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of p(b), and are independent of the energy at which
it takes on that form. If, however, we accept the
energy dependence of the two-pion-exchange model
hypothesized above, we predict v», 0„'"",4, and
o„'""« to increase by 36%, 2'I%, and 20% between
E =10' GeV and E =10' GeV. The corresponding
percentages based on the model of Cheng, Wu,

and Walker for PP scattering are 200/0, 44%, and

22/o. If either of these models is approximately
correct, it will be difficult to detect the energy
dependence of o~"„", because of the inherent dif-
ficulties of cosmic-ray experiments. The main
hope of such experiments would be to detect (or
rule out} a more rapid rise of the cross section.
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We have calculated, exactly to leading order in the chiral perturbation symmetry-break-
ing parameter &, the corrections to the Coleman-Glashow SU(3) relations among the mag-
netic moments of the baryon octet. The corrections are of order e . In general the cor-
rections turn out to be at least as large as the zeroth-order term and hence the perturba-
tion expansion breaks down. We discuss the reasons for this breakdown. We also derive
sum rules which are independent of the leading-order corrections and hence valid to next
order in chiral perturbation symmetry breaking, i.e. , e ln&.

I. INTRODUCTION

In the limit that SU(3) is an exact symmetry and
assuming octet transformation properties for the
photon, that is, Q =@,+(I/W3)QB, it is well known

that one obtains the Coleman-Glashow formulas'
for the magnetic moments of the baryon octet.

Of course, SU(3) is not an exact symmetry. For
those magnetic moments which have been experi-
mentally measured, ' that for the = shows an
especially large deviation from the SU(3) predic-
tion, the difference being 1.7 standard deviations. '

Also, the recent measurement of the Z magnetic
moment differs by 1.6 standard deviations from
the SU(3) value. ' If this kind of discrepancy con-
tinues upon further experimental determinations,
then the corrections to the Coleman-Glashow for-
mulas must, in some cases at least, be large.

There have been a number of attempts to esti-
mate the SU(3)-breaking corrections. For ex-
ample, Beg and Pais' conjectured that the dominant
first-order effect is given by mass corrections,
that is, that the Coleman-Glashow formulas should
be interpreted as conditions on magnetic moments
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measured in natural magnetons rather than nuclear
magnetons. This conjecture was supported by the
calculation of Cheng and Pagels' which involved
saturating the Drell-Hearn-Gerasimov sum rule
for anomalous moments. ' An alternate approach,
provided by the naive quark model, is based on
the additivity of quark magnetic moments. Sym-
metry breaking is effected by giving the strange
quark a magneton different from that of the non-
strange quarks. '

The main point of this paper is to explicitly cal-
culate the exact leading-order corrections to the
Coleman-Glashow formulas in the framework of
chiral perturbation theory. This theory is based
on the assumption that the strong-interaction
Hamiltonian can be written

K(E') = K(0) +C~E +C2E inc +C,e + ~ ~ ~ (2)

with z(0) the value in the SU(3) symmetry limit.
The terms of O(e"') can be calculated exactly
since they are nonanalytic quantities. The results
of our calculation are

KA= 2K„+

2

H= Hp+ eH',

where H, is SU(3) x SU(3)-invariant but the vacuum
is SU(3)-symmetric so that the octet m, K, and q
mesons play the role of ground-state Nambu-Gold-
stone bosons. ' H' removes the SU(3) degeneracy
of the states and also gives the ground-state
Nambu-Goldstone bosons a mass, p, . Hence & is
proportional to p, '. This approach has been suc-
cessful in establishing symmetry breaking in the
baryon octet mass spectrum as discussed by Li
and Pagels, "and Langacker and Pagels. "

If one expands an anomalous moment in & one
obtains

scalar mesons to the baryons by (f/d) = (1 —n)/o. ,
and M is a common baryon mass which we take
to be the nucleon mass when evaluating our re-
sults, We note that kinematical effects due to
different baryon masses" are of O(e). The first
terms of Eqs. (3) are just the Coleman-Glashow
formulas to which our equations reduce in the
chiral symmetry limit. The corrections to Eqs.
(3) are of O(e in@). No assumption about the rep-
resentation content of H' was made in obtaining
our results.

From Eqs. (3) one can also derive the following
sum rules:

Kp+ +Kg-= 2Kpp = —2KA q

K-. —+ K „p= 2KA —K„—Kp ~

1
Kpro = (KA —K@0 —K„) .

3

(4a)

(4b)

Since these sum rules are independent of a term
proportional to e"', the corrections to them are
of O(e inc).

The remainder of this article will be devoted to
the derivation and a discussion of the implications
of our results.

II. CALCULATIONS AND DISCUSSION

=U(P, )e y.F, (t), '2'M (P, P ) F; (t) U(P, ),

We calculate relations among the baryon octet
anomalous magnetic moments by employing
threshold dominance via pairs of pseudoscalar
Goldstone bosons in the intermediate states of a
dispersion integral.

The matrix element under consideration is that
of the electromagnetic current between baryon
states,

&&'(P ) I &'„(0)
l
&'(P, ))

Kpp= —2K„+—

2

g -= —(& +K„)+— * ')(- —, a'+4m —2), ())

2

t=q' (5)

where J'„(x)= V'„(x) or (1/v 3)V'„(x). F',"(0)=~„
the anomalous magnetic moment of baryon a. We
assume it obeys an unsubtracted dispersion rela-

tionn

F" (0)--' ' "'""'dt ~

77 4 p2
(6)

Kx-= —(K))+ K„) + — (—4Q +4o) —1),g 4 sc
—jL( 7f 2

where g is the pion-nucleon coupling constant, n
is related to the f and d coupling of the pseudo-

4p. ' corresponds to the two-pseudoscalar produc-
tion threshold, with p, = p. , or p, &, depending on
which intermediate state is being considered. At
such a production threshold for two mesons of
momentum q, and q„unitarity implies

fmF ',"(t)= —,'ty(t)S',"f„'(t)M",„
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where the two-body phase space is

(t 4~2)l/2
(t) = ——

8«&i

f'„'(t)= f '[(q, q.)-„]I'.*(t)

is the matrix element of the electromagnetic cur-
rent between meson states, with F,t(t), the meson
form factor, normalized to F,z(0) =1. P2" is the
projection operator to pick out the I'2 term;

M, (t) = (B'(p, )B '(-p, ) ~
M'(q, )M'(q, ))

is the P-wave projection of the amplitude for
M, (q, ) +M~ (q, )- B,(P, ) + B,(-P,). The contribution
from baryon exchange is the most singular term

as p, -0 and one obtains

M'„(t)-M(t)(I;, r, I f I ),
r, », = od, », +t(1 —a)f,», (8)

with f= (1 —o.), f+d = 1 the f and d coupling of the
pseudoscalar mesons to the baryons.

After expanding out the trace over the SU(3) co-
efficients one finds that only pairs of pions and
pairs of kaons contribute to the two-meson inter-
mediate states for the isovector or 3 term, and
only pairs of kaons contribute to the isoscalar or
8 term, Putting these results into the dispersion
integral, calculating up to a cutoff 4I. , and keep-
ing only the leading term as the meson masses go
to zero, we obtain

2

« =C(L)(—'n' —4o. +3) —~ —"(1)+—«(—'n' —4 o+2)3

«„=C(L)(4o.' —4o.) ———'(—1)+ —" (4n' —4o. +1)

2-
«~ = C(L)(2n' —2o. ) ———(2o, ' —2o.),

8m I
2

«+ =C(L)(—'o.' —4a+3) ———'(—'o.' —4m+2)+ —"(1)Z 3 8m M M

2

«o= C(L)(-2n'+2o. ) ———(-2o.'+2n)E (9)

2

~«- =
C( )L(--'P 'o+ n8—3) —~ —""(- —,

'
o.'+4n —2) + "«(-4o.'+4n —1)

o = C (L) (4 n' —4 n ) ———'
(4 n' —4 n + 1 ) + —(—1)

8n M

2

« -=C(L)(-—", o.'+8o. —3) ———"' (-4n'+4m —1)+—«(- —', co+4n —2)
8z

2

«Aro = C(L)(-2W3 (o.' —n) ———' ——(n' —n) + —"« ——(o.' —ct)
8« M

We eliminate the cutoff dependent term by form-
ing relations among the anomalous moments,
which turn out to be the Coleman-Glashow formu-
las and the leading-order corrections thereto,
given in Eqs. (3). It should be emphasized that
these equations (3) are exact to leading order in
chiral symmetry breaking. The next terms are of
O(p, 'in'. '). However, all the contributions to this
next-order term are not determinable in a model-
independent way.

It may also be mentioned that Eqs. ('3) are not
very sensitive functions of n, unlike the correc-
tions to the Gell-Mann-Qkubo formula. "

We also obtain an extra relation beyond the

Coleman-Glashow formulas,

4n' -4n' —'n2 -4n+33

g P, g —P, ~
—

3 A +8& —3
(10)

Keeping only the zeroth-order term, we may re-
express it in terms of the anomalous magnetic
moments parameterized by a. d and f coupling with

(f/d), = -(«„+2«»)/3«„. Then from the zeroth-
order term of Eq. (10) we obtain

f —(14n' —18o. +9)
d, 18 (o.' —n)
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With o. = 3 we obtain (f/d), = 0.805 as compared to
the experimental result" of (f/d)„=0.292. The
gross disagreement with the experimentally de-
termined ratio is to be contrasted with the case of
the extra relation obtained by Li and Pagels" on
the baryon mass splitting f/d ratio, (f/d)z. Their
relation

,', (f/d—) = (f/d')„/[3 (f/d)„' —1], (12')

with (f/d)„= (1 —o.)/o. , is in excellent agreement
with the experimentally determined ratio.

The baryon mass difference calculation of ' i
and Pagels is similar to this calculation of the
anomalous moments but with the essential differ-
ence that their calculation was for a d coupling
and ours is for an f coupling. Consequently in the
baryon mass difference calculation the intermedi-
ate pair state always contained one strange
ground-state meson, and so a difference of
p,~' —p, ,' or p. ~' —p, „' appears in their formulas.
These differences of squared meson masses are
small quantities on the scale of SU(3) breaking.
For the anomalous moment calculation here the
relevant states are the two-pion and two-kaon
states. While in the symmetry limit the thresh-
olds for pair production are equal for pions and
kaons, in the real world of the broken symmetry
the thresholds are very different. Hence we ex-
pect large symmetry-breaking effects, from the
viewpoint of chiral perturbation theory.

One can conclude from the failure of the zeroth-
order relation [Eq. (11)]that the corrections must
be large. Indeed, if one returns to Eq. (10) and
evaluates w„using g'/4m =14.6, o. = &, and a~= l. 19,
the result is ~„=-2.10, which is within 10% of the
experimentally determined moment, ' z„=—1.91.
While this result is almost as accurate as the
SU(6) prediction" of g~/p, „=—,'- which is valid to
within 2%, it probably cannot be trusted for rea-
sons we shall now discuss.

Returning to our main result [Eqs. (3)], let us
focus on the first equation

a g PE —VII

It turns out that the correction term is actually
larger than the experimental value for the zeroth-
order term, —,w„. Thus the perturbation expansion
breaks down. The numerical answer we obtain,
I(~=+0.44, is also far from the experimentally
determined result' ~ ~ = -0.67 a 0.06. Breakdown
of the perturbation expansion also holds for most
of the other formulas in Eqs. (3) and for Eq. (10).

The reason for the failure of chiral perturbation
theory in this application might be attributed to
the large mass of the kaon compared to the chiral-

is consistent with, but stronger than, the Okubo
formula, "

1
&~zo= . [pro+3&~ 2&=-o 2&n]~

2v3
(13)

derived from SU(3) symmetry, broken to first
order. The agreement follows from Eq. (4a),
KpO = —Kp.

III. CONCLUSIONS

We have done an exact calculation of the leading-
order corrections in chiral perturbation theory to
the Coleman-Glashow formulas for the baryon
octet magnetic moments. We find that these cor-
rections are, in general, large, and therefore
the perturbation expansion breaks down.

According to our approach, the baryon anomal-
ous magnetic moment arises from the electric
current of the ground-state pseudoscalar mesons
surrounding the baryon. The large K-n mass dif-
ference [which is large on the standard of SU(3)
breaking] induces large symmetry-breaking ef-
fects, at least to the leading order of E . Evi-
dently other terms in the perturbation series are
not negligible, but we do not yet know how to con-
trol them. However, we can understand why the
approach adopted here fails for magnetic moments
but works for the baryon mass differences.

The picture we present of baryon magnetic mo-
ments and symmetry breaking is not easily recon-
ciled with the naive quark model and simple ad-

symmetry limit value of zero and the fact that the
leading term is of O(e"'). Hence the leading sym-
metry-breaking effects are large compared to the
zeroth-order term.

We can eliminate these large leading-order cor-
rection terms in Eqs. (3) by forming the sum rules
given in Eqs. (4). Although the leading corrections
to these sum rules are of O(p, 'lnp'), we are not
able to calculate them in a representation-inde-
pendent way. Furthermore, not all the moments
in these sum rules are yet determined by experi-
ment. However, using the recent ~~- determina-
tion' and the average of the experimental measure-
ments' for mr+ and z~ we find that for Eq. (4a),

Kp+ +Kg-= —2K',

the left-hand side is

1.59 +0.46+ (-0.48 +0.37) =1.11~ 0.59,

while the right-hand side is 1.34+0.12. So within
the admittedly large experimental errors the sum
rule is verified. In addition, Eq. (4c),

1

Kyoto

= (KA Icgo K„) )
3
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ditivity. According to the quark model, symmetry-
breaking effects in the Iota/ magnetic moment are
accommodated by retaining a magneton for the
strange quark different from that for the non-
strange quarks. From our viewpoint the anomal-
ous magnetic moment is predominantly due to the
interactions of Nambu-Goldstone boson pair states.
Since the range of these bosons is very different
in the broken SU(3) x SU(3) world, there is sub-
stantial symmetry breaking in the anomalous mo-
ments to leading order in perturbation theory.
We emphasize that our results [Eqs. (3)i are
necessarily exact in any theory that embraces the

assumption that the symmetry limit is realized
with Nambu-Goldstone bosons and an SU(3)-de-
generate vacuum. It is our opinion that progress
in understanding symmetry breaking will be made
once the idea of a chiral symmetry realized by a
ground-state octet of Nambu-Goldstone bosons is
reconciled with the quark model and its group
structure.
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