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tained from (2.11), (2.12'), and (2. 13):

d 3G~'(Z3)
6 ( d(tc')*

da 'Z'
(2. iv)

Q.c.I(p IM..'In) I'= 0, (2. iS)

where the c are positive constants. Hence all
the matrix elements (P I

M»'I n) vanish, and this
in turn gives, via (2.S), the previous result
(2.14).

which gives experimentally 2.7X 10 '=2.8&& 10
a much better result. If one retains a sum over
all one-particle states one can again use the Wig-
ner-Eckart theorem in (2.7) to express all ma-
trix elements in terms of (p I M»'In), with the re-
sult

It thus appears that if one can attribute any
physical significance to the approximate satura-
tion of commutators by single-particle states,
the algebra of fields leads to serious discrepan-
cies with experiment, while the current-algebra
results seem to be reasonably good.
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On the basis of chiral dual dynamics it is shown that the square of the mass of any non-
exotic strange or nonstrange meson or baryon of nonvanishing isospin (with the possible
exception of I= 1 baryons) must be an integer multiple of the "quantum" ~2& It is found

than the strength of SU(3) breaking can only take certain discrete values.

np(t) =-,'+t/2mp3, (2)

n a positive odd integer; and P(t) a polynomial in
t, so normalized that

r(1-,(0))
r(1 ({)))

( ) 3t (3)

I, being the third component of the isospin of the
hadron. The various off-the-mass-shell extrap-

By use of field-current identities, current alge-
bra, and off-shell extensions of the Veneziano
model, it has been recently possible to obtain
closed expressions for electromagnetic form fac-
tors. ' While extrapolation off the mass shell is
by no means unambiguous, all these expressions
are of the form

G(t) = ( ' ( )) I (t).r(-,'n-o. ,(t))

Here G(t) is the isovector electromagnetic form
factor (we are for the time being limiting our dis-
cussion to Ig0 hadrons); n~(t) the Regge trajec-
tory of the p meson,

olation procedures used by different authors af-
fect only the detailed form of I'(t). The crucial
feature of Eq. (1) is the fact that n is odd. This
is a direct consequence of the origin of Eq. (1)
in the soft-pion limit of the amplitude for mH

-a('&H [a '} is the b1F=O, M=1 axial-vector
current; H is the hadron the form factor of which
is given by (1)]. In this limit only states of nor-
mality opposite to that of H contribute; and be-
cause of the quantization condition of Regge tra-
jectories, ' this leads to n being odd. We shall
show that this simple result leads to extremely
strong constraints on the hadron spectrum. In
particular it relates the masses of baryons to
those of mesons and quantizes the scale of SU(3)
breaking. Our result is that (A) the square of the
mass of any (nonexotic) hadron (be it a meson or
a baryon) of nonvanishing isospin (with the pos-
sible exception of I= 1 baryons) must be an in-
teger multiple of —,

' m, '. By nonexotic we mean
any meson obtainable as qq and baryon obtain-
able as qqq, in other words all (I BI 1) hadrons
known at present with the possible exception of

449



VOLUME 2$, +UMBER 8 PHYSICA L REVIEW LETTERS 25 AUGUST 1969

Z* resonances (if they exist?) or of some of the
"subpeaks" of A„A, 8, T, U, if they should
turn out to be qqqq structures.

We shall start by proving the result for the X,
Z, and ". Gonsider the isovector Sachs form
factors of the nucleon G~ (t) and G~ (t).
These form factors should obey the conditions

G~" (4m~') = G~" (4mN ) = 0. (4)

P(4m~') =0, (6)

or

2n —n z(4m~') = —m (m = 0, 1,2, ~ ~ ~ ). (7)

Equation (6) does not hold for any of the propos-
als of Ref. 1. In fact P is most likely a constant
or a first degree polynomial that does not vanish
at t=4MN'. We therefore opt for Eq. (7). Com-
bining Eqs. (2) and (7) we find

mN'/( —'m
p ) =m+ (n-1)/2.

Since n is odd, the right-hand side of Eq. (8)
must be an integer. The same proof applies for
Z and ". At this point we compare mith experi-
ment. In reality

(8)

1 2 486,
2m p

'
2mp 2mp

which are remarkably close to the integers 3, 5,
and 6. To apply the reasoning that led us to Eq.
(8) for the magnetic Z'A-transition form factor
one has to consider the process r, +A- m, +Z.
Depending on whether one lets m, or &, become
soft one would then obtain different expressions
for the ZA form factor unless

(10)

That we obtain the condition (10) should not come
as a surprise as me are using the chiral argu-
ments of Ref. 2 which also imply it. It is there-
fore clear that the spectrum of I= 1 and I= 0 bar-
yons from our point of viem will appear distorted.
As in all considerations based on chiral dynam-

Equations (4) can be obtained from various as-
sumptions. For instance, SU(6) ~ immediately
leads to Eqs. (4).' Alternatively the scaling law4

YN(t) vNG vN(t)

if valid at i =4M~' (?) together with the require-
ment that the Dirac and Pauli form factors
E," (t) and E," (t) be regular at t=4M~' require
(4), since p, 01.' Now, how can Eq. (4) be
obeyed by the form (1)? There are only two
ways: Either

ics, exchange degeneracy or the quark model,
the Z-A mass difference is a mystery. We
should therefore not attach too much significance
to mass formulas involving I= 1 or I= 0 baryons.
If, nevertheless, one were to take m z2/( —,'m z') = 5
seriously, then all results stated below for I= ~

baryons only would extend to I= 1 and certain I
=0 baryons as well.

An important feature of our results so far is
that we have fixed the difference

b, = (m,--mN~)/~2m
&

——integer.

This relation shows that the intensity of SU(3)
symmetry-breaking interaction cannot vary con-
tinuously. It can only take discrete values com-
patible with Eq. (11). In particular SU(3) break-
ing cannot be arbitrarily small. One either has
exact SU(3) symmetry (6=0) or b. ~ 1. In the
quark model since m. '-m~'&mz'-mz'&0 one
would expect 6 ~ 2. Experimentally,

(12)A,„p = 2.94=3.

Equation (11) presents us with a discrete set of
possible scales of SU(3) breaking. Why nature
choses the particular scale (12) and why m-. -m~
& 0 is left unexplained by our arguments. The
value b =3 is very close to the "minimal" quark-
model value 4 = 2.

Now let us generalize our arguments to higher
baryons. All baryons with I= —,

' or 2 lie (i) on one
of the N or " trajectories or their daughters, or
(ii) on a trajectory degenerate with one of the tra-
jectories mentioned under (i), or (iii) on a trajec-
tory of opposite normality to those mentioned
under (i) and (ii). The universal slope of all Reg-
ge trajectories is' (2m&') '. Therefore, two par-
ticles lying on the same trajectory must be
spaced by an integer multiple of 2m p' and there-
fore of ~m p'. Therefore all baryons lying on the
N or = trajectories mill obey

m'/-, 'm p' = integer (13)

(here we use m as a generic notation for the
mass of the hadron referred to). All trajectories
mentioned under (i) and (ii) can support paricles
only at masses where either the 1V or the = tra-
jectory supports a particle and therefore obey
(13). The trajectories mentioned under (iii) are
spaced from either the N or the = trajectory by
half an integer. ' Therefore they support parti-
cles at (masses)' that differ from those on the N
or " trajectories by an integer multiple of m p'
and therefore of ~mp'. This proves our result
for baryons. Similar conclusions could be reached
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2 2 — 2Plx + Pl p
+ mE Pl7f ~ (14)

Our result would then be proved for all I= & me-
sons if

(15)

To prove Eq. (15) we use the fact that in the
quark model the Gell-Mann-Okubo (GMO) split-
tings of baryons and mesons are related. As we
have fixed the scale of the former, the scale of
the latter must also be fixed. The relationship
between meson and baryon mass splittings has
been found some years ago' to be

(m~'-m, ')/(m „'-m~') = -', .
Combining Eqs. (11), (12), and (16) we find in-
deed Eq. (15). This completes the proof of the
statement (A) made at the beginning of this pa-
per. To get an idea of the accuracy of our rela-
tion (15) let us quote from experiment

(16)

mx'/~op' =0.82. (17)

We now consider the case of I =0 hadrons. I
=0 mesons belonging to SU(3) octets or ideal non-

ets have their masses fixed from GMO relations
once the masses of all nonexotic I~ ~ mesons are
known. Examples are

2 2 2 Q 2
Pl~ =mp, mp =mp +~Pl@, ~ ~ ~ . (18)

1=0 baryons that belong to SU(3) octets have
masses fixed through GMO relations. SU(3)-sin-
glet baryons lie on trajectories that are exchange
degenerate with I=1 trajectories covered by
statement (A). ' As such their masses are deter-
mined [because of relations of the type (10), the
spectrum of I=O baryons, much like that of I=1
baryons, will be distorted]. A similar argument
can be made for SU(3)-singlet mesons, though
the corresponding exchange degeneracies are no-
toriously broken. ' Our discussion now covers
all nonexotic hadrons. Exotic hadrons (if they
exist?) can be discussed along similar lines. As
a word of caution, our derivations have used the
chiral arguments of Ref. 2. All difficulties' such
as mq' —-mA', m~'=m~, ', m„'=m, ', etc., that go
with Ref. 2 are carried over to our work. What

we describe here is more like the breakdown

for I=1 baryons, though, as we mentioned ear-
lier, at a lower level of reliability.

For mesons of I=1 Eq. (13) is a straightfor-
ward consequence of the mass relations of Ref. 2.
All we have left are mesons of I= &. For any non-
exotic I= —,

' meson K* there exists an 1=1 meson
p* (or m*) such that

from U(3) U(3) to SU(2) SU(2). In short our
relations are best for I=-,' and 2 baryons and I
= 2 and I=1 mesons. Distortions arise in the I=0
meson spectrum and in the I=1 and I=O baryon
spectra.

We now have to say a few words about the iso-
scalar electromagnetic form factors. We could
derive formulas similar to (1) for these as well.
The starting point, however, would have to be
the process KH- a"'H (a"' is now the AI' = 1, bI
= ~ axial-vector current). Therefore, the analog
of Eq. (1) would have to be derived from a soft K
meson rather than a soft-pion theorem. Its re-
liability would be correspondingly weaker and
since m&' is just our quantum, " such arguments
could hardly serve any useful purpose. Similarly,
strangeness-changing weak vector form factors
involve mH-a"'H (or KH-a"'H) amplitudes.
With broken SU(3) symmetry, the corresponding
Veneziano representations involve many satellite
terms to insure factorization and universality.
We shall therefore not discuss them here.

To sum up, we have used as input (a) informa-
tion derived from chiral dynamics and the Vene-
ziano model" [Eq. (1)], and (b) information from
what may be called the quark model [Eqs. (14)
and (16)]." As a result we have found that all
nonexotic I&0 hadrons, with the possible excep-
tion of I=1 baryons, must have masses whose
squares are integer multiples of ~ap'. Beyond
relations like (9), that can be viewed as express-
ing the common parentage of all hadrons (mesons
and baryons alike), our most surprising conclu-
sion is that within our frame of assumptions
SU(3) symmetry breaking cannot be arbitrarily
small. We have not explained why SU(3) is brok-
en. All we have shown is that if SU(3) is broken,
the breaking can occur only with certain discrete
intensities as prescribed by Eq. (11). In nature
SU(3) is broken and this prescription is rather
closely obeyed and at that with what seems to be
a "minimal" value of the parameter 6 [Eq. (11)].
In the "primordial SU(3)-symmetric world" the

p mass presumably does not vanish. " This ideal-
ized world therefore "carried in itself" the scale
of its own destruction.
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