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INTRODUCTION 

Exchange degeneracies are relations between Regge trajectories asso­
ciated with the absence of exchange forces. They arise naturally in potential 
scattering. In general, the potentials for positive and negative parity states 
are different and the Regge trajectories of the even and odd spin states are 
unrelated. However, if the exchange force vanishes, then the same potential 
acts on both parity states and the two sets of trajectories are equal, i.e., 
exchange degenerate. 

The relativistic analogues of direct and exchange forces are the forces 
produced by the exchange of particles in the t and u channels. Exchange 

1 Work supported in part by the United States Atomic Energy Commission; 
prepared under contract AT(11-1)-68 for the San Francisco Operations Office. 

• Research sponsored in part by the Air Force Office of Scientific Research, Office 
of Aerospace Research, US Air Force, under AFOSR grant 70-1866. 
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290 MANDULA, WEYERS & ZWEIG 

degeneracies between trajectories in relativistic theories are the result of 
the absence of forces in one of these crossed channels. 

Internal symmetries introduce a new degree of freedom into exchange 
degeneracies. The complete absence of exchange forces results in exchange 
degeneracies between Regge trajectories with the same internal quantum 
numbers. However, if exchange forces are lacking only in selected repre­
sentations, then trajectories with different internal quantum numbers will 
be exchange degenerate. These groupings are interesting because they cor­
relate trajectories and particles in different multiplets. 

This classificatory aspect of exchange degeneracy is the principal focus 
of our paper. The results we obtain are reminiscent of the predictions of 
higher symmetry schemes. Particles, and trajectories, in different multiplets 
are classified together, f /d and other coupling ratios are fixed, and represen­
tation mixing angles are obtained. 

In actuality observations will of course always deviate from these exact 
results, and one is faced with the problem of describing these deviations, 
j ust as one must describe the perturbations about a higher symmetry limit. 
We devote an extensive discussion to the structure of these deviations. 

We assume that the exchange forces are primarily due to single-particle 
exchange. The empirical absence of particles in certain rept:esentations gives 
the selective absence of exchange forces which underlies our exchange 
degeneracy patterns. In this context, these assumptions are called duality. 

Duality was an extension of the finite-energy sum rules (1-4). Earliest 
applications of duality were primarily to mesonic. representation mixing 
and exchange degeneracies of strange baryons (5-7) . Difficulties in the 
application of duality to baryon-antibaryon scattering were pointed out by 
Rosner (8), who suggested the existence of mesons with exotic quantum 
numbers in order to resolve them. A convenient diagramatic visualization 
of duality was subsequently introduced (9, 10) . The exchange degeneracies 
of meson and baryon trajectories were first displayed systematically by 
Capps, Rebbi, Slansky, and the authors (11-15) . 

It may be useful to point out that the view of duality taken here is quite 
different from that illustrated by the Veneziano model. There, zero-width 
resonance saturation is exact at all energies, and at any fixed momentum 
transfer, the leading Regge trajectory dominates the scattering at sufficiently 
high energies. With this stronger form of duality, exchange degeneracies are 
exact and each trajectory is accompanied by an infinite family of daughters. 
By contrast, we will emphasize the ranges of validity of nonexotic resonance 
saturation and Regge pole dominance in order to understand the deviations 
from exact exchange degeneracies. 

The second section is a discussion of the duality concept and its applica­
tions. We give a precise definition of duality which incorporates the intrinsic 
limitations of its validity. The equations which express exchange degenera­
cies are derived and a model for estimating the deviations from exchange 
degeneracy is presented. 
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In this third section the exchange degeneracies are discussed. The 
patterns of meson and baryon trajectory multiplets are given along with the 
relations among their coupling constants. Relations between total cross sec­
tions which depend on the exchange degeneracies are derived and the difficul­
ties associated with the application of duality to baryon-antibaryon channels 
are extensively discussed. 

DISCUSSION 

Duality is a hypothetical relation between direct-channel resonances 
and crossed-channel Regge poles. It is the assertion that the imaginary 
part of a scattering amplitude can be approximately calculated in two al­
ternative ways: by summing all direct channel resonances, or by using the 
Regge parametrization. The contribution of a Regge trajectory to the 
imaginary part of the scattering amplitude is (16, 17):  

1m A(s, t) = (J(t)sa(,) 1. 

where s is the center-of-mass energy squared and t the invariant momentum 
transfer squared; aCt) is the trajectory function, which passes through an 
integer when t=m2, the mass squared of a crossed-channel resonance; and 
(J(t) is the residue function, which reduces to the coupling constant squared 
of the resonance at t=m2. 

More precisely, duality is the assumption that there exist amplitudes 
with the properties: 

1 .  Their imaginary parts can be approximated by direct-channel res­
onance contributions, at least in the low-energy region. 

2. At least at high energies, Regge pole exchange also describes their 
imaginary parts. 

3. There is a region of energies and angles, called the overlap region, 
over which both these approximations may be simultaneously employed. 
Obviously, since resonant contributions are bumpy while a Regge pole gives 
a smooth energy dependence, these two descriptions can be equivalent only 
in some average sense. " An example of an amplitude satisfying duality is 
shown in Figure 1. 

All amplitudes which do not have the quantum numbers of the vacuum 
in their crossed channels are candidates for amplitudes satisfying duality. 
Diffraction scattering precludes the possibility that amplitudes with no 
quantum numbers exchanged in their crossed channels could be dual. How­
ever, Freund & Harari ( 18, 19) have conjectured that even for these pro­
cesses amplitudes lacking diffractive contributions can be constructed, 
and for these amplitudes there is a region over which the average of the 
resonances equals the Regge pole contribution. 

Even in principle, scattering amplitudes can satisfy duality only approxi-

• The concept of average equivalence can be made more precise through the finite­
energy sum rules (1-4). 
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292 MANDULA, WEYERS & ZWEIG 

FIGURE 1. A dual amplitude-the I(t) = 1 spin nonflip amplitude for forward 1rN 
scattering. The solid curve is the measured amplitude; the dashed curve is the p 
trajectory fit of Arbab & Chiu (31). (See Dolen, Horn & Schmid 4) 

mately: in the direct channel there are always nonresonant contributions 
and in the crossed channel the leading Regge trajectory never exactly 
describes the scattering.6 

. 

The duality between resonances and Regge poles is our primary dynami­
cal assumption which we will use to relate different SU(2) or SU(3)multi­

plets of Regge trajectories. The general structure of the equations which 
express duality is 

<L {all resonances in SU(2) or} )  

SU(3) representation a average 

= L 
X

ab 2: {Regge trajectories in SU(2)} 
2. 

b or SU(3) representation b 
where X is the crossing matrix which describes the direct-channel ampli­
tudes resulting from the exchange of quantum numbers b in the crossed 
channel. This equality is valid only in the overlap region. The simplest 
way to use these equations would be to know all the contributions on one 
side of the equation, and in terms of them compute the other side. There are 
many channels, sometimes called exotic, which appear to contain no res­
onances at low energies. All known mesons seem to occur in either S U(3) 
octets or singlets while baryons are found in singlets, octets, and decuplets.7 
(In the language of the quark model, all nonexotic mesons are in qq and all 

6 Since in reactions involving particles with spin, one can construct amplitudes 
which receive contributions from trajectories with only one natural parity (P( -1V) 
and PC, by leading trajectory one means the highest trajectory with each natural parity and 
PC. 

7 There are indications that strangeness +1 double-charged baryons may exist. 
I f  they exist, they are weakly coupled and quite massive so our results should be 
insensitive to their presence. 
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TABLE 1. Nonexotic resonant representations 

SU(3) representations Strangeness S U(2) representations 

Mesons: 1, 8 ° 0, 1 
±1 1/2 

Baryons: 1, 8, 10 ° 1/2, 3/2 
-1 0, 1 
-2 1/2 
-3 0 

nonexotic baryons in qqq.) Baryon number two channels are often considered 
exotic. There is very little experimental evidence about B = 2 resonances 
however, and we will not use that assumption.s Exotic SU(2) representa­
tions are those which occur only in exotic S U(3) representations (see 
Table 1). 

An illustration of the difference between exotic and nonexotic channels 
is provided by the contrast between K+p and K-p elastic scattering (Figure 
2) . In the nonexotic reaction K-p, the total cross section is very bumpy, 
and on the average falls rapidly with increasing energy. On the other hand, 
in the exotic reaction K+p, the total cross section is quite smooth and, 
except near threshold, shows very little energy variation. (The small ripples 
in K+p scattering may be associated with the opening of new channels or 

� 19.0 
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0 18.5 f--
&3 
(f) 18.0 
(f) 
(f) 
0 
0:: 17.5 u 
-.J 
;:! 17.0 
� 
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54 

:c 
S 50 
z 
2 46 
f--
&3 
(f) 42 

(f) 
(f) 
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0:: 
U 
-.J 
� 30 
o f-- 26 

O'T (K-p) 

16.5 1.0 1.5 2.0 2.5 3.0 0.6 1.0 104 1.8 2.2 2.6 3.0 3.4 
LABORATORY MOMENTUM OF 

K- MESONS (GeV/c) LABORATORY MOMENTUM OF 
K+ MESONS (GeV/c) 
FIGURE 2. Comparison of exotic and nonexotic channels. 

K+p is exotic while K-p is not. 

8 The quark model might suggest that baryon number two resonances occur in all 
representations contained in 6q. 
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perhaps with weakly coupled resonances in exotic representations.) From 
the point of view of duality, the bulk of the K+p total cross section results 
from diffraction scattering and is free from significant Regge pole terms, 
while in K-p scattering there are substantial resonant contributions which 
on the average are equal to the crossed-channel Regge poles. Although we 
may describe the difference between K+p and K-p cross sections in terms of 
duality, this contrast cannot be taken as conclusive evidence for duality 
because diffraction scattering is poorly understood. 9 

The duality Equations 2 simplify dramatically when restricted to exotic 
direct channels. Then the resonance side vanishes leaving equations relating 
only Regge parameters. 

By way of example, let us consider 11"+11"+ elastic scattering. The direct 
channel is exotic, so by assumption the imaginary part of the Regge ampli­
tude is zero. Since leading Regge trajectories with 1=0 and 1 can contribute 
in the crossed channels, the duality equation will express a cancellation be­
tween these trajectories in the imaginary part of the direct-channel ampli­
tude. Noting the form of a Regge pole contribution (Equation 1), we find that 
the duality equation is 

3. 
Since the cancellation must occur over a range of s (the overlap region), 
Equation 3 requires the two trajectories to be degenerate 

4. 
and gives a linear relation between the Regge residue functions 

s. 

An 1=0 trajectory which couples to 7r7r will have particles with 
JPo =0++, 2++, . . . i an 1=1 trajectory has particles with JPo = 1-, 
3-, .... Thus the trajectories related by duality are exchange degenerate, 
that is, their trajectory functions are equal but they have opposite signa­
ture (one trajectory has even spin particles, the other has odd spin particles) . 
The leading 1=1 and 0 trajectories which couple to 11"11" are the p and f 
trajectories and the predicted exchange degeneracy between them is well 
satisfied experimentally (Figure 3). 

This is the general character of the solutions to our null duality equa­
tions. Trajectories occur in exchange degenerate sets and linear relations obtain 
for their residue functions. 

Even in the resonance approximation, the real parts of scattering 
amplitudes for exotic (s) channels need not vanish since via the (fixed t) 
dispersion relations they receive contributions from crossed (u) channel 

9 For example, in K+p it could be that at moderately low energies diffraction scat­
tering slowly rises with increasing energy while a substantial Regge contribution falls, 
resulting in a total cross section which is essentially energy independent. 
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aU) 

FIGURE 3. p-fo exchange degeneracy. 

resonances. Hence, the simplification of the duality equations for the imagin­
ary part that resulted by restricting them to exotic channels will not occur 
for the real part of the amplitude. 

The relations we will use in this paper follow from the assumption 
that Regge pole contributions to imaginary parts of scattering amplitudes 
cancel out in exotic channels. Schematically, we may express this as 

" 
{Regge pole contribution With} 

.t....., Xab 1m = 0 
b t-channel quantum numbers b 

a an exotic representation 

6. 

where X is the crossing matrix which describes the linear combinations of 
t-channel amplitudes b that correspond to single s-channel representations 
a. The contribution resulting from the exchange of a Regge trajectory in the 
t channel is 

(r + eira(t» 
R = (3(t) . Pa(t)(cos (Jt) 

sm 7ra(t) 
7. 

where T, the signature factor, is + 1 when even spin particles occur on the 
trajectory and -1 when the particles have odd spin.lo 

For fixed t, the behavior of Pa(t) (cos (Jt) at large \ s \ is 

Pa(t)(cos (Jt) ,-...., saC,>, S -? 00 
8. 

10 Signature +1 baryon trajectories have particles with spin 1/2, 5/2, 9/2, . . . •  
while signature -1 baryon trajectories have particles with spin 3/2, 7/2, .... 
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Therefore, duality gives 

L (X.t)ab L I1kb(t)sa�(t) = 0 
, b k 

where a is an exotic s channel and 

L (Xut)ab L rkbl1kb(t)ua�(t) = 0 
b k 

where a is an exotic u channel. 

9. 

10. 

The validity of these equations depends upon the compatibility of the two 
different approximations, Regge pole dominance and nonexotic resonance 
saturation. Equivalently, the regions in s or u in which they are valid 
(for fixed t) may be regarded as the overlap between the regions in which 
Regge pole dominance and nonexotic resonance saturation are eaeh separ­
ately valid. If these approximations are very accurate and if the overlap 
region is large, one would expect the exchange degeneracies to be more 
accurate than if the overlap region were small. 

If duality is valid over a very large energy region, the trajectories which 
cancel against one another must have essentially the same energy depen­
dences sakO(t), which is to say the same trajectory functions akb(t) . Removing 
the common factor sa from the high-energy behavior of the imaginary part 
of the amplitudes leaves the linear relations among the residue functions of 
the exchange-degenerate trajectories: 

for a an exotic s-channel representation, and 

L (Xut)ab L Tkb/3kb(t) = 0 
b k 

11. 

12. 

for a an exotic u-channel representation. The solutions to these equations 
determine the representations and signatures of the trajectories which are 
exchange degenerate with each other (or at least minimal patterns of trajec­
tories), since a nonvanishing (3kb(t) requires the presence of a trajectory 
with its quantum numbers. The solutions also give relations between the 
couplings of those trajectories. 

If the region over which duality is valid is less extensive, the energy 
dependences coming from the trajectories need not match as well, and so 
the trajectories can be less closely degenerate. Similarly, if the equations 
need not be satisfied so accurately, the couplings may differ from their ex­
pected val ues. 

Even though we are concerning ourselves with exotic direct channels, 
the region of nonexotic resonance domination is crucial because our equa­
tions assert that Regge trajectories make a small contribution to exotic 
channels relative to their contributions to nonexotic channels. The existence 
of high-mass exotic mesons would have exactly the same effect as the failure 
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of resonance saturation, since in either case, above some energy exotic channels 
would cease to be depressed relative to ordinary ones. Such high-mass mesons 
could couple to ordinary mesons without seriously disturbing the mesonic ex­
change degeneracies. 

The accuracy of the exchange degeneracies also depends, obviously, 
on thc size of the individual Regge pole contributions. The reason again 
is that duality is only approximate, so greater cancellations will be required 
when the individual terms are large. Since it appears experimentally that 
lower trajectories contribute less than leading ones, we might expect that 
their exchange degeneracies are less accurate. 

From the assumptions that underlie the duality equations 9 and 10, 
we would expect that they are valid only in a fairly narrow range of t. One 
limitation on their validity is that the simple form of the imaginary part 
of a Regge contribution given in Equation 1 is correct only when the imagin­
ary part of the trajectory function a is zero. When 1m a is nonzero, the 
Regge contribution is more complicated, and so reliable information can 
be inferred from the equations only for small or vanishing 1m a, i .e., the 
region between t slightly negative and t slightly above the crossed-channel 
threshold. [Of course, were duality an exact principle, we could infer that 
exchange-degenerate trajectories had identical trajectory functions-both 
real and imaginary parts. It is not exact however, and over a finite 
range of s differences in the real parts of a(t) can be masked by differences 
in the imaginary parts. ] Another source of difficulty is that at negative t 
the cuts resulting from simultaneous Regge pole and Pomeranchuk ex­
change lie above the leading pole (20-22). Even though these cuts may be 
weaker than the poles, at sufficiently negative t they will distort the Regge 
contribution. 

A natural boundary to the region in momentum transfer where reso­
nance saturation is valid might be the place where the partial wave series 
diverges-the boundary of the larger Lehman ellipse. One fears that reson­
ance saturation may become quite inaccurate should one stray too near the 
crossed-channel threshold. 

The import of these remarks is that the duality equations can only be 
considered to have been derived in a finite range of momentum transfers. The 
region extends from slightly negative t to the positive value of t at which 
either the crossed-channel reaction becomes significantly inelastic or the 
imaginary part of the trajectory function becomes large. Since a large portion 
of this region may be absolutely inaccessible experimentally, one may 
ask how the exchange degeneracies are to be tested. Much of the pheno­
menological utility of these results rests on our ability to extrapolate trajec­
tory and residue functions. We will test our results in the particle region 
by assumin'g the experimentally supported facts that trajectories are 
approximately linear in m2 and that the ratios of residue functions vary 
smoothly. 

There appears to be great variation in the accuracies of the predicted exchange 
degeneracies. For mesonic trajectories, this variation seems correlated with 
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the threshold of the reaction from which the exchange degeneracy is de­
duced. One can make hierarchies of resonating channels, ordering them 
according to increasing threshold, the mesonic channels being pseudoscalar­
pseudoscalar meson (PP), pseudoscalar-vector (PV), vector-vector (VV), 
baryon-antibaryon (BB) , decuplet-antibaryon (aB) , and decuplet-anti­
decuplet (M), and the baryonic channels being PB, Pa, VB, and Va. This 
hierarchy is reflected in the precisions of the exchange degeneracies derived 
from these reactions. The precision of an exchange degeneracy is determined 
by the best reaction from which it can be deduced.ll The ones coming from 
PP are the best, those from PV not as good, those from VV fairly bad, and 
some of the trajectories predicted from BB, BLi, and M have not been 
observed. Such a correlation with thresholds would be expected if the region 
of validity of nonexotic resonance saturation were essentially the same for 
all direct channels with the same quantum numbers while the Regge region 
depended strongly on the threshold. 

The exchange degeneracies that follow from the application of duality 
to BB, BLi, or aLi direct channels seem to be very badly violated. These 
channels give both mesonic and baryonic exchange degeneracies, through 
reactions like BB-+BB and BB-+PP. When BLi and aLi channels are con­
sidered, it is impossible to satisfy the exchange degeneracy relations with 
only singlets and octets of mesons (8) . Those reactions require that mesonic 
trajectories in S U(2) and S U(3) repres entations usually considered exotic 

lie not too far from (but certainly not degenerate with) ordinary mesonic 
trajectories. No such mesons have been observed. Although ordinary 
baryonic trajectories are sufficient to satisfy the exchange degeneracy con­
straints coming from annihilation channels, these constraints require many 
unobserved baryons and baryonic trajectories. The most spectacular 
prediction is that there be an 1=1/2 nonstrange baryon resonance with 
JP = 3/2+ approximately degenerate with the a(1238). No such state has 
been seen up to the present limit of phase-shift analyses. 

The predictions coming from BB, BLi, and M channels are of such a 
different quality from the other exchange degeneracies that we are prompted 
to segregate these into a separate subsection (page 312) and to consider 
only meson-meson and meson-baryon direct channels in the principal cal­
culations of this paper. The poor quality of the predictions coming from 
baryon-antibaryon channels may be related to their very high thresholds 
(for channels with mesonic quantum numbers). 

The failure of these exchange degeneracies presumably implies either 
that resonance saturation will be a bad approximation to reactions with baryon­
antibaryon channels or that in these reactions exotic mesons will appear near 
threshold. If reactions like BB-+mesons are not dominated by single resonance 
intermediate states, the Argand plots for these reactions will not show the 

11 For example, although the exchange degeneracy between the p and! trajectories 
can be inferred from 1r1r--+1r1r, 1r1r--+PP, pp--+pp, etc, the first reaction will determine the 
precision of the exchange degeneracy. 
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PATTERNS OF EXCHANGE DEGENERACIES 299 
rapidly varying circular structures characteristic of resonance-dominated 
processes (23). On the other hand, if resonance saturation is a good approxi­
mation in all reactions at all energies, then resonances will occur in all S U(3) 
representations. The mass at which a given S U(3) representation first occurs 
will increase with the number of qq excitations in its quark wavefunction. 

EXCHANGE DEGENERACY EQUATIONS 
MESON TRAJECTORIES AND THEIR COUPLINGS 

Trajectories.-First we consider the elastic scattering of octets of mesons, 
M, + Mt'--4M2 + M.' (Figure 4) . The t channel is taken to contain factorized 
Regge trajectories while the absence of resonances with exotic quantum 

M2 M� 
\ I 

\ I 
\ / \ I 
i � f  

I \ I \ 
I \ 

I \ I \, 
M1 i M1 

5 

FIGURE 4. Meson scattering with factorized Regge trajectory 
exchange in the t channel. 

numbers is imposed in the s and u channels. This leads to the following 
exchange degeneracy equations: 

L (Xst)ab L (3kb(t)SOlkb(t) = 0 
b k 

L (Xut)ab L Tkb{3kb(t)uakb(,) = 0 
b k 

9. 
b 10, 10,27 

10. 

Since these equations hold for a range of s or u, trajectories must occur in 
exchange-degenerate sets {k,b} with their couplings constrained by 

L (Xst)ab 2: (3kb(t) = 0 
b k 

2: (Xut)ab 2: Tkb{3kb(t) = 0 
b k 

11. 

12. 

We solve for the simplest possible sets {k,b} of trajectories whose couplings 
permit a solution to these equations. Factorization allows us to write the 
{3 as products of two Reggeon couplings. These couplings are written as 
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300 MANDULA, WEYERS & ZWEIG 

s±, d±, andf± corresponding for each signature (±) to SU(3) singlets, octets 
coupling symmetrically, and antisymmetrically.12 

Each type of coupling may arise through the exchange of a trajectory 
of either positive or negative signature. We therefore introduce for each 
type of coupling a two-dimensional vector v = (v+, v-) whose components 
are proportional to the coupling strengths of the positive or negative signa­
tured trajectories. In terms of these vectors, the s-channel equations (11) 
become 

Sr Si - 3fr d. + 3dr f; - 2dr di = 0 

S,. S, + 3f,. d, - 3dr fi - 2d,. d, = 0 

Sf" Si + df" d .. - 3ff"fi = 0 

where the normalizations are defined in Appendix 1. 

13. 

Since in the u-channel, trajectories of opposite signature contribute 
with opposite sign, it is convenient to define a new coupling vector v' derived 
from v by 

The u-channel equations ( 12) are then written as 

Sf" S/ + 3ff" d/ + 3df" f/ - 2dr d/ = 0 

Sf" S/ - 3fr d/ - 3d/" f/ - 2dr d/ = 0 

srs/ + df"d/ + 3frf/ = 0 

Solving these equations first for i=f, we find 

S2 = 2d2 
£2 = d2 

14. 

15. 

16. 

from the s-channel equations and because of charge conjugation either 

f+ = d_ = s_ = 0 17. 
or 

18. 

from the u channel. The general character of both solutions is an octet 
exchange degenerate with a no net. If the charge conjugations of the external 
octets in the t channel are C1 and C2, the nonet trajectory will have C = + C1 C2 
(since it couples symmetrically, i.e., d type) while the octet will have 
C= -C1C2 (since it couples antisymmetrically, i.e., f type) (24). The argu­
ment holds for each natural parity. In particular, PP-'>PP gives 8 vector 
trajectories (JPc" = 1-, 3-, . . . ) exchange degenerate with 9 tensor tra­
jectories (2++, 4++, . . .  ). Isolating positive natural parity exchanges in 

12 The factored residue function of a singlet trajectory of positive signature would, 
for example, be written as {hl�SI+Si+. 
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PATTERNS OF EXCHANGE DEGENERACIES 301 
PV---7 VP,13 however, leads to 9 vectors exchange degenerate with 8 tensors. 
Consideration of the two reactions forces no nets of both vector and tensor 
trajectories. Similarly, for negative natural parity exchanges, PV---7VP and 
VV---7 VV yields for each charge conjugation exchange-degenerate nonets. 
For either natural parity, no nets of exchange-degenerate trajectories will 
also satisfy the constraints coming from the inelastic reactions P P---7PV 
and P V ---7 V V. The fact that mesons occur in nonets, at least on all leading tra­
jectories, confirms the structure predicted by duality. 

The overlap region where both Regge pole dominance and nonexotic 
resonance saturation hold is expected to be much larger for P P---7P P 
than for VV---7VV. Therefore, the predictions derived from PP---7PP 
should be more accurate than those from VV---7 VV. A measure of the accur­
acy of these predictions is the amount of singlet-octet mixing. Since exact 
duality requires singlet-octet degeneracy, strong mixing will occur when 
5U(3) symmetry breaking is introduced. If duality is badly broken, how­
ever, the singlet and octet will be widely split and should not mix appreciably. 

The large amount of mixing observed in the vector and tensor nonets 
indicates that duality is well satisfied in the reactions P P---7P P and PV ---7 VP. 
The weak mixing present in the pseudoscalar nonet suggests that duality 
is badly broken in VV-" VV. This leads us to predict strong mixing for the 
1+- and 2- multiplets since their nonet structure is required by PV---7 VP. 
Weak mixing should occur in the 1++ multiplet since the singlet-octet de­
generacy that would be required here comes from the reaction VV---7 VV. 
Specifically, the 1++ octet must satisfy the Cell-Mann-Okubo mass formula 
(without mixing) . Consequently, the D(1285) together with the Al(1070) and 
the K*(1240) forms an unmixed 1++ octet. Indeed, 

4m2(K*) - m2(Al) 
m2(D) = ------3 
1.65 "'" 1.67 

19. 

Furthermore, assigning the D to a weakly mixed octet allows for its pro­
duction in 7rN reactions as well as its decay into 0(960) +7r. Both features 
are observed experimentally (25) . 

All 5U(3) symmetric results for meson trajectories are summarized 
in Table 2. 

Couplings.-In this section we first discuss the coupling patterns pre­
dicted by exchange degeneracy for meson vertices. Factorization of the 
leading vector-tensor trajectory and the absence of exotic resonances in 
meson-baryon scattering then leads to predictions for meson-meson, meson­
baryon, baryon-baryon, and baryon-anti baryon total cross-section differ­
ences. 

13 The direct channel P P-> VV is used only to fix the signatures of the trajectories 
which couple to P V. 
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302 MANDULA, WEYERS & ZWEIG 

TABLE 2 Summary of SU(3)-symmetric results for leading trajectories 

A. Degeneracy patterns 
Mesons: Exchange-degenerate nonets of opposite P and C. 

Baryons: (a) Negative natural parity: 10 exchange degenerate with S. 
(b) Positive natural parity: S exchange degenerate with lEBSElHO. 

B. Specific degeneracies and tlw reactions giving them 
Meson trajectories related 

Reaction 
C= +CIC2 (d coupling) 

I 
C= -CIC2 (f coupling) 

pp-->pp 9 (2 ++) � 8 (1--) 

9 (1--) � S (2++) 
PV-.VP 9 (1 +-) � 8 (0-+) 

9 (2--) � S (1 ++) 

VV-> VV 9 (0-+) � S (1 +-) 
9 (1 ++) � S (2--) 

Reaction Baryon trajectories related 

PB-->BP 10 (3/2+)<=}S (5/2-) 
8 (1/2+)�(IEBSEBI0)(3/2-) 

Pf!.-->f!.P 10 (3/2+)�8 (5/2-) 
8 (1/2+)<=}(SEBlO)(3/2-) 

Equation 16 implies that the linear combination 

I Q) = 1 � 1 1, Y = 0, I = 0) -/� I 8, Y 

of 2++ si nglet and octet decouples from 7r7r since 

1 1 I 7r7r) � --= 11) - _ /-5 I 8.) 
2y2 v 

s= v'2d 

0, I 0) 20. 

16. 

Since f'(1550) does not couple strongly to 1f'1f', we identify I Q) with 

14 The phase in Equation 16 is chosen so that the conventional relative phases in 

the expression for I Q) are obtained. 
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PATTERNS OF EXCHANGE DEGENERACIES 303 
f'. The linear combination of singlet and octet is precisely that obtained 
in the quark model version of S U(3) breaking. There, the f' transforms like 
a pure AX state. A graphical representation (26) of the selection rule f'-++rr7r 
is given in Figure 5. The rules for drawing quark graphs are summarized 
in Appendix 2. 

The reaction PV-->VP requires additional 1-, 1+-, and 2- nonets. 
Since on the S U(3) level the overlap region for PV-->VP is expected to 
be smaller than for PP-->PP, mixing in these nonets is a priori somewhat 
weaker than in the tensor nonet. The overlap region, however, depends on 
the masses of the external particles, and an examination on the SU(2) level 
of the reactions governing the exchange degeneracies indicates that the 

ALLOWED 

+ .". .". 
� � 
n p p ii 

'V 
A 

A X 
'-T"' f 

FORBIDDEN 

FIGURE 5. Quark model connectedness rule; f' +71"11". 

1- and 2++ mixing are essentially on the same footing, and distinguished 
from that of the 1+-- and 2- nonets (see Table 3) . 

Specifically, A2-f degeneracy follows from 7r7r-->7r7r and KK-->KK 
while p-wdegeneracy comes from 7rp-->p7r and KK-->KK. Both 7r7r and 7rp 
are the lowest-threshold reactions for the respective G parities. In the quark 
model these degeneracies are equivalent to the selection rules f'-+-t7r7r and 
q,-+-tp7r. 

The 1= 1, 1=0 degeneracy in the 1 +-- and 2- nonets, on the other 
hand, would only follow from the higher-threshold reaction KK*--> K* K. 
We therefore expect these degeneracies to be less accurate than those of the 
vectors or tensors. Presently, there is no experimental evidence bearing 
on this point. 

The mixing in the pseudoscalar 0-+ and axial 1++ no nets is expected 
to be even weaker. The 7r-1] and AJ-D degeneracy would follow only from 
the reactions KK*-->K*K and pp-->pp. Indeed, the 7r-'Y/ degeneracy is badly 
broken and the 7r, K, and 'Y/ form a relatively pure octet. We predict the 
same behavior for the 1++ states: AJ(1070) , K*(1240) , and D(1285). Our 
predictions for mixing are summarized in Table 3. 
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304 MANDULA, WEYERS & ZWEIG 

TABLE 3. Meson mixing 

Strength 
Degenerate states in 

Reactions 
Prototype "quark model" 

of meson giving 
mixing 

exact duality 
degeneracies 

M2formulaa 

Strong A2-j 7r1r�7r7r w=p 
KK->KK cf>=2K*-p 

p-w 7rp--+p7r 
KK-> KK 

Inter- B-(I=O, 1 +-) 7rP�P7r (H-B)(H'-B) 
mediate (I=1, 2--)-(I=O, 2--) K*K-> KK* =t(KA -B)(H' +H -2KA) 

Weak 7r-(I=O, 0-+) pp->pp 3'7+7r 
A1-(I=O, 1 ++) K*K->KK* K=--

4 

a If SU(3) is broken as in the quark model, then our broken duality predictions 
for the amount of mixing may also be tested with these mass formulas (29). 

A l eading factorizable exchange-degenerate vector-tensor trajectory 
with the coupling pattern dictated by Equations 13 and 15 predicts the 
total cross-section relations 

tTt(1r+1r-, nondiffractive) = 2 tTt(1r+1r°, nondiffractive) 

= 2 tTe(lI'+K-, nondiffractive) 

or, since diffraction corresponds predo minantly to I = 0 exchange15 

tTt(1r+1r-) - tTt(1r+1r+) = 2[tTt(1r+1r°) - tTt(1r+1r+)] 

= 2[tTt(1r+K-) - tTt(1r+K+)] 

The graphical representation of Equation 21 is given in Figure 6. 

21. 

22. 

Next we consider the scattering reactions PB�PB. Factorization and 
the absence of 10 and 27 in the direct channel lead to the following con­
straints on the couplings of the vector (V) and tensor ( T) trajectories to BB: 

(T) (Tl (Tl SBB = dBB ± 3fsB 
(T) (T) (V) (V) 

dBB - fsB = ± (dBB - fBB) 

We then obtain the total cross-section relations16 

23. 

16 The total cross-section data from Serpukhov might suggest the presence of a 
small I = 1 component to diffraction. 

16 Equation 24 can be derived from various assumptions. See H. J. Lipkin, Proc. 
Heidelberg Int. Conj. Elementary Particles, ed. H. Filthuth. 
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lip 
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+ 

pn 
� 
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.". 

FIGURE 6. Quark graph derivation of the meson scattering total 
cross-section relations, Equation 21. 

utClI·-p) - Ut(7r+p) = ut(K-p) - ut(K-n) 

ut(K+p) = ut(K+n) 

305 

24. 

This last relation follows directly from the absence of a nondiffractive 
imaginary part in the 10 and 27 representations. 

If, in addition,  we assume the ffd ratios of the vector and tensor cou­
plings to BB to be the same, the f' decouples from NN and 

Ut(7r-P, nondiffractive) = ut(K-p, nondiffractive) � 2 fBB 

Ut(7r+P, nondiffractive) = ut(K-n, nondiffractive) � fBB - dBB 

These relations are represented by the quark graphs in Figure 7. 

25. 

Similarly, again assuming equal f fd ratios for the vector and tensor cou­
plings to BB, consideration of PB--7 VB implies tjJ--7NNY This is also sug­
gested by quark graphs and appears to be confirmed experimentally. 

Equalffd for the vector and tensor trajectories, together with factoriza­
tion, also implies that (27) 

Ut(BB, nondiffractive) = 0 26. 

Our results for total cross sections, together with some tests of factoriza­
tion, are summarized in Table 4.  

BARYON TRAJECTORIES AND THEIR COUPLINGS 

Trajectories.-To determine the baryon exchange degeneracy patterns, 
we consider the scattering of octets of mesons off octets or decuplets of 
baryons. Baryon trajectories are exchanged in the s channel, and we impose 

17 Although the 4> is not observed in the backward reaction 7rN�N4>. this suppres­
sion is not a definitive test of the selection rule, since the exchanged nucleon is off the 
mass shell. 
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FIGURE 7. Quark graph derivation of the meson-baryon scattering total cross-section relations, Equation 25. 
(See Appendix 2 for rules.) 
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TABLE 4. Summary of total cross-section results 

A. Factorization tests 

[IT'(1I"-p) - IT'(1I"+p)]2 = HIT,(1I"+1I"-) - IT,(1I"+1I"+) HIT,(pp) - IT,(pn) J 

= IT'(pp) - IT,(pp) + IT,(pn) - IT,(pn) 

B. A ntisymmetric sum rule 

IT,(".-p) - ITt(1I"+p) = IT,(K-p) - ITt(K+p) + ITt(K+n) - ITt(K-n) 

C. Cross sections for exotic reactions 

ITt(K+p) = ITt(K+n) 
IT,(pp, nondiffractive) = ITt(pn, nondiffractive) = 0 

D. Explicit formulas for MM ..... MM and MB ..... MB nondiffractive cross sections 

Relative 
Reaction 

1I"-P ..... 1I"-p 
".+p ..... ".+p 
K-p ..... K-p 
K-n ..... K-n 

cross sections calculated 
from quark graphs 

2 

1 
2f 

f-d 
2/ 

f-d 

the absence of imaginary parts in exotic u channels (MJi). Since nonexotic 
resonance saturation is not expected to hold in BJi-tMM (resonance 
saturation may fail or exotic mesons may become important in these high­
threshold reactions) , sizable imaginary parts may be present in exotic t 
channels. We therefore do not include the constraints coming from the 
absence of exotic t-channel representations. 

We are then left with the following sets of equations: 

L: (X".)ab L: Tkb{3kb(s)uakb(.) = 0 
b k 

27. 

where the exotic u-channel representations a are, respectively, �O and 27 
for M1+B-tM2+B, 27 for Ml+B-tM2+.1., and 27 and 35 for M1+.1.-tM2 
+.1.. The mesons M; are either pseudoscalar or vector octets. 
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308 MANDULA, WEYERS & ZWEIG 

A solution to these equations over a range in u requires sets {k,b I of 
exchange-degenerate baryon trajectories whose couplings satisfy 

28. 

We introduce two-dimensional coupling vectors for the baryon trajec­
tories, s, f, d, t at the meson-baryon vertex corresponding to the exchange 
of a singlet, an antisymmetric octet, a symmetric octet, and a decupletj 
E, T at the meson-decuplet vertex corresponding to the exchange of octet 
and decuplet trajectories (see Figure 8). Once again the first and second 

M 
" "" " " 

B 

Trajectory 

M /::,. 

"� 
" " " " " 

alE) 
1,Sl<T) 

Trajectory 
FIGURE 8. Factorized couplings of baryon trajectories to MB and MD.. 

components of each vector refer to the exchange of trajectories with posi­
tive and negative signature; primed vectors are also defined as for the mesons 
(Equation 14) . With the normalizations of Appendix I ,  the baryon exchange 
degeneracy eq ua tions read: 

no lOu 
no 27u 

no 27u 

or 

no 35u 

Sr s/ + 3fr d/ + 3dI' f/ - 2dr d/ - 3tr t/ = 0 
29. 

Sf'S/ + drd/ + 3ff'f/ + tf't/ = 0 

Ej'd/ - Ej'f;' + Tj't/ = 0 
30. 

31. 

4ErE/ + 3Tf·T/ = 0 

Starting with the scattering of pseudoscalar mesons (Ml=M2=P) 
off baryons, we look for sets of leading factorizable trajectories which 
satisfy these equations. 

Excluding the trivial cases where all backward channels vanish in a 
reaction, the solutions with four or fewer trajectories are: 
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(i) 8 {=} 10 (vi) 8 {=} 1 $ 8 $ 10 

(ii) 8 {=} 8  (vii) 1 $ 8 {=} 8 $ 10 

(iii) 8 {=} 8 $ 10 ( viii) 1 $ 8 {=} 1 $ 8 

(iv) 10 {=} 8 $ 10 (ix) 8 $ 10{=} 8 $ 10 

(v) 8 {=} 8 $1 

Since no other multiplet has the same spin and parity as the Ll(1238) near 
its mass, the �, the leading negative natural parity trajectory, must be 
associated with solutions (i) or (iv). Noting that the only 5/2- multiplet 
seen is the 1690 octet, we must choose the first solution (8{=}10) for the �. 
Similarly, the nucleon, the leading positive natural parity trajectory, must 
be associated with solutions 0), (ii), (iii), (v), or (vi). At around the mass 
expected for the exchange-degenerate recurrence of the nucleon octet, a 
3/2- octet and singlet are observed. This would prompt the choice of the 
fifth solution (8{=}8$1) for the nucleon. We could also include the heavier 
3/2- decuplet at 1690 MeV (as would be expected in the quark model), 
giving the sixth solution (8{=}1 $8$10). Both solutions will be considered 
in more detail. 

If we choose the sixth solution for the nucleon trajectory, the asymmetry 
between the exchange degeneracy patterns for positive and negative natural 
parities can be easily understood in the language of S U(6) X 0(3): we then 
have the exchange degeneracy of the 56 L = 0 with the 70 L = 1, the doublet 
and quartet states being separately exchange degenerate. is In fact, the solutions 
show that the 56 L = 0 must be accompanied by at least an exchange-degenerate 
70 L= 1. 

In the SU(3) limit, the deviations from exchange degeneracy are ex­
pected to be larger among the positive natural parity trajectories than among 
those of negative natural parity since for the same reactions more trajec­
tories have to approximately cancel. 

When several trajectories are coupled through an exchange degeneracy 
equation, the pattern of deviations from exchange degeneracy depends on 
their relative couplings. If two are more strongly coupled than the others, 
the two strongly coupled trajectories will be closely exchange degenerate, 
while the largest deviation is to be expected for the trajectory with weakest 

18 Decomposing SU(6) representations into SU(3)XSU(2) multiplets, we have 

56 � 8(S = 1/2) EB 10(S = 3/2) 

70 � (1 EB 8 EB 10)(S = 1/2) EB 8(S = 3/2) 

20 � 8(S = 1/2) EB 1 (S = 3/2) 

where we refer to the S = 1/2 and 3/2 states as doublets and quartets. 
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310  MANDULA, WEYERS & ZWEIG 

TABLE 5. Deviations from exchange degeneracy: Baryons· 

Natural parity Average t:.M2 Percent of 
= t:.a/a' (BeV') decay to PB 

Negative: 
10 (312+)�8 (5/2-) 8 (5/2-) 0 . 15 50% 

Positive: 
8 (1/2 +) �l EB8 EB IO (3/2-) 1 (312-) 0 . 1 90% 

8 (3/2-) 0 . 4  50% 
10 (3/2 -) 0 . 9 15% 

a The exchange degeneracy is more precise for the negative natural parity trajec­
tories. The hierarchy of exchange degeneracies for positive natural parity trajectories 
reflects the spectrum of coupling strengths to PB. Linear trajectories have been 
assumed in the computation of t:.M". 

coupling. A spectrum in coupling strength will, therefore, lead to a hierarchy 
in the deviations from exchange degeneracy. 

This hierarchy is confirmed in the reaction PB-'>PB. Experimentally, 
the 8 (1/2+) and 1 (3/2-) traj ectories couple most strongly to PB, and their 
exchange degeneracy is th e  most accurate. The coupling of the 8 (3/2-) is 
weaker, and it is further from the nucleon trajectory. If one includes the 
10 (3/2-) in the exchange degeneracy pattern, we would note that its 
coupling to PE is weakest, and it is the furthest from the nucleon traj ectory. 

Additional constraints on the 10 (3/2-) trajectory may be derived from 
the reaction PA-'>PA. However, this reaction should lead to less accurate 
exchange degeneracies, since its threshold is higher. This again implies 
that the 10 (3/2-) will be far from the other exchange-degenerate trajec­
tories as observed experimentally. 

A summary of the exchange degeneracy patterns in the S U(3) limit is 
given in Tables 2 and 5 .  

Couplings.-The exchange-degenerate set 10 (3/2+) <=}8(5/2-) will satisfy 
Equations 29, 30, 3 1  only if the f/d of the baryon octet is - 1/3. This ratio 
holds for couplings either to pseudoscalar or vector mesons. It may be 
measured either through the decay modes of the particles lying on the 
traj ectory, or in backward scattering. I t  im plies, in particular, the suppres­
sion of the coupling gA*NK (and g"e*s�) as appears to be the case for the 5/2-
octet. A detailed study (28) of all 5/2- decay modes gives f/d <=:: -0.2.  

The explicit solution is given in Table 6 and expresses all six couplings 
in terms of two parameters. 

In both of the exchange degeneracy patterns for the positive natural 
parity trajectories, all presently measurable coupling ratios are arbi­
trary except in singular cases. The couplings do not, unfortunately, pro-
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PATTERNS OF EXCHANGE DEGENERACIES 31 1 
TABLE 6. Baryon couplings 

A. Coupling patterns 

1 .  Negative natural parity trajectories == 10(3/2+) <=> 8(5/2-) 

d = (d, O) 
1 f =  - - d  3 

T == (0, T) 

t = (0 + 2 d) , - V3 
2. Positive natural parity trajectories == 8(1/2+) <=> (1 EB 8) (3/2-) 

E == (E" ± E,) 

3. Positive natural parity trajectories == 8(1/2+) <=> (1 ffi 8 ffi 10) (3/2-) 

E = (E1 = ± ,(E22 + 3�2 , E2)" T = (0, T) 
4t E f == d - 3T 

t = (0, t) 

s = (0, ± 2 ,( (dl - t:' r - (d2 - t:
2 
r 

a We only give the solution with Tr'O. 

B. F /D ratios and suppressed decays 

Natural F/D F/D Octet 
parity theoreticalb experimen tal 

- 8(5/2-) 1 - 0 . 2  - a  

8(1/2+) ",1 0.6 -> 1 

+ 8(3/2-) ",1 1 . 2  

8(5/2+) ",1 1 . 2 

b For the positive natural parity solution 8<=}1 ffi8� 10. 

Suppressed 

decays 

A· -f+ NK 
Z* + Z,., 

� -f+ NK 
Z + Z1r 
�. -f+ NK 
:a:* --ft- 31r 
�. -f+ NK 
Z· -f+ Z7r 
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3 1 2  MANDULA, WEYERS & ZWEIG 

vide us with the means of choosing between these two solutions. I t  is inter­
esting, though, that there is a nontrivial relation between the couplings in 
the (8)¢=}(1 EB8EB 10) pattern. The fact that the 10 (3/2-) couples weakly 
to PB even though it is very broad and so presumably strongly coupled to 
Ptl. requires that the! /d ratios along both octet trajectories be approximately 
one. 

Experimentally, the f /d ratios for the couplings of the 3/2- and 5/2+ 
octets to P B are each .--.1 .2  (28) while the f /d ratio of the nucleon octet 
is between 0.6 and 1. Of course, these f /d ratios are quite compatible with 
the smaller solution (8)¢=}(1 EBB) as well. 

An f /d value near 1 means that the couplings g2:KN and gEE" are sup­
pressed. For the 8 ( 1/2+) , g2:KN/gAKN is small, while for the 8 (3/2-) , �* 
( 1660)�KN and Z*(1820) � Z1r. The corresponding decays for the 8 
(5/2+) are poorly determined . 

All results for baryon couplings are summarized in Table 6. 

BARYON·ANTIBARYON CHANNELS 

Additional baryon trajectories must be introduced when baryon­
antibaryon channels are included along with meson-baryon channels. Some 
of these extra trajectories have not been seen. All may be chosen to be in 
1 , 8, or 10  SU(3) representations. By contrast, the consideration of baryon­
antibaryon channels for meson exchange degeneracies allows no solution 
with only 1 and 8 of mesons; exotic mesons are required. 

One might think that since exotic mesons are needed to satisfy these 
equations, it is not reasonable to retain the information coming from the 
absence of exotic channels in our previous calculations. However, if these 
exotica are very massive, there will still be an extensive (overlap) region 
where the dual approximations of Regge pole and nonexotic resonance 
dominance will be valid. 

It is important to point out that the predictions coming from baryon­
antibaryon scattering, suitably interpreted, do not offend present obser­
vations. Certainly the evidence against a strongly coupled low-mass '70 
L = O+ baryon supermultiplet is strong, as is that against prominent low­
mass exotic resonances. As exchange degeneracies, the predictions coming 
from these channels seem very badly violated. But if the intrinsically 
approximate nature of duality is taken seriously it would be quite natural 
for the additional resonances to be shifted to higher masses. I t  is entirely 
possible that the new states required to satisfy duality in baryon-antibaryon 
reactions (and even in exotic resonance scattering) are all present, although 
at higher mass. I t  may be that for classifying particles duality is applicable to 
all reactions. 

Additional baryons.-A simple example of the fact that additional baryon 
trajectories are required when the annihilation channel (BB---'>MM) equa­
tions are added to those of the meson-baryon channel is provided by pseudo­
scalar meson- decuplet scattering. There are only two independent conditions, 
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PATTERNS OF EXCHANGE DEGENERACIES 

one each from the reactions M--)P P and PIl-4IlP. 

2E · E  - 3T · T  = 0 
4E · E' + 3T · T' = 0 

313 

I t is apparent that these equations require that an octet of the same 
signature as the Il be present, for if it is not (E- = O), elimination of the 
Et coupling between these equations gives (1 is the Pill. coupling) 

3 ,£+2 + 12 = 0 
which cannot be satisfied by nonzero real couplings. These conditions 
alone require an additional 8 (3/2+) , and if one accepts the S U(6) particle 
classification, a 70 L = O+. 

To catalogue which additional baryon trajectories may be required, 
we must add to the conditions coming from backward meson-baryon 
scattering (PB--)BP) all those coming from the cancellation of contributions 
to the exotic meson (annihilation) channels in BB�P P, B3.�P P, and 
Ill.--)p P. All the trajectories related by this combined set of relations will 
have approximately the same trajectory functions, and the relations between 
their residue functions, 

are : 

no lOt, lOt 

no 27t 

Sr Si - 2dr d; + 3tr t; = 0 
SrSi + drd; - 3fr f; - tr ti = 0 

M1 + B -..? M2 + 1l  

no lOt Erd; - 3Er f; - 3Tr t; = 0 
no 27t Erdi + Er fi - Tr ti = 0 

M1 + Il -..? M2 + 1l  

no 27t 2Er E; - 3Tr T; = 0 

32. 

33. 

34. 

35. 

We can solve these equations contemporaneously with the meson-baryon 
backward equations. The only solutions with four or fewer trajectories have 
the exchange degeneracy patterns 

8 <=? 8 E!) 10 

8 <=? 8 $ 1 

8 E!) 1 <=? 8 E!) 10 

8 $ 10 {=} 8 E!) 1 0  

8:$ 1 <=? 8 $ 1 
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3 14 MANDULA, WEYERS & ZWEIG 

There is no pattern in which the only 3/2+ low-mass resonance is the 
6, as was seen before. We can try to fit the 6 in to the pattern 8 EB 1 ¢:::}8 E!) 10, 
but we must then explain why the 8 (3/2+) has not been seen. I n  fact, from 
the explicit solutions to the exchange degeneracy equations (see Appendix 
3) one sees that the octet is coupled fairly weakly to FB as compared with 
the decuplet (15) .  This could account for our failure to observe this octet.l9 

There are two simple exchange degeneracy patterns in which the nucleon 
octet would be the only 1/2+ multiplet : 8�8 E1l 10 and 8�8 E1l l .  In both of 
these patterns the J/d ratios of the octet couplings to PB are fixed. In the 
first pattern either all J/d ratios are - 1/3, or the positive parity trajectory 
has pure d coupling while the negative parity trajectory has pure J, in com­
plete disagreement (28) with the observed J/d ratios of the 1/2+, 3/2-, 
and 5/2+ octets. In the second pattern the f/d ratios are + 1, but the octets, 
including the nucleon, decouple from Pa, which is hardly acceptable experi­
mentally. 

If one requires that particles be classified into S U(6) multiplets, then 
the nucleon would be accompanied by the spin 1/2 members of the 70 
L=O+, a 1 ,  8, and 10. The decuplet, and specifically its 1 = 3/2 component, 
has not been observed, though since the strength of its coupling to PB 
is not fixed by the exchange degeneracy equations, it might be very weakly 
coupled and thereby shifted considerably in mass. 

Exotic mesons.-That the consideration of baryon-antibaryon channels for 
meson exchange degeneracies gives rise to exotic mesons (8) can be easily 
seen in M forward scattering. Since each resonance contributes a positive 
imaginary part, the imaginary part of the Regge contribution cannot vanish 
in all isospin states. Yet the crossing relation (30) 

has no nontrivial solution with only 1 = 0  and 1 contributions in both 
channels. 

A diagramatic demonstration of the same result is that it is impossible 
to construct a duality diagram for baryon-antibaryon scattering with 
only qq intermediate states in each channel ; one must have qqqq (Figure 9) . 
One's inability to draw such a diagram implies that there is no amplitude 
with nonzero imaginary parts in only the singlet and octet channels. 

19 Furthermore, since the !Id ratio for the coupling of this octet to PB is a free 
parameter, we can choose to make the nonstrange (nucleon-like) member couple as 
weakly as desired to 7rN. If we do choosefld = - 1, so that the decay N* (I = 1/2)-77rN 
is forbidden, then the fld ratio of the 8 (512-) coupling to PB must be -liS, which is 
certainly no worse experimentally than the value - 1/3 selected on p. 32 1.  
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B 

B 

FIGURE 9. Nonexistence of baryon-antibaryon amplitudes with activity in only 
the 1 and 8 representations for both meson channels. 

With our view of duality, the exotic meson trajectories cannot lie 
arbitrarily below the leading ordinary meson trajectories. For if exotics 
first appeared at a very high mass, far into the Regge region, there would 
be an extensive energy range over which Regge domination would be valid, 
yet in exotic representations there would be no imaginary parts. In this 

situation we would conclude that the exotic trajectories were very closely 
exchange degenerate with the ordinary ones, contradicting the assu mption 
that the exotic mesons were extremely massive. The exotics cannot be too 

much heavier than ordinary mesons.20•21 
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APPENDIX 1. Derivation of exchange degeneracy equations 

In this Appendix we derive the exchange degeneracy equations 13 and 

15 from the crossing matrices. 

Requiring the absence of exotics in the s and u channel s  gives (from 

X.I and Xu!) : 
10 Veneziano model amplitudes that have exotic trajectories which lie far below the 

leading ordinary ones have the difficulty that they do not exhibit Regge behavior until 
the energy reaches approximately the mass at which the exotics first appear. 

21 In exact duality, via the consideration of exotic meson scattering processes, it is 
required either that there be exotic mesons in the 10+10 and 27 representations de­
generate with the leading ordinary meson trajectories (with exotic baryons being un­
necessary) or that exotic mesons and baryons in ever more bizarre representations 
occur. 
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316  MANDULA, WEYERS & ZWE I G  

1 1 
No : 10. - (8+(1) + fL(1» + -= [i1+(8AS) + fL(8AS)] 

8 v'S 
1 2 

- y'S [.8+(8sA) + (L(8sA)] - 5 [f3+(8ss) + f3-(8ss) ] = 0 

10. � [.8+(1) + .8-(1)] - � [.8+(8AS) + .8-(8As)] 
8 v'5 

1 2 
+ y'5 [.8+(SSA) + .8-(SSA)] - 5 [f3+(SSS) + /3-(SSS) ] = 0 

1 1 
27. - [.8+(1) + .8-(1) ]  + - [.8+(8ss) + .8-(8ss) ] 8 5 

1 
- - [.8+(8AA) + f3-(8AA)] = 0 

3 

1 1 
10,.. - [.8+(1) - f3-(l)] - --= [.8+(8AS) - .8_(8AS) ] 8 v'S 

1 2 
- -:::: [f3+(8SA) - .8-(8SA) ] - - [f3+(8ss) - (3-(8ss) ] = 0 y'5 5 

10" � [.8+(1) - .8-(1) ] + � [.8+(8AS) - .8-(8AS) ] 8 v'5 
1 2 

+ ----= [f3+(8sA) - ,s_(8SA) ] - - [f3+(8ss) - (3-(8ss)] = 0 y'S 5 
1 1 

27 u - [.8+(1) - f1_(1) ]  + - [f1+(Sss) - f1_(8ss) ] 8 5 
1 

+ - [,B+(8A..1) - .8-(8..1..1) ]  = 0 
3 

Factorization of the residues f3 allows us to write f3+(1) = s,+s;+, .8+(8AS) 
=1,+11;+, etc, with similar expressions for .8-. Finally, changing the normali­
zations of the couplings by 

s± = s±/2v'2, j± = - J±/3, A.l 
and writing s = (s+,s-) , f= (f+,j) , d = (d+,a-) leads to Equations 13 and 15 . 
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PATTERNS OF EXCHANGE DEGENERACIES 3 1 7  

We first consider the equations coming from the absence of exotic anti­
baryons in the u channel. Proceeding as for M1+Mt'-+M2+ Ml we intro­
duce coupling vectors s, f, and d which we renormalize as in Equation A.I .  
I n  addition, we now have a decuplet trajectory whose coupling is given by 
t= (t+,r) , 

i± = l±/2v'3 A.2 
with ,B± (lO) = l/l;±. Equations 29 may then be obtained. 

No 27 or 35 in the u channel gives 

A.3 
we obtain Equation 31 .  

Factorization and Equations A. I-A.3 gives Equation 30. 

APPENDIX 2. Rules for quark graphs 
The rules for constructing quark graphs for vertices, which are well 

known (26) , are that mesons are to be represented by a pair of lines pointed in 
opposite directions (qq) , baryons are to be represented by a triplet of lines 
pointed in the same direction (qqq) , and each line must begin and end in a 
different external particle. Each diagram corresponds to a possible way of con­
tracting S U(3) indices to form an S U(3) scalar. 

For meson vertices, the coupling constant is proportional to the number 
of quark graphs, each graph being weighted by the product of the normaliza­
tions of the meson wavefunctions. For meson-baryon vertices, the graphs 
are weighted by an additional factor (f+d) or (f -d) depending upon 
whether or not a mesonic quark is contracted with a quark that has been 
symmetrized or antisymmetrized in the baryon wavefunction (d and f are 
the symmetric and antisymmetric couplings of the meson to baryon­
antibaryon) . Meson and baryon wavefunctions are given in Table 7. Exam­
ples of meson-baryon vertices are illustrated in Figure 10, where two anti­
symmetrized quarks are bound by a loop. 

Diagrams for the imaginary part of forward scattering amplitudes may 
be assembled by connecting meson quark lines in vertex graphs (9, 10). Each 
diagram is a represen ta tion of a sol u tion to the crossing matrix. 
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TABLE 7. Quark model states 

Mesons Baryons 

Weakly Strongly 
Quark model 

Weakly 
mixed mixed mixed Quark model wavefunctiona 
octet nonet wavefunction octet 

11"+ p + fip P p [pn] 
11"0 pO (pp-fin)/V2 n n [pn ] 
11" - P 

- pn A (p [n>.] +n [>.p ] -2>. [pn])/v'o 
K+ K* + �p 2: +  p [>.p] KO K*o };.n 2:" (p [nX] - n [xp])/V2 [{o [{*o fiX 2:- n [nX] 
K- K*- pX zo X [>.p] 
., - (pp+ii.n-2h)/v'O Z- X [n>.] - '" (pp+iin)/V2 - 4> };.X 

• The [ ] encloses the antisymmetrized quarks. 

p n p  
'-v-J 

P 

+ 
7T 

� 

FIGURE 10. Quark graph rules for meson-baryon vertices. 
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APPENDIX 3 .  Baryon exchange degeneracy patterns 

I n  this Appendix we give the three and four trajectory solutions to the 
complete set of baryon exchange degeneracy equations-those coming from 
the elimination of exotic direct channels in both meson-baryon backward 
scattering and baryon-antibaryon annihilation into two mesons. There are 
two solutions with three trajectories each : 8 �8 $ 1 and 8 �8 $ 10. They are 
special cases of the solutions with four trajectories, which we discuss first. 

8 E9 1O ¢::> 8 E9 1 
In  the exchange degeneracy pattern 8 $1O�8 $ 1  there are nine coupling 

constants for each helicity state. We denote them as d+, 1+, E+; t( =t+) , 
T( = T+) ; d-. f-. E_; s( = s_). Three are independent. and we take them to be 
'+. t, and T. In terms of these, 

d+ = i+ + al vi � t 

1 2v'Z 
d_ = - ala2 --= f+ + a2 -- t 

v'3 3 

1 v'Z f_ = -ala2 --=!+ - a2 - t 
v'3 3 

2v'2 1 
s = - a3 �i+ - ala3 - t  

v'3 3 
v'3 E+ = al ---= T 

2v'2 
3 E_ = az --- T 

2v'2 

where the aj are independent phases which may be ± 1 .  Note that 

In this exchange degeneracy pattern none of the trajectories couples to 
MtJ.. There are six couplings to MB, denoted by s±. db f±. Only two are 
independent, and we take them to be s±. The solutions can be divided into 
two classes, which we call A and B. 
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Case A ;  
1 

f+ = d+ = <Xl 
2-y12 F+ 35-2 

1 
f- = d_ = <X2 2

-y12 1f3S+2 + S_2 

Note that both! /d ratios are + 1 .  
Case B: 

1 
d+ = al --=: S+ -yl2 

1 
d_ = a2 -yl2 5-

1 
f+ = a2a3 -= s_ yl2 

1 
f- = alaa --= S+ 

-yl2 
8 � 10 ¢::} 8 � 10 

There is only one more exchange degeneracy pattern with four trajec­
tories. 8 EB 10 {=}8 EB 10 (aside from those obtained by doubling a trajectory in 
one of the three trajectory patterns) . There are ten couplings. which we 
denote d±o f±. t±. E±. T±. of which three are independent. Two basically 
different coupling patterns satisfy the exchange degeneracy equations. We 
call them Cases A and B. 

Case A :  

f+ = - }rE+ 
f- = - }  rE_ 
t+ = rT+ 
L = rT_ 

A
nn

u.
 R

ev
. N

uc
l. 

Sc
i. 

19
70

.2
0:

28
9-

32
2.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 I
N

D
IA

N
A

 U
N

IV
E

R
SI

T
Y

 -
 B

lo
om

in
gt

on
 o

n 
01

/1
7/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



PATTERNS OF EXCHANGE DEGENERACIES 321 
where T+. T_. and r take arbitrary real values, and the independent phases 

Qi are ± 1. Note tha t in this sol u tion 

Case B :  

T_ = QIT+ 

E_ = a2 ¥ � T+ 

E_ = aa f� T_ 

d+ = ala2 1� 1_ 

d_ = a3 ¥ � t+ 

1 
f+ = - a2 --:::: t+ y'6 

1 
f- = - Q1Q2 -= L  v'6 

The free parameters here are T'+, t+, and L. The f/d ratios are not fixed, but 

satisfy 

8 <=} 8 EB 1 and 8 <=} 8 EB 10 
The three traj ectory solutions are obtained as special cases of four traj ec­

tory solutions. The couplings in the 8 <=>8 EB 1 pattern are obtained by taking 
s+ = 0 in the 8 EB 1 <=>8 EB 1 solution .  The Case B solution gives couplings 

reminiscent of the meson exchange degeneracy pattern. The coupling pat­
terns in the 8 <=>8 EB IO solution are obtained by taking t+ = T+ = O  in both 
cases of the 8 + 10 "",8 + 10 sol u tion. 
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