, as well as decuplet pro-
duction at large momentum transfer, for which no
data yet exist, might be discussed elsewhere.

B. Dips versus Peaks; One-Pole Exchange Versus Cuts

BB B*B

and

BB B*B*.
vanish.

An analogous situation has also been found ' in
the additivity quark model where, however, the
natural-parity exchange is obviously restricted to
a single quark-quark interaction, and where this
decoupling of natural parity exchange is related to
W-spin conservation at t =0.

On the other hand, if one mixes in the factoriza-
tion model P =(-) exchange with P =(-) "ex-
change in the three-quark amplitude, the situation
is changed and the particle amplitude can be non-
zero. By mixing, we understand the assumption
that in the single-quark scattering process t(P- 6'6', e.g. , natural parity is exchanged while in the
other two single-quark processes 6't -z+ and 6'6'
—XA. an object with P =(-) "is exchanged. Vari-
ous other "mixing configurations" are of course
possible and are discussed in Appendix C.

From Eq. (15) it follows that for P =(-) "ex-
change relations (19) and (20) become, respective-
ly,

A. , =-A3, (28)

(29)

while at 0~ =0, this leads to the same result for
A.2, i.e. ,

A2 =44 =0.

Equation (28) introduces essential differences for
A„A„ i.e. , for x„x„z„z„r„r3.In particu-
lar, e.g. , while xy x3 zy' z3 ly 13 the ampli-
tude for pp-V*A vanishes; for x, =@3 zg z3
= -r„ it does not. Because of this parity mixing,
which is a necessary condition for a nonvanishing
amplitude at t= 0, relations between cross sections
for processes (18), analogous to the relations

Let us now consider processes of the type (18),
i.e. , deeuplet production in two-body BB scatter-
ing. It turns out that when one makes the same as-
sumptions about the evasive one-"object" exchange
at quark level as for relations (17) for all three
single-quark amplitudes x, y, z, the amplitudes
for

The decoupling of the scattering amplitude from
natural-parity exchange leads, assuming pure par-
ity exchange, to a dip in the differential cross sec-
tion as a function of t, at t =0, since the unnatural-
parity contribution is generally dominated at small
t by the pion, which also vanishes at t = 0." In this
case we are in the same situation as, e.g. , in the
photoproduction of pions, where natural-parity ex-
change is forbidden because of angular momentum
and parity conservation, "and where pion exchange
is believed to dominate at t =0. However, as is
well known, "the experimental data present a peak
at t =0 instead of the expected dip and this was
interpreted at first as evidence for a conspiracy
mechanism between an ad hoc invented natural-
parity trajectory and the pion. However, this nat-
ural-parity conspirator failed to be seen in other
effects and was soon abandoned in favor of cuts.
Thi, s last resolution of the discrepancy between
one-pole-exchange predictions and data is the gen-
erally accepted one at present. " In any case, what
both the conspiracy and the cut mechanisms stand
for is a mixture of natural- and unnatural-parity
exchange. On the other. hand, no unique and sim-
ple prescription for cuts exists as yet, and to
quote from the recent review of Collins" along
these lines: "The absence of a reliable method of
estimating eut magnitudes is the principal problem
of Regge phenomenology at present. "

One of the challenging results of this paper is
that it provides a possible simple frame for the
computation of cuts. Indeed, as pointed out in
Sec. VI A, since in the factorization quark model
we have triple exchange, there always exists the
possibility of mixing natural- and unnatural-parity
exchange. The question of the relation between the
exchanged objects at quark level and the exchanged
objects at particle level, which is connected with
(among other things) the energy dependence of the
scattering amplitudes, is presently under inves-
tigation.

VII. COMPARISON WITH EXPERIMENTAL DATA

The predictions obtained in Sec. V refer to rela-
tions between different cross sections at the same
energy of the. incoming particle. This restricts
the possibility of comparison with experiment,
since as yet only some of the processes considered
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have been studied at the same energy. Further-
more, the experimental errors are relatively
large (up to = 20% for nonexotic exchange and 30%%uo

for the exotic process pP- Z Z ). Finally in gen-
eral there are no data for (do/d t), , for which the
predictions of Sec. V A apply, but only for the
"small-t region" where the cross sections are in
general peaked. It follows that at this stage the
comparison with data can be only a qualitative one.

A. Small Momentum Transfer

We assume that the relations (22)-(27) derived
for I, =O are valid also for t+ 0 but small. This is
a reasonable assumption in view of the sharp for-
ward peak which most of the cross sections pre-
sent (with the possible exception of pp- Z Z ),
and which means that the largest contribution to
do/dt comes from t =0. For relation (22), we use
the data of Ref. 8, where a compilation for differ-
ent energies is given. The agreement between the
predictions of our model and experiment in the
range 3-7 GeV/c is good (within the experimental
errors). For relations (26) and (27), which involve
amplitudes, we have to make a supplementary as-
sumption about the relative phases, in order to be
able to use the data which are given for cross sec-
tions. We make the assumption that all amplitudes
involved have equal phases. This assumption
seems reasonable since the processes considered
have approximately the same s dependence, which
in a Regge model means they have the same n and
thus the same phase at a given parity. From ex-
change degeneracy of leading trajectories, this
equality of phases would also follow, but exchange
degeneracy is a stronger assumption since it im-
plies, besides the equality of trajectories n, equal-
ity of coupling constants also. With that assump-

tion, the agreement between predictions and data
is again satisfactory and seems to favor Frank. -
lin's" wave functions. It is remarkable that we
get the correct order of magnitude. (and even the
correct figure, with Franklin's wave functions) for
the cross section of the exotic process

pp-z z (30)

As we see, the small value of this cross section
(1.3 yb) turns out in our model to be a consequence
of the smallness of the parameters y and ~ defined
in Eqs. (7) and (8), because the amplitude for (30)
is proportional to xyz. Table I (see Refs. 40 and
41) summarizes the comparison of the theoretical
predictions with experiment. Furthermore, rela-
tion (24) permits us to predict the order of mag-
nitude for the as yet unmeasured cross section of
the exotic process

pp (31)

At 5.7 GeV/c, using the data of Refs. 8 and 42,
we get o(PP-™- ) =0.18 y,b with Franklin's"
wave functions and o(PP- " - ) = 0.72 pb with SU(6)
wave functions. The experimental upper limit4'
for (31) is 0.45 pb, again in qualitative agreement
with the theoretical predictions and apparently
again favoring Franklin's model.

B. Large Momentum Transfer (l.m. t.)

The only relation for which l.m. t. data exist until
now is Eq. (22'). At 5.7 GeV/c we get from Ref. 8

=—(P~- ») —(f I -»') =der — —
() 10+2

dt dt 8.5+2 '

(32)
in good agreement with the prediction of Eq. (22')
(cf. also Ref. 17 where this prediction was made
for the first time),

TABLE I. Comparison of relations between cross sections (amplitudes) predicted by the factorization quark model at
t =0 and experimental data.

Relation

(22)

Type of wave function

Franklin and SU (6) Theory

E'g =3

Exp.
42 +4

Theory versus experiment

Incoming
momentum

(GeV/c)

5..7

References for
experimental

data

Atherton et al. (Ref. 8)

(26)

(26)

(27)

(27)

Franklin

SU (6)

Franklin

SU(6)

10.6 = 8 .3 ~

21.2 = 14.5 ~

1.1 —1.5 ~

1.1=3 5'

2.8

2.8

5.7

5.7

Bacon et al. (Ref. 40)
Fisher et al. (Ref. 41)

Bacon et al. (Ref. 40)
Fisher et al. (Ref. 41)

Atherton et al. (Ref. 8)

Atherton et al. (Ref. 8)

This equality is obtained by introducing the experimental data into the left- and right-hand sides of the theoretical
relation and is based on the supplementary assumption of phase equality (cf. Sec. VIII A).
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e l.m. t.
1 (33)

This agreement between the predictions of the
factorization quark model and data, if confirmed
by further data, suggests that the model can ex-
plain in a consistent way the differences between
small-angle and large-angle scattering. [Compare
the different predictions of Eqs. (22) and (22') for
t =0 and 1.m. t. j

An interesting prediction which reflects also the
differences between these two t regions is that of
Eq. (25 ), which differs again significantly from
Eq. (25) at t=0.4&4'

VIII. CONCLUSIONS

The factorization quark model is based on the
assumption that the peculiarity of the BB scatter-
ing process, which consists of the presence of an-
nihilation channels, can be taken into account by
abandoning additivity of quark amplitudes and re-
placing it by factorization of quark amplitudes. In
this way one gets a formalism in which exotic and
multiple exchange can be treated with the same
methods as single-particle exchange. Moreover,
some of the effects for which Regge cuts are in-
voked, such as peaks in the forward amplitude
where dips are expected, can be explained in a nat-
ural and simple way along these lines.

(22')

Hagedorn's" statistical model gives for q,' '
the value

The small cross sections for exotic exchange
are, in this picture, a consequence of the small-
ness of change and strangeness exchange, and the
predictions for other various scattering cross sec-
tions are so far in satisfactory agreement with
data. The mechanism of factorization of quark am-
plitudes implies that in BB scattering, exotic ex-
change is unavoidable" (although in general small);
this could explain why the usual nonexotic duality
approach fails in BB scattering. New support for
this assumption comes from the fact that duality
encounters similar difficulties in MM scattering, "
where again annihilation channels are present. Vfe
consider that in this case factorization of quark
amplitudes should apply too, and thus exotic ex-
change should emerge.

If this is so, the conclusion arises that it is not
BB scattering that is exceptional with respect to
the duality (and additivity quark model), but, rath-
er, MB scattering. In any case, we feel that the
BB puzzle begins to lose some of its mystery.
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APPENDIX A: FACTORIZATION OF QUARK AMPLITUDES IN BB SCATTERING

From Eq. (5) it follows that a typical three-quark amplitude Q can be written under the form

Q=—(abc abc
l
T

l def def) . (Al)

Here a, b, c... denotes a quark with given helicity. This amplitude is factorized into two-body quark scat-
tering amplitudes in the following way:

At first we consider all possible qq configurations both in the final and the initial state. This leads to

(abc abc
l
T ldef def ) = (aa(bb cc+ bc cb)+ ab(ba cc + bc ca)

+ac(ba cb+ bb ca)l Tldd(ee ff + ef fe)+ de(ed ff + ef fd)+ df(ed fe+ ee fd))

=(aa bb ccldd ee ff)+(aa bb ccldd ef fe)+(aa bb cclde ed f'f)
+(aa bb cclde ef fd)+(aa bb ccldf ed fe)+(aa bb ccldf ee fd)
+(aa bc cb ldd ee ff ) +(aa bc cb

l
dd ef fe) +(aa bc cb lde ed ff )

+(aa bc cb lde ef fd)+(aa bc cb ldf ee fd)+(aa bc cb ldf ed fe)
+(ab ba ccldd ee ff )+(ab ba ccldd ef fe)+(ab ba cclde ed ff )

+(ab ba cclde ef fd)+(ab ba ccldf ed fe)+(ab ba ccldf ee fd)
+(ac ba cb ldd ee ff )+(ac ba cb ldd ef fe)

+(ac ba cb lde ef fd) +(ac ba cb ldf ed fe)
+(ac ba cblde ed ff )

+(ac ba cb ldf ee fd)



+&ac bb caIdd ee ff )+(ac bb ca~dd ef fe)+&ac bb ca~de ed ff )

+&ac bb ca~de ef fd) +&ac bb ca~df ed fe}+&ac bb ca~df ee fd)

+&ab bc ca~ddef fe)+(ab bc ca~dd ee ff )+&ab bc ca~de ed ff )

+&ab bc ca~de ef fd)+&ab bc ca~de ed fe&+&ab bc ca~df ee fd&. (A2)

Now each expression appearing in (A2) can be factorized into a sum of products of two-body quark ampli, -
tudes. Thus, e.g.,

&aa bb cc~dd ee ff) =(aa-dd)[(bb-ee)(cc-ff)+(bb-ff)(«-ee)]
+(aa ee)[(bb dd)(cc- f f )+(bb-ff)(cc-dd)]

+(aa ff)[(bb-dd)(ce-ee)+(bb-ee)(cc-dd)]. (AS)

Any particle scattering amplitude can be expressed in terms of quark amplitudes Q by using Eqs. (2)-(6).
The three-quark helicity amplitudes fox BB scattering have been computed in Ref. 48. As an example we
give below the particle amplitude &4,', n. '~,

~
T

~ p,~+,I ) in terms of the corresponding two-body quark ampli-
tudes x and y (Eg. V). Use has been made of the approximation (11). The + helicity labels are defined in
Eg. (18). The normalization corresponds to Franklin's" wave functions.

«sgabsgmlTIPu2P, (,&='-( i-aa- 3+ac)

a,
= &POPO Pf PtPt jt ~PtPtnb PtPtnk&=72'„„y„
=&ptptpt ptptp0 [ptpt 0 p0pt t&=V2, . . . y

ag=&ptptpt PtPtPt Iptp&nt P&P«&) =V2&- &,+-+y~-

ag=&p&ptpt P&PtPt I pip jnt PtP&nt& =26(&+~&~—+&~-+&+~-)y~~ ~ (A4)

APPENMX 8: PARTKLE AMPLITUDES IN TERMS
OF QUARK AMPLITUDES x, y, z, r AT t=o

FOR P = (—)~ EXCHANGE
AT QUARK LEVEL

The normalization corresponds to Franklin's"
prescription for wave functions. Because of Eqs.
(19)-(21)we have a single-helicity configuration:

&Apl T I pp& =8~(~'+ 2~'),

&Ini T

happ)

=4y(x'+ r'),
&AA(ripp&=3e(x'+ r'),
&Z'Z'ir

i pp) =e(x'+ r'),
&z'z'[ r [ pp) =sex',

&z-A)T)p &=4&2~.~,
&=- =- ITIPP) =«e',

APPENDIX C: PARITY MIXING IN DECUPLET
PRODUCTION

Let us consider a process of the type

BB B+8

and, in particular,

TABLE H. The particle scattering amplitude A for
the processpp~ 7+4 for var»ous par»ty exchanges at
quark level, in accordance with Eq. (C5) .

gi =g3'
gi g3
gi —g3 8

gf g3
' 8

gi gs b

gi= g3 b.

g'i g3 b

gi — g3 b

r, =r,
b

ct

b

~i —~3b

ri-~3 8

+1 ~3 b

A. =0
A =6m'
A =6gg2
A. = 6g (@2+F2)
A. = 6g (@2+A'2)

A =6gx2
A, =6''2
A. =0

~Natural-parity exchange (leading trajectories: X*,
X~ for g p, A2, Pomeranchukon, P', etc., for x, y).

bUnnatural-parity exchange (X for g; vt., Ai, etc., for
x, r). Thus ere see that the parity mixing at the quark
level can transform a dip (A. =0) into a peak (4 & 0) and
vice versa.

at t =O. As pointed out in Sec. IV C, there axe
three nonvanishing tao-body quark helicity ampli-
tudes A„A„A, [cf. Eq. (13)].

From Eq. (15) it follows that

A» -+AS,

where the + sign cox'x'esponds to natural-parity ex-
change [P = (-)~] and the —sign to unnatural-parity
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exchange [P =(-)~"]and

A, =O (c4)
independent of the parity of the exchanged object.

The amplitude for (C2) reads in the factorization
model with Franklin's" normalization

W =(7+A~7 HAPP& =3m, (x,'+r, ') —3~,(x,x, +r,r,).
(C5)

Now, depending on the sign in (C3), A takes on
the values given in Table II.
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Current algebra has been used to derive sum rules for the CP-nonconserving &S= 1 and
6S =0 nonleptonic transitions B -B'7f in Glashow's model. Within the saturation scheme of
Chiu, Schechter, and Ueda for the matrix elements of the weak current x current Hamiltonian
between single baryon states, it is shown that the CP-nonconserving amplitudes do have octet
dominance. The one-pion exchange contribution to the weak P- and T -violating nucleon-nu-
cleon potential has been calculated by relating the weak NNx vertex to hyperon decay ampli-
tudes.

I. INTRODUCTION

A number of theories have been put forward to explain the experimental observation of CP nonconserva-
tion' in K~- 2n decay. Among the models which embed the source of the CP nonconservation in the current
x current form of the weak interactions, "Glashow's model' is unique in that it introduces no neutral cur-
rents and it predicts a violation of CP invariance in the AS=0 nuclear interactions. In this paper the pre-
dictions based on Glashow's model for CP, or equivalently T, violations in the s-wave parity-violating non-
leptonic transitions 8 -B'm are investigated by using current algebra and the soft-pion technique. ' Using
the saturation scheme of Chiu, Schechter, and Ueda' for the matrix elements of the current& current Ham-
iltonian between single baryon states, we show that the CP-violating parts of the amplitudes also exhibit
octet dominance. These predictions are used to evaluate the one-pion exchange contribution to the weak P-
and T-violating nucleon-nucleon potential.

In Glashow's model' the weak-interaction Hamiltonian is given by

II.= (G/2JY)(Z„, Z„'fl,

where G =1.02 x10 '/M~' is the Fermi coupling constant, and the Cabibbo currents, in the SU(3) tensor no-
tation, are given by

7„=J„(leptonic) + cos8(V&+e A„),'+ sin8(V&+ e'SA„),'.
The model allows for CP nonconservation by the presence of the complex phases, with phase angles p and
p, between the hadronic vector and axial-vector currents. Since CP violations have not been observed so
far in nuclear p decay, ' the angle p must be rather small. It has been shown by Pati' that the choice p=—g- «~ ensures that the ~T =~ rule holds for the nonleptonic CP-conserving K-2m decays, and furthermore
predicts an electric dipole moment for the neutron of the order of 10 "e cm, which is nearly outside the


