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dynamical philosophy of duality. The approach of
Schwarz is fairly simple, while the other three models
are rather complex. However, the properties common
to all are (i) crossing symmetry, (ii) the lack of I=2
resonances, (iii) the presence of zeros below threshold, 4'

and (iv) the to meson with more-or-less correct param-
eters. The treatment of unitarity varies widely.

It seems therefore that as far as ao and a2 are con-
cerned, the essential ingredients in these models are
not the particular dynamical philosophies (interference

The zeros are not in the same place in each model —also they
arise from apparently rather diRerent (but presumably deeply
connected) sources.

or duality) nor the explicit satisfaction of unitarity,
but rather the presence of the four features listed above
which are the essential characteristics of the present
model. We expect them to be common to all successful
descriptions of low-energy 7t-x scattering.
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The energy-dependent parts of baryon-baryon and baryon-antibaryon total cross sections at high energies
are obtained from (i) factorization of the residues of the leading meson trajectories, and {ii) the connection
between the absence of resonances in "exotic" channels and the ftatness of meson-meson and meson-baryon
total cross sections in these channels. (Such a connection leads to exchange degeneracies, all of which are
consistent with experiment. ) The following is proven: (a) Nucleon-nucleon (and certain other 8= 2) total
cross sections are Qat whether or not trajectory couplings obey SU(3); (b) the remaining 8= 2 cross sections
are Oat if tensor and vector exchanges couple via SU(3), with equal F/D ratios at the baryon vertex; (c)
non-Pomeranchuk contributions to baryon-antibaryon total cross sections persist in the 10, 10, and 27
channels despite the relaxation of assumptions regarding 8=2 systems. LResults similar to (a) and (b)
have been asslzrted to hold in previous approaches. g

I. INTRODUCTION
' 'N the Regge-pole description of high-energy nucleon-
s - nucleon interactions, the large real parts of the AE
forward amplitude' and the rapid decrease of err(NN)
with increasing energy' indicate that sizable non-
Pomeranchuk contributions are present above 8 GeV/c.
The relative flatness of err(N1U) in this energy range
indicates, however, tha, t the contributions of + and-
signature non-Pomeranchuk trajectories to the imagi-

*Work supported in part by the U. S. Atomic Energy Com-
mission, under Contract No. AT(11-1)-68 of the San Francisco
Operations Office, U. S. Atomic Energy Commission, and Con-
tract No. AT-(11-1)-1764.

f On leave of absence from University of Torino, Torino, Italy.
'K. J. Foley, R. S. Jones, S. J. Lindenbaum, W. A. Love, S.

Ozaki, E. D. Platner, C. A. Quarles, and E. H. Willen, Phys.
Rev. Letters 19, 857 (1967).

2W. Galbraith, E. W. Jenkins, T. F. Kycia, B. A. Leontic,
R. H. Phillips, A. L. Read, and R. Rubinstein, Phys. Rev. 138,
3913 (1965).

nary part of the forward spin-averaged EE amplitude
almost cancel. This cancellation has been termed ex-
change degeneracy; it entails a particular "mixture of
mesons" appropriate for describing the Eg interaction
in the combination of helicity states contributing to
&T

The usual explanation of the near degeneracy of +
and —signature contributions to ar(BB) assumes the
comparative weakness of 8= 2 s-channel forces as
compared with presumably much stronger 8=0 I-
channel forces. From this assumption about the forces,

' R. C. Arnold, Phys. Rev. Letters 14, 657 (1965).An analogous
problem appeared almost 30 years ago in the one-pion exchange
model of the two-nucleon potential. A "mixture of mesons" was
one suggestion proposed to cancel the 1/r' singularity at the
origin arising from the term (ei &i) {e2 &2)e &"/r. See C. Mgller
and L. Rosenfeld, Kgl. Danske Videnskab. Selskab, Mat. -Fys.
Medd. 17, No. 8 (1940);J. Schwinger, Phys. Rev. 61, 387 (1942);
L. Rosenfeld, Nuclear Forces (Interscience Publishers, Inc. , New
York, 1948), p. 322. We thank Professor M. Gell-Mann for
calling our attention to this similarity.
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one can easily derive exchange degeneracy and the
flatness of the 8= 2 total cross sections.

In this paper we derive the flatness of baryon-baryon
total cross sections directly from knowledge of the
high-energy behavior of 0-z in meson-meson and meson-
baryon channels. A primary assumption is the connec-
tion between flat total cross sections and the absence
of resonances. Recently the validity of such constraints
for the scattering of particles with high mass (such as
BB or BB) has been called into doubt. ' Our results are
clearly insensitive to such considerations since we have
been careful rot to apply constraints from 8=2 or
baryon-antibaryon channels. We use constraints only
from meson-meson and meson-baryon channels, which
lead to experimentally verified exchange degeneracies.
No assumption about the baryon-baryon force is made,
in contrast to previous approaches. ' ' We And that
the nucleon-nucleon (and certain other B=2) total
cross sections are flat as a consequence of factorization
of the leading meson trajectories, and that the remain-
ing B=2 cross sections are flat if the p and f' decouple
from the nucleon.

The results are derived in Sec. II. We use only
constraints arising from elastic meson-meson and meson-
baryon reactions, but assume o.&(o.„ando.~ (o«. The
results for both SU(2)- and SU(3)-invariant couplings
are given. We also confirm previously obtained results
for baryon-antibaryon total cross sections' ' without
the need for assumptions regarding 8= 2 systems. '

The results of Sec. II are rederived in Sec. III under
a different set of assumptions. We consider the con-
straints from both elastic and inelastic Xi& and MB
reactions, but do not assume n&(o.„oro,~.(o.~. The
resulting set of equations is identical to that of Sec. II
for SU(3)-invariant couplings.

In Sec. IV, we discuss the validity of the constraint
equations and state our conclusions.

II. NON-POMERANCHUK CONTRIBUTIONS . TO
TOTAL CROSS SECTIONS:

TRAJECTORIES SPLIT

The dominant non-Pomeranchuk contributions to
meson-meson and meson-baryon total cross sections
come from the exchange of the vector (1 ) and tensor
(2+) meson Regge trajectories. We assume that these
Regge poles have factorizable residues. Then the total
cross section for the scattering of particle 3 on 8 is
given by

cr7 (AB) = ar(AB) v.„,+ ImA/p), b,

where ImA is the non-Pomeranchuk amplitude to
4 J. Mandula, J. Weyers, and G. Zweig, Phys. Rev. Letters

23, 266 (1969). A partial earlier statement of this result is given
by R. H. Capps, Ref. 21.' C. B. Chiu and J. Finkelstein, Phys. Letters 27B, 510 (1968).' J. Rosner, Phys. Rev. Letters 21, 950 (1968).

7 D. P. Roy and M. Suzuki, Phys. Letters 28B, 576 (1969).
8 H. J. Lipkin, Xucl. Phys. 89, 349 (1969).
9 The experimental difficulty of obtaining a complete pattern

of B= 2 activity makes this especially important.

TABLE I. Nonet couplings g (E'AA) consistent with flatness of 0-z

in exotic PP—&PP, PB~ PB, and PD —+ PD channels. Coefficients
refer to the SU (3) universality limit (in which a = b = c=d = f=. . .
and e=0). The couplings of I'*+ and *' are similar in form to
those of Z+ and ™0.Other couplings are related by charge con-
jugation or isospin to those of this table. The couplings of g and
A are unconstrained. In this @nd subsequent tables, one must
liave o.'I =cxA2=0.'„=o.'p aild ny =ay.
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p
y+
~0
Q++
0
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b
3d
2g
'nz

3'
0

0
cv2
e
hv2
2nv2

0
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A2

0
b

f
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p
3g
0

0
b
3d
2j
p
3g
0

0—t,
.v2—e

lz&2

2nv2
0

3sv2

2g
b

.f
2g
'In

3g
0

which we shall be referring. It is given by

ImA =p g(EAA)g(EBB)r~(v/vo) v.

~0 This may be illustrated by comparing 0.+(PP) with 0.z (pP).
The latter displays sizable non-Pomeranchuk parts whereas the
former does not. In the t channel, the former process is pp ~ pp,
for which the + and —signature poles contribute with op-
posite sign, while the latter is pp ~ pp, for which they add.

"In general, we shall speak of a total cross section as "flat" if
it lacks non-Pomeranchuk contributions, while realizing that this
term may be an oversimplification if the Pomeranchuk singularity
is in fact a cut giving rise to slow logarithmic variation of oz. The
motivation for assuming flatness combines the well-documented
scarcity of exotic meson-meson and meson-baryon resonances
t
e.g., A. H. Rosenfeld, in Meson SPectsoscoPy (W. A. Benjamin,

Inc. , New York, 1968), p. 455j with the conjecture that this
scarcity is associated with flatness of a, . See P. G. O. Freund,
Phys. Rev. Letters 20, 235 (1968); Haim Harari, ibid. 30, 1395
(1968).

"An over-all sign can be absorbed into the definition of the
vector nonet and will not, change our result.

In Eq. (2) the sum is over the Regge exchanges E.
The signature factor rs is +1 for the tensor exchanges

(f, A2o, and f') and is —1 for the vector exchanges

(p, &u, and p)."The g(EAA) are factorizable couplings,
vo is a common scale factor, and v—=—,'(s—u).

Our main assumption is that total cross sections are
flat" in exotic meson-meson and meson-baryon chan-
nels. Exotic channels are defined to be ones with little
resonant activity. They are 10, 10, and 27 for meson-
meson scattering, 10 and 27 for meson-baryon scatter-
ing, and 27 and 35 for meson-decimet scattering. Where
o-z is measured, it is found to be flat in these channels.
We assume that this correlation is true in general for
meson-meson and meson-baryon systems.

To illustrate our method, we consider or(K+K+),
or(K+K'), or(K+p), and or (K+n). Because these or are
flat regardless of the nucleon's or E's isospin, the net
I=O and I=1 non-Pomeranchuk contributions must
vanish separately. If we assume for simplicity that o.~.

(n~ and o.&(o,„,we then obtain 0.~
——o,„,n~ ——n&, and 0.&,

=n, ; the coupling relations are g (flVN) = g (~NN),
g(f'1VN) =g(&NN), and g(A2NN) =g(pNN). ' " These
conditions guarantee that o.r(pp) and o.r(pe) will be
flat.
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TABLE II. Couplings of Table I satisfying SU(3) symmetry. P couplings are to be multiplied
by a factor pz, B couplings by pz, and D couplings by pD.

Xz'
Ag

Mp

w+p

2
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2P'v+-43' —4,
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[Fv+ ,'(1 Fr)]-&2-
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1

0
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0
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3
2

1
0

0
1
0
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3
2

1
0

0
—v2

0
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0
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1
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0

TABLE III. S-channel contributions to ImA in PP, PB, and
PD scattering. In this and subsequent tables we neglect SU(3)
breaking due to nondegenerate trajectories. We omit an over-all
'vv (v/vo)~ for PP scattering, rpyo(v/vo)» for PB, and vv rn(v/vo)
for PD. Normalizations are those of Ref. 17.

PP:

PB:

PD:

ImA (27) = ImA (10)= ImA (10)=—0
ImA (8„)=20/3
ImA (8,) =12

ImA (1)= 64/3
ImA (8„)=ImA (8,) =0
ImA (27) = ImA {10)—=0
ImA (10)=8(Fv+F~ —1)
ImA (8„)= 10Fv+ (10/3) Fz —10/3
ImA (8,~) =10Fv—2Fp+2

ImA (1)= 16Fv—(16/3)FR+16/3
ImA (8„)=ImA (8„)= (2+5) (Fr Fv+1)—
ImA (35) = ImA (27) =—0
ImA (10)=16

ImA (8) =20

'3We use the familiar notation B=&+ octet, D=$+ decimet,
P=0 octet, t/ =1 nonet, T=2+ nonet, and so on.

Assumptions about meson-meson and meson-baryon
scattering are not enough to guarantee that all the
B=2 total cross sections are fiat. The nucleon-nucleon
system, belonging to the 10 (I=O) and 27 (I=1) of
SU(3), is a special case. In general, the other baryon-
baryon cross sections will not be flat unless the f' and

g decouple from nucleons. We now show this result.
Let us first assume n&(n„and nf &nf, and only

SU(2) symmetry for couplings. Then the couplings in

Table I follow from assuming fiatness of f7~ in exotic
PP, PB, and PD systems. "Because of the constraints
no(n„and nz (nz, the contributions of the f' and the

g to the total cross section must cancel separately from
the other contributions. '

These couplings lead to fatness of f7~ in all the BB,
BD, and DD systems that cannot couple to the 1, 8,
and 10 of SU(3). For example, or(prr), o, (pp), and
or(Z+Z+) are predicted to be flat, while o.r(Z p) and
o.r(Ap) are not, as is seen from Table I and Eq. (2).

TABLE IV. 5-channel B=2 contributions to ImA. We omit an
over-all pz'(v/vp)n, pzyD(v/vp), or yD'(v/vp), respectively.

BB:

BD:

ImA (27) = ImA (10)=0
ImA (10)=16(Fv—Fr) (Fr+I"v —1)
ImA (8„)= (20/3) (Fv Fr) (2Fr+2Fv 1)— —
ImA (8 ) =4(Fv —Fp) (2Fy+2Fv+1)

ImA (1)= (32/3) (Fv —FT) (Fr+Fv+1)
ImA (8,~) = ImA (8a8)

ImA PS) =ImA {27)=0
ImA (10)=16{Fv—Fy)

ImA (8) =20(Fv —Fr)
ImA (35) =ImA {28)=ImA (27) =ImA (10)=0

'4V. Barger, M. Olsson, and K. V. L. Sarma, Phys. Rev. 147,
lii5 (1966).

"See, for example, V. Barger, in Proceedings of the Topical
Conference on High Energy Collisions of Hadrons, CERE, 1968
(Scientific Information Service, Geneva, 1968)."G. Zweig, CERN Report No. CERN th-402, 1964
(unpublished).

When we impose SU(3) for the couplings" we find
the results listed in Table II. Note that for Fg ——Fv,
the f' and g decouple from nucleons. Both experiment"
and the quark model" favor such a decoupling.

The non-Pomeranchuk parts of the forward spin-
averaged amplitude for meson-meson, meson-baryon,
and meson-decimet scattering are given in Table III.
The use of —=, as in ImAr r (27)—=0, indicates an as-
sumed constraint, The rest of the tables are derived
from these constraints. Table IV lists the imaginary
parts of the elastic BB,BD, and DD amplitudes, while
those of baryon-antibaryon amplitudes are given in
Table V.

The patterns of Qat and decreasing total cross
sections are essentially those found previously under
more restrictive assumptions. ' As mentioned, the con-
dition Iir = Fv which decouples f' and g from nucleons
also guarantees that all baryon-baryon total cross
sections will be fiat. Here we do not have to assume
the absence of activity in B=2 channels.
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TABI.K V. S-channel baryon-antibaryon contributions to Imd.
Normalizations as in Table IV.

BB:

BD:

DD:

ImA(27) =4(Fr+Fv —1)~

ImA (10) =ImA (10) =4(Fr+Fv+1) (Fr+Fv —1)
ImA (8») = (32/3) (Frm+F v2) +8FrF v —(4/3) (Fr +Fv) —8/3
ImA(Saa) =16(Fr +Fv ) +8FrFv —12(Fr+Fv)+8

ImA (1) = (76/3) (Fr2+F v2) +8FrF v —(56/3) (Fr +Fv) +44/3
ImA (Ssa) = ImA (Sas) = (4+5) (Fr~+Fv~ —Fr —Fv)
ImA (35) =0
ImA (27) =16(Fr+Fv —1)

ImA (10) =8(Fr+Fv+1)
ImA (S) =16(Fr+Fv) +4

ImA (64) =0
ImA (27) =28

ImA (8) =48
ImA (1) =60

The choice F&+Fv=1 eliminates activity in the
10, 10, and 27 BB channels. However, this gives un-
acceptable its to high-energy data. ' ' For example,
experiment shows that "

singlet trajectory must decouple from the pseudoscalar
octet I' merely by virtue of charge-conjugation in-
variance. Hence the channels considered in Sec. II
will not tell us anything about the coupling of this
trajectory to baryons. The lost information is recovered
from the additional process

MM +M—'M', MB ~ M'F, and MD ~ M'D, (5)

where M and M' are two appropriately chosen dQ'erent
octets. The results are again those of Sec. II.

It is convenient to use the following method when
starting with exact SU(3) for both couplings and
intercepts. " Consider the scattering of two pseudo-
scalar octets. The contribution of the leading crossed-
channel Regge trajectories to the imaginary part of
the amplitude is

ImA, (E)=P (X,()~v ni, ~'(N')(s/so)~"'1 (6a)

0 r (m+P) —o.r (7rcV)„1)—
O.r (7r P) or(7rÃ) „—.2

(3)
for large s, and for large I, it is

IrnA (1V) =Q (X g)~~ r~m, ~'(cV')(u/No) ('), (6b)

where iV and cV' are SU(3) labels, (X)aviv is an element
of the SU(3) crossing matrix, 2' m, NPV) is a factorized
coupling of a trajectory of signature 7.~ to the external
octet, and a(t) is the common trajectory function.

The leading Regge trajectories which couple to the
external pseudoscalar octets are a singlet and octet of
positive signature, and an octet of negative signature.
The contributions of these trajectories to ImA(10),
ImA (10), and ImA (27) cancel if

(7)sm~'(1) = 52m~'(8, ) = (2/9)m '(8 ) .

I.et us apply the same procedure to meson-baryon
scattering. The vanishing of ImA(10) and ImA(27)
for I'8 —+ I'8 implies

sb+(1)ni+(1)+ (V's)b+(8 )~+(8 )
—(Q-,')b (8,)ns (8.)——,'b~(8, )m~(8, )=0, (8)

sb+(1)m+(1)+sib+(8, )m~(8, )—sb (8,)m (8,) =0, (9)

indicating that Fr+Fv) 2, since the ratio in Eq. (3)
is predicted to be (Fr+Fv I)/(Fr+—Fv) If Fr+Fv
were equal to 1, then o.r(7r+P) would be as flat as
ar(E+p) or or(E+n), wh. ich is certainly not the case.
Independent information about F& and F& may be
obtained, for example, from combinations of or(E p), .

ar(E n), or(E+n), and. or(E+p), from w.hich we find
the, t both Fy and F~ are at least 1.

In the elastic FD case, the choice Fr+Fv = 1 elimi-
nates the 27 activity, while the choice Fr+Fv= —1
eliminates the 10 activity. " Xo choice can eliminate
both. " The activity in the 27 of DD cannot be
eliminated. "

The presence of activity in exotic BBchannels implies
large non-Pomeranchuk contributions to such total
cross sections as O.r(Z~p). In the limit Fr=Fv one
predicts, for example, that

r(&'P) —ar(~ P)
(4)

ar(Pn) a, (pn) —2

The denominator is almost 20 mb at 6 GeV/c. '

III. NON-POMERANCHUK CONTRIBUTIONS
TO TOTAL CROSS SECTIONS:
TRAJECTORIES DEGENERATE

In the limit of degenerate trajectories we appear to
lose information because the negative-signature SU(3)

'7 G. Renninger and K. V. L. Sarma, Phys. Rev. Letters 20,
399 (1968).

I8K. J. Foley, R. S. Jones, S. J. Lindenbaum, W. A. Love,
S. Ozaki, E. D. Platner, C. A. Quarles, and E. H. Willen, Phys.
Rev. Letters 19, 330 (1967).

'9 This last result differs from one obtained in Ref. 7.
"M. Kugler, Phys. Rev. 180, 1538 (1969).
"We thus pinpoint particular exotic channels as active ones,

in contrast to the approaches of Lipkin (Ref. 8) and R. H. Capps,
Phys. Rev. 185, 2008 (1969).

where b, (1V) is the coupling of the Regge trajectory to
the external BII states. The conditions ImA (27)
= ImA (BS)=0 in PD elastic channels give

(1/4/5) d+(1)m+ (1)+(3/5v2) d+ (8)m+ (8,)
+(1/3/10)d (8)ni (8 )=0, (10)

(1/4+5) d+ (1)m+ (1)—(1/5%2) d+ (8)m+ (8,)
—(1/+10)d (8)m (8,) =0, (11)

where d, (Ã) is the factorized coupling to external DD
states.

"J.Mandula, C. Rebbi, R. Slansky, J. Weyers, and G. Zweig,
Phys. Rev. Letters 22, 1147 (1969).

"See, for example, C. Rebbi and R. Slansky, Rev. Mod. Phys.
42, 68 (1970).
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~+(1)= —(8/3)~3v~,
'i' —(8 )= (V 15)7~
nz~ (8.)= —2v3y~,

b+(1)= p&3(1 FT) 4%3Fv]pic-, —
& (1)= P3~~(1 Fv) 4~~Fr]va )— —
f.(8.) =-:(V'») (1—F.)~.,

b„(8.) = 2v3Frya, —
f (8.)=-:(v'»)(1-F.)v. ,

b (8,) = 2V3Fvyri, . —

d+(1)= d-(1) = 2h/15)7~
d (8)=d—(8)= (+30)yD

(13)

(14)

The couplings (12), (14), and (15) can be used in Eq.
(6) to compute the imaginary parts of the remaining
amplitudes. The results are identical to those of Sec.
II, given in Tables III—V.

Table II can be reconstructed from Eqs. (12), (14),
and (15) using the vector-coupling coe&cients for

24 Combinations such as A, (E p —+ E* p)~A, (E*+p ~ E+p)
will involve trajectories of definite C parity."A choice of sign is involved here. As in Sec. II, this choice
does not affect the contributions to imaginary parts listed in
Tables III, IV, or V.

The above equations do not determine b (1) or d (1).
These are obtained by choosing M and M', in Eq. (5),
to have charge conjugation opposite to that of a similar
EP state. 24 Then the octet trajectory of positive signa-
ture couples via an antisymmetric coupling denoted by
no+(8, ), the octet trajectory of negative signature
couples with a symmetric coupling nz (8,), the singlet
positive-signature trajectory decouples Lr8~(1) =0], and
a singlet trajectory of negative signature is exchanged
L~ (1)~0].

By requiring the cancellation of the imaginary parts
in the exotic channels of M3f —&31'M', MB —+ 3f'B,
and MD —& M'D, we obtain equations identical to
Eqs. (7)—(11), except for the replacement everywhere
of m by m and the interchange of + and —signature
labels. Such equations involve the couplings b (1) and
d (1), and thus give new information.

Equations (7)—(11) and their analog for rea, ctions
(5) a,re easily solved. A parametrization that we find
convenient" is

m+ (1)= —(8/3)43yi,

~+(8.)= 3 (v'15h ~,
m (8.) = —2%3pi;

5U(3)'" and the usual "ideal" mixing':

=(& l)II, =+)+(& l)I8, =~), (16)

)
fl

=(&3)I» r=+)—(&3)I8, r=~) (17)

IV. DISCUSSION AND CONCLUSIONS

We should stress that the relative lack of information
on BB resonances has led some authors~ to speculate
that activity in exotic BBchannels could be eliminated
at the price of introducing it in BB channels. Our
result shows this not to be the case. In particular (as
is clear from Table IV), we do obtain activity in
certain baryon-baryon channels when F& and F& are
not exactly equal. )As the discussion below Eq. (3)
indicates, this is irrelevant to the activity in exotic
baryon-antibaryon channels, which we show to be
present in any case.]

The factorization hypothesis is crucial to our dis-
cussion. Suppose there existed trajectories degenerate
with the leading meson trajectories but coupling only
to B and D. It would then appear possible to achieve
nearly any pattern of total cross sections. However,
unless the residues of the additional trajectories were
to change sign between the t-channel resonance region
and 1=0, they would contribute more to baryon-anti-
baryon total cross sections than to baryon-baryon
total cross sections, and would therefore not help to
make exotic baryon-antibaryon total cross sections flat.

Our results should be considered as predictions of
the shapes of the baryon-baryon and baryon-antibaryon
total cross sections. We do not insist on any particular
direct-channel mechanism (whether resonances or an-
nihilation effects) for producing the non-Pomeranchuk
imaginary parts of amplitudes. Since there is good
evidence for approximately SU(3)-invariant couplings
of Regge trajectories with F&~Fz,"' a measurement
of the energy-dependence of or(Z p) or or(h.p) would
be most useful. We expect these last two cross sections
to be as flat as O.r(pp) and 0.~(pe) if indeed Fr Fv.
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