
VOLUME 2$, NUMBER 5 PHYSICAI. RZVIZW I.SYYERS 4 AuGUsv 1969

BREAKING DUAI. ITY~

Jeffrey Mandula, Jacques Weyers, t and George Zweigf.
California Institute of Technology, Pasadena, California 91109

(Received 9 June 1969)

A qualitative understanding of the observed pattern of Hegge trajectories is obtained
from approximate duality.

By examining the assumptions underlying dual-

ity, ' we formulate a concept of broken duality
which allows Rn understanding of the observed
patterns of Regge trajectories.

Exact duality' implies exchange degeneracies
between meson trajectories, baryon trajecto-
ries, ' and the existence of exotic meson trajec-
tories, ' which should be approximately degener-
ate with ordinary meson trajectories. While a
few of these exchange degeneracies are extreme-
ly well satisfied in nature, others are badly vio-
lated. In fact, many of the trajectories predicted
seem to be entirely absent. These difficulties
arise through the assumption of high-energy res-
onance saturation and low-energy Regge-pole
dominance, but are removed by specifying the
ranges of validity of these assumptions.

Implicit in exact duality is the decomposition'
of scattering amplitudes into diffractive and non-
diffractive parts. The nondiffractive pieces are
assumed to be represented simultaneously either
by resonances in one channel or Regge poles in
another. From these assumptions, in particular
the absence of an imaginary part in nonresonat-
ing channels, certain exact exchange degenera-
cies are predicted. ' Exchange-degenerate nonets
are required in meson-meson scattering, pat-
terns such as I 8 exchange degenerate with 8

I0 are necessary in meson-baryon scattering,
and exotic (27,10,10*) mesons approximately ex-
change degenerate with ordinary mesons are
needed in baryon-baryon scattering. While me-
sons do occur in signature-doubled nonets, the
m and the X, are far from degenerate. For bar-
yons, at least a 70 I = 0 and VO L = 1 are required
to be exchange degenerate with the 56 I = 0. The
VG L =1 is observed, but the 70 I-=0 is not. In
particular, the 2' decuplet should be accompa-
nied by at least 2 and &' octets. The 2 is ob-
served where expected, but there is no trace of
the p' octet which should have been degenerate
with the ~' decuplet. The exotic mesons, which
should have accompanied all ordinary mesons,
seem absent.

The crucial assumption leading to exchange
degeneraeies is that the nondiffractive piece of
a scattering amplitude may be expressed in Reg-
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ge form with its imaginary pR1 t vRnlshlng ln ex-
otic channels. This is expressed as'

where X„is the crossing matrix from the s to
the t channel Rnd v; is the signature. At high
energies, only the resonance saturation assump-
tion, the right-hand side, could fail at positive
t, while at low energies the Regge parametriza-
tion, the left-hand side, is expected to break
down. The presence of Regge cuts, which at ex-
tremely high energies dominates the leading
poles for t&0, provides an additional breakdown
of the left-hand side of the duality equations, in-
dicating that the validity of their consequences
for both oi(t) and P(t) should deteriorate with in-
creasing -t. We confine the succeeding discus-
sion to the region of positive t.

The extent to which the assumptions of reso-
nance saturation Rnd Regge behavior fail allows
us to estimate the deviations from exchange de-
generacy. There should be a region of s Rnd t
inside of which our equations will be accurate to
R precision e:

SmiLL S SrnaX ~

s,„ is the point where the error made by as-
suming resonance saturation is c, and is expect-
ed to be related to the importance of inelastic
channels. s~jpp the point where an error ~ is
made by assuming the Regge parametrization,
should be related to the position of threshold.
If only two trajectories couple to a reaction, the
difference between their trajectory functions,
ba. , is given by

(~ ma x&~ min) =
I (1 + e)&(1

We can use these ideas in the limit of exact
SU(3) symmetry to extract the qualitative charac-
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ter of the breaking of exchange degeneracy. How-
ever, because the point at which the Regge pa-
rametrization fails depends strongly on the
masses of the external particles in a reaction,
more precise conclusions would be obtained with
the actual values of their masses.

For mesonic reactions for which the quantum
numbers are the same (so that s,„ is effective-
ly the same), Eq. (3) shows that the larger the
external particle masses (and therefore the larg-
er the s;„), the larger 4n will be. Exchange
degeneracies which come from the consideration
of reactions with smaller external masses should
be better than those which come from higher
mass reactions. The most reliable mesonic ex-
change degeneracy comes from consideration of
pseudoscalar-pseudoscalar (P-P) scattering and
is the degeneracy of the octet of vector-meson
trajectories with the nonet of tensors. Next in
reliability should be the predictions following
from pseudoscalar-vector (P- V) scattering.
Here we find that the ninth vector meson should
be degenerate with the octet, that the octet of
pseudoscalar trajectories should be degenerate
with the nonet of axial vector 6= -1 trajectories
[including B(1220)], and that the octet of axial
vector 6=+1 trajectories [including A, (1070)]
should be degenerate with a nonet of pseudoten-
sor t:=-1 trajectories.

Only two new trajectories are predicted by in-
cluding the least reliable meson reaction, V- V

scattering. They are the ninth pseudoscalar and
axial-vector 6=+1 trajectories which are pre-
dicted to be the least degenerate with their re-
spective octets. This hierarchy of degeneracy
breaking is confirmed experimentally. Specifi-
cally, the q and f are close to their respective
octets, while the ~0 is far removed from the
pseudoscalar octet. Our expectation that the
ninth axial-vector 6=+1 state is widely split from
the octet leads us to the conclusion that the Gell-
Mann-Okubo mass formula (without mixing)
should hold. Therefore, the D(1285) completes
the 1"octet along with the A, and X*(1240).

From the point of view of broken duality, bar-
yon-antibaryon (B B) channels a-re highly unre-
liable; s q„could, in fact, exceed s,„, totally
invalidating the degeneracy equations (1). There-
fore, the exchange degeneracies coming from
the baryon cross-channel in meson-baryon scat-
tering should be far more accurate than those
coming from the meson channel. The simplest
patterns derived from the baryon channel are
either a decuplet exchange degenerate with an

octet whose E/D is ——,', or two exchange-degener-
ate octets, although there are many more com-
plicated solutions. The observed quark repre-
sentations 56 L = 0 and 70 I = 1 satisfy the baryon-
channel exchange-degeneracy constraints.

In particular, the &' decuplet is required to be
exchange degenerate with the 2 octet, whose
E/D should be -~. Its measured E/D is approx-
imately -0.2.' Had we, in addition, used the
equations coming from the meson channel, an
unobserved octet of &' baryons degenerate with
the ~

' decuplet would have been required. '
The approximate exchange-degeneracy pattern

for the leading quark doublet trajectories (the
—,
'' octet, and the g singlet, octet, and decuplet)
is 8 exchange degenerate with 1810. There
are many coupling patterns compatible with this
solution to the broken duality equations; however,
the observation that the 2 decuplet couples
weakly to P-B even though it is very broad, and
so presumably strongly coupled to 8'-6, leads to
unique E/D values for both octet trajectories.
Note that the E/D value is constant along each of
the three leading octet trajectories, (-,'', 2', ~ ~ ~ ),g, -,', ~ ), and (2, ~ ~ ~ ). The E/D value for
the 2' and 2 octet trajectories should be 1, as
compared with the measured values E/D =1.0 for
the —,

'' octet (determined' from gzN~'/gA&&'= 0.02
+ 0.03, which is predicted to be 0, and gANx'/

g&~,'= l.l+0.2, which is predicted to be &), and
E/D =1.2 for both the 2 and 2' octets. '

%e expect that the exchange degeneracies com-
ing from P-& scattering should be better than
those coming from I'-4 scattering. I'-8 gives de-
generacy between the octet ~' trajectory and the
octet and singlet ~ trajectories, while P-6
scattering gives degeneracy between the octet —,

"
trajectory and the octet and decuplet & trajec-
tories. The large violations of these exchange
degeneracies may be related to the fact that
three trajectories here contribute to each degen-
eracy equation, while in the previously discussed
cases only two trajectories contributed to each
equation.

Broken duality resolves the problem of B-B
scattering; exact duality predicted exotic mesons
approximately degenerate with the ordinary me-
sons, but this prediction came from considera-
tion of the B-B channel. These exotic mesons,
and presumably also the 70 L = 0 of baryons, if
present at all, should be high in mass.

The SU(3)-symmetric results are summarized
in Table I. More detailed predictions follow from
consideration of specific reactions. Mesonic re-
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Table I. Summary of SU(3)-symmetric results. Table II. Approximate exchange degeneracies and
the reactions giving them.

A. Degeneracy Patterns

Nesons: Exchange degenerate nonets oZ opposite P and Q.

Raryons: (1) Negative natural parity -- 10 exchange

Tra.jectori-es Heir. ted Elastic Reaction

degenerate vith 8.
(2) Positive natural Parity -- 8 exchange

degenerate vith 1 (I 8 10.

B. Reactions Giving BpecH'ic Degeneracies

Al(I=O, 2 )
f

x (I=Op 1 )1 8

Trajectories .Related Elastic Reactions

8(1 ) - 9(2 )

9(1 ) - 8(2 )

8(1 ) - 9(2 )

8(0 +) - 9(1+ )

9(1 ) - 8(2 )

9(0 +) - 8(1+ )

10(3/2+) - 8(5/2 )

8(1/2+) - (8 e 1) (3/2 )

8(1/2 ) - (8 8 10) (3/2 )

pg

D. F/D Ratios for Counling to PB

(F/D is constantalong ea, ch trajectory)

C. Meson Mixing

The ninth (1, 3, ...) and (0, 2 & .") trajectories

are split far Mom their respective octets, so that these

octets are essentially unmixed.

q (1=0,

Al(1 = 1,

")18
2 )

D (1=0~ 2 )
f

g K (I=O, 1 )1

D (I=OP 1 )1 (1=0, 2 )
f

K (890) K (1420)

(I =

g 3/2+

N(l/2,

z(3/2+,

z(1/2+,

A(i/2+,

Z(1/2 i

Z(3/2+,

K(495) KA(1320)

1/2, 2 ) K (1240)

I/2 p 11/2 ) N(5/2 )

5/2+) N(3/2, 7/2 )

7/2 ) A(5/2 )

5/2 ) A(3/2 )8

5/2+) A(3/2 , 7/2 )

5/2'» (3/2 )

7/2+) Z(5/2 )

K K

Octet

1/2+ 5/2+

3/2

5/2

F/D Predicted F/D Experimenta1

1.0f 1.2
1.2

-0.2

=-(1/.+) =-(./. -)

=-(3/2') =-(5/2 )

no trajectory accompanying 0 (3/2 )

~The To1ler M quantum numbers of trajectories re-
1ated through exchange degeneracy are the same.

actions remain elastic to very high energies and
therefore the position of s;„will primarily de-
termine the accuracy of the exchange degenera-
cies. In particular, it is only in the highest
mass meson reaction, &*E*, that we must in-
troduce the X and the ninth 1", and so we ex-
pect these trajectories to be relatively far from
their respective octets.

The thresholds in all reactions from which we
deduce baryon exchange degeneracies are low

compared with other channels with their quan-
tum numbers, and so in addition to s ~jgf s
which is determined by the onset of inelasticity,
will also control the accuracy of baryon exchange
degeneracies. The strangness-(1) baryon chan-
nel, from which we deduce the exchange degen-
eracies between strangness-(-1) baryon trajec-
tories, are highly elastic; so these exchange de-
generacies should be well satisfied. The strange-
ness-0 and -(-2), and to a lesser extent -(-1),
baryon channels become very inelastic at low en-
ergies, and therefore the A-Z degeneracies
should be moderately broken, while the exchange
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degeneracies between the strangeness-0 baryon
trajectories and between the strangeness-(-2)
baryon trajectories shouM be badly broken. This
hierachy is confirmed experimentally. The spe-
cific reactions responsible for each exchange de-
generacy are shown in Table II.

Meson and baryon trajectories are approxi-
mately linear in mass squared, while the Gell-
Mann-Okubo formula is quadratic for mesons but
linear for baryons. Thus there is an inconsist-
ency between exact exchange degeneracy and the
Gell-Mann-Okubo formula for baryons although
none exists for mesons. Mesonic exchange de-
generacies are very well satisfied, but the bar-
yonic exchange degeneracies are broken in such
a way as to preserve the Gell-Mann-Okubo mass
formula.

We wish to thank Professor J. Rosner and Dr.
C. Rebbi and Dr. R. Slansky for discussions on
the problem of exotic mesons.

Note added in proof. -When three trajectories
are coupled in a single exchange-degeneracy
equation, the pattern of deviations from exchange
degeneracy depends on their relative couplings.
If two are coupled more strongly than the third,
the two strongly coupled trajectories will be
closely exchange degenerate, while the weakly
coupled one will be further away. Experimental-
ly, the 2 octet is more weakly coupled to I'B
than the —,

'' octet or the 2 singlet; so the latter
two trajectories will be closer to each other than
to the p octet trajectory.

The assignment of the D(1285) to an unmixed

I octet implies that the decay D-6~ should
occur. This decay has been observed by Camp-
bell et al. '
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