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Implications of baryon magnetic moments for the quark model
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The implications of recent baryon-magnetic-moment measurements for various assumptions in the quark
model are considered. The static quark model is seen to give a qualitative understanding of the baryon

magnetic moments, but fails in a quantitative test (y /DF = 21.5/5), largely due to inconsistency of the
now accurate determinations of the A and:- moments. Introducing nonstatic effects (orbital, relativistic, or
exchange) still permits four independent sum rules to be written (for eight moments) if approximate SU(3)
symmetry is assumed for quark-model wave functions. Two sum rules give good agreement with experiment,
but those sum rules for any case involving the " or X moments do not, suggesting that their experimental

determination is inconsistent with such a quark model.

With the recent precise measurement of the ='
magnetic moment, ' all possible measurements of
octet ba, ryon moments have been made. The only
hoped-for improvement is an increase in the accu-
racy of the very difficult measurements of the =
(Ref. 2) and Z (Ref. 3) moments. At this time it
is appropriate to look at the implications of these
octet magnetic-moment measurements for the
quark model.

Recent papers by De Rujula, Georgi, and
Glashow' and Lipkin' use spin-dependent interac-
tions that are related to the strange-quark mo-
ment to determine the A' magnetic moment in good
agreement with its recent experimental determina-
tion. ' The point of the present paper is to use all
the measured moments to test, particularly, the
SU(6) and SU(3) symmetry of the baryon wave
functions.

The original static quark model with Dirac
quark moments reproduced the famous result'
P~/p, „=-1.5, so close to the experimental value'
-1.46. The static quark model can be extended to
the strange baryons by assuming that the only
SU(3) breaking is in the strange-quark magnetic
moment p,

' We resolve the slight ambiguity
caused by the fact that 1.5 c1.46 by assuming a
small SU(2) breaking in the nucleon-quark magne-
tic moments p, „and JLt.„, as determined by the ex-
perimental proton and neutron moments. Then
all the strange moments can be written in terms
of the known nucleon moments and one parameter,
the strange-quark (or A) moment p, " These mag-
netic moment predictions are given by Eqs. (5) of
Hef. 10. The best overall fit of this model by ad-
justing p,, to minimize p is compared to experi-
ment in Table I. We see that the static quark
model with arbitrary quark moments gives a qual-
itative understanding of the baryon moments, but
fails in a quantitative test with a g' of 21.5 for 5
degrees of freedom. We note from 'Table I that it
is primarily the A' and =' moments, because of

the accuracy of their determination, that preclude
quantitative agreement.

If the assumption is made that the quark mo-
ments are Dirac moments so that n =q/2m, with

q being the usual third integral quark charge,
then we can infer the quark masses from Table I.
'These are m„=338 MeV, m„=322 MeV and m,
= 509 MeV. The strange-quark mass excess over
the nucleon quarks is about what would be ex-
pected from baryon mass differences. However,
the nucleon-quark mass difference (16 MeV) is
considerable larger than would be expected from
the neutron-proton mass difference and is too
large to be considered as an electromagnetic
breaking of SU(2) (charge independence).

The static assumption of the above quark model
can be relaxed by considering nonstatic magnetic-
moment contributions due to orbital, relativistic,
and exchange effects. These contributions will
only affect the magnetic-moment relations tested
in Table I if there is also SU(6) breaking of the
quark-model wave functions. Conversely, in the
absence of the nonstatic effects, no amount of
SU(6) or SU(3) breaking can change the quark-
model predictions of Table I." So the qualitative
agreement of Table I with experiment provides no
indication of SU(6) or even SU(3) symmetry of the
quark model provided the nonstatic effects are not
too large.

It is well known that SU(6) is broken for the
baryons, as evidenced by the 200-300 MeV
mass gap between the spin & and —,

' baryons, which
seems large enough to show up in the baryon wave
functions. More direct evidence for SU(6) break-
ing of the wave functions is seen from the large
deviation of the ratio of the neutron to proton
structure functions from the SU(6) value of —', ,
especially as the scaling variable approaches 1.""

A natural question is whether quantitative agree-
ment can be achieved for the baryon moments in a
broken-SU(6) quark model with nonstatic magnetic
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TABLE I. Baryon magnetic moments (in nuclear mag-
netons) in the static quark model.

Baryon. Ref. Experilnent Theory (Ref. 10)

6 -0.6138 +0.0047

8 2 83 +025

3 -1.48 +0.37

-1.20 + 0.06

2, 8 -1.85 +0.75

14 -1.82 -o.'25

-0.612

2.67

-1.09

-1.44

-0.50

-1.63

F 1

0 4

15.5

33

Total X, 21.5

moment contributions. Although the predictions of
Table I are lost, sum rules can still be derived
for combinations of baryon moments that cancel
out the nonstatic effects." This procedure is
described in Ref. 13 and the sum rules [Eqs.
(9)-(12)]can be written as

Z' —Z =2p+n=3. 6V (4.31 +0.45) (4)

=' —= =p+2n= —1.03 (0.65 +O.V5) . (5)

Even with the large errors, the = sum rule Eq. (5)
is over two standard deviations off. The Z sum
rule Eq. (4) is only a little better.

The combinations in Eqs. (4) and (5) can be con-
sidered as isolating different nucleon quark con-
tributions. Equation (4) can be rewritten as

p,~(n) = —(2p+n)/4 = -0.918 (4')

or

considering the nearness of p,„/p~ to the predicted
--'„and is further suggested by the indications
from deep-inelastic scattering that the quarks are
point Dirac particles. If we take p,„=-2p.~ when
they are in corresponding positions in baryon wave
functions, then Eq. (3) can be broken down into two
separate equations by canceling out any contribu-
tion of the unlike quark in each baryon":

3A+ —,
' (Z'+Z ) —("0+" ) =p+n =0.88 (1.9+0.8),

—2M(AZ) =p —n=4. VO (V.O+1.1),
Z'- Z +" — =p —n=4. VO (3,V+0.9),

(1)

(2)

(3)

p~(Z ) = —&(Z' Z ) = 1.08 +0.11,
and Eq. (5) can be written as

p, ~(p) =p+ 2n = —1.033

or

(4fl)

(5')

where the particle symbols represent the magnetic
moments and (AZ) represents the A', Z' transi-
tion moment measured by the Z' lifetime. '~ The
experimental value of the left-hand side is writ-
ten in parentheses following each equation. Each
of these equations can be derived without the
quark model by using SU(3) symmetry assumptions
about the form of the magnetic moment operator.
In the quark model, Eqs. (1) and (2) depend on

SU(3) symmetry of the baryon wave functions,
but no other assumption about qua k moment con-
tributions. Equation (3) depends on the slightly
weaker assumption that the nonstatic corrections
to a quark moment contribution depend only on the
spin state of the quark relative to the other quarks.
That is, that the odd u quark in the "' behaves
like the odd u quark in the neutron, with a similar
connection between the identical u quarks in the
Z' and proton.

Equations (1)-(3) show poor agreement with the
assumption of SU(3} symmetry of the wave func-
tions but the experimental errors on p. and p.~
are too large to provide a real test.

We have not yet made any assumption relating
quark moments to each other. The assumption is
often made that the magnetic moments of the nu-
cleon quarks are in the

2:horatio

of their charges.
This is a natural assumption in any quark model,

p~(= )==' —= =+0.65+0.V5, (5 II)

where the notation p~(B) represents the d-quark
contribution to the magnetic moment of baryon B.

If the baryon wave functions were symmetric
under SU(6), then all of these measures of p~
would be equal. The difference between p, ~(n) and

p„(p) represents the spin dependence [or SU(6)
breaking] of the nucleon wave functions. We note
that these two contributions differ by 12/o even
though the SU(6) breaking of the nucleon moments
is only 3% (the difference between 1.46 and -', ). So
there is considerably more SU(6) breaking than
indicated by looking only at the nucleon magnetic-
moment ratio. SU(3}breaking is evidenced by the
difference between p, ~(n) and p~(Z ) and also be-
tween p~(p) and p, „(:" ). The SU(3) breaking is
seen to be particularly large in the measured-
moments, Eq. (5"). If we snake the reasonable
assumption that p.„&0for the negative d quark,
then Eq. (5"} implies the inequality = &:"0and
even this is not well satisfied at present.

If the SU(6) breaking evidenced by p.~(n) and
p,,(p) arises mainly due to relativistic effects, it
can be characterized by equivalent energy denomi-
nators replacing the simple mass terms in the
Dirac form p, =q/2m. For p~(n) this energy would
be 341 MeV and it would be 303 MeV for p,~(p).
This considerable energy difference (38 MeV} now
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represents the magnitude of SU(6) breaking while
preserving full SU(2) symmetry (charge indepen-
dence); including equal u and d quark masses.

In order to get some idea which measurements
prevent agreement with SU(3) wave functions, we
can use Eqs. (4) and (5) to eliminate some of the
moments in Eqs. (1) and (2). From Eq. (2) we get

(AZ) = (v'3 j2)n = -1.65 (—1.82' ~8) (6)

Equation (6), depending on SU(3) symmetry of the
wave functions and p, „=-2 p~, is reasonably well
satisf ied.

We can write Eq. (1) in four different ways by
using Eqs. (4) and (5) to eliminate various pairs
of baryons:

3A+Z' 2='=p ,'n=3. 65—(3.41+0.28),

3A+ Z —2='= -P —m = -0.08 (-0.90+ 0.42),

3A+Z' —2 =3p+ 7n=1.'68 (4.71 +1.52),

3A+Z —2:- =p+ ~n= -1.99 (0.40+1.55).

(Va)

(Vb)

(7c)

(Vd)

Equations (7) also depend on SU(3) symmetry of
the wave functions and p, „=-2p,~. We see that
Eq. (Va) is satisfied, but any equation with either
the Z or = is violated, even with the large er-
rors.

We can provide one more test of the quark model
using the assumption that p, „=-2p.~, but no other
assumption. We can solve for the magnetic mo-
ment contribution p., of the strange quark as it
appears in different baryons by using p„= -2p,„ to
cancel out any possible nucleon quark contribu-
tion. This leads to

p,,(Z) = —Z' —2Z =0.13 +0.83 (8)

p,,(:)= —,':. + ~ = -1.23 +0.19 . (9)

With SU(6) symmetry these moments would be
equal and would also equal p,,(A), given [assum-.
ing SU(6) symmetry or no nonstatic effects] by

p,,(A) = A = -0.614+0.005. (10)

p, (Z) = 7.34 —3Z' = -1.15+0.75 (8')

There is no evidence of any SU(6) symmetry in'

Eqs. (8}—(10), but beyond that, there is little evi-
dence of gay connection between the strange-quark
contribution in the three different strange baryons.
It is difficult to see how any quark model could
give such different strange-quark contributions,
unless the experimental errors are stretched,
fortuitously, in the right directions.

We can eliminate the Z and - moments fron.
Eqs. (8) and (9) by using Eqs. (4) and (5) to yield

p,,(:-)= 0.52+ —'= = -0.38 + 0.05 . (9')

The error in p, ,'(Z) given by Eq. (8') is so large be-
cause the strange quark makes very little contri-
bution to the Z' moment in any quark model. Equa-
tions (8') and (9') still show considerable variation
in p, due to SU(6) breaking [assuming approximate
SU(3)]. The variation is much larger than the cor-
responding SU(6) breaking indicated for p, by
Eqs. (4') and (5'). This probably indicates that
both SU(3) and SU(6) broken wave functions are re-
quired to reproduce the baryon moments.

Our conclusions for the implications of the bar-
yon magnetic moments for the quark model are as
follows:

(1) Nonstatic (orbital, relativistic, exchange
current) effects are small enough. for the static
quar/ model to give a qualitative understa. nding of
baryon moments.

(2) Nonstatic effects, coupled with SU(6)-broken
wave functions are large enough to prevent quan-
titative agreement with present experiments
(Table I). The key experiments preventing quan-
titative agreement are the now accurate measure-
ments of the ~' and moments.

(3) SU(3) symmetry of the baryon wave functions
with [Eqs. (4)—(7)] or without [Eqs. (1)—(3)] the as-
sumption that p, „=—2 p~ is not quantitatively com-
patible with present experiments even considering
large errors.

(4}It is difficult to see how any quark model
could be compatible with present experiments
[Eqs (5"), (8)-(»)]

(5) The two SU(3) equations [Eqs. (6) and (7a)]
that do not involve the Z and = moments are
satisfied. This means that the disagreement for
SU(3) wave functions is primarily due to these two

measurements, which are the most difficult mo-
ments to measure.

It is particularly important to improve the mea-
surements of the Z and:- moments to see wheth-
er these moments are, in fact, incompatible with
a reasonable quark model.

Note added in proof. A recent measurement" of

p~+=2. 30+0.14 has changed the world average to
p~+ ——2.33 +0.13. This increases the y' of Table I
to 28 and extends the disagreement with SU(3) in
the quark model to the Z' in Eqs. (Va) and (8'). In
addition, Eq. (8) now implies that p, ,(Z) =+0.63
+0.75 which is difficult to reconcile with any quark
model. This means that now virtually all hyperon
moment measurements contribute to disagree-
ment with a reasonable quark model [and especial-
ly one with SU(3)-symmetric wave functions].
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