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The addition of pion contributions to symmetric-quark-model predictions of baryon magnetic mo-
ments is shown to lead to considerable improvement in quantitative agreement with experiment.
The added variation of the nucleon quark moment in the = hyperons, interpreted as a relativistic ef-
fect, removes all salient difficulties in reconciling the quark model with accurate magnetic-moment
measurements. The pion probability required in the nucleon wave function is found to be (18+7)%.

I. INTRODUCTION

The simple quark model that pictures baryons as three
quarks bound in relatively similar states has been chal-
lenged by recent accurate magnetic-moment measure-
ments.”? Although the quark model predicts the rough
magnitudes and signs of the eight measured moments, it
fails in more quantitative tests. This is seen most clearly
in magnetic-moment sum rules?~> that cancel out non-
static magnetic-moment contributions to the extent that
baryon wave functions are flavor independent. These sum
rules show relatively large deviations, especially consider-
ing that the magnetic moments are only affected to
second order in any perturbation.

The most general sum rule is*

3t _3 " 4+E"—E%=p —n=4.70 (4.04£0.07), (1)

where the baryon symbols represent their magnetic mo-
ments and the hyperon moment sum is given in
parentheses (here and elsewhere values are in nuclear mag-
netons). The difficulties with the magnetic moments can
be pinpointed by taking appropriate differences of baryon
moments to isolate quark-moment contributions. Three
combinations indicate particularly large symmetry break-
ing. These are the sum rule®

d=Z0—=-—p +2n=—1.03(—0.56+0.04) )
and the quark-moment contributions*

s=—3%-23"=-0.18+0.10 (3)
and

s —d=3(p—-=%)=1.23+£0.06 . 4)

Equations (2) and (3) depend on the further assumption

that u = —2d, relating the nucleon-quark-moment contri-

butions. In each case, the quark-moment contributions in

Eqgs. (2)—(4) are for the unlike quark in the baryon. These

' quark-moment contributions are to be compared to the

contributions d~—1.0 and s~—0.6 from other baryon
combinations.?

‘Relativistic corrections to quark moments could not

~ alone account for the discrepancies in Egs. (1)—(4) because

they could not be expected to affect the heavy-s-quark
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contribution enough to correct Egs. (3) and (4). The mag-
nitude of the effect on baryon magnetic moments of con-
figuration mixing (of higher orbital states), suggested by
dynamical quark-model calculations with large symmetry
breaking, is much too small to resolve Egs. (1)—(4).%7
Meson contributions (or ¢-g sea contributions), to the ex-
tent they are SU(3) (flavor) symmetric, would not affect
the discrepancy of Eq. (1), but might modify the other re-
lations.

Pion contributions have been suggested as a symmetry-
breaking correction to baryon magnetic moments by
several authors®~1° and pion terms have been included in
a specific form in the cloudy bag quark model.!! Pions,
because of their anomalously light mass in the meson oc-
tet, would be expected to dominate meson exchange
currents and thus break the SU(3) (flavor) symmetry of
exchange moments. This would break all the moment
sum rules. It would further invalidate Eqgs. (2) and (3)
since the assumption u = —2d would be affected by pion
clouds producing anomalous nucleon quark moments.

In this paper, pion magnetic-moment contributions are
treated in a semiphenomenological way to see whether
their inclusion can reconcile the (otherwise) symmetric
quark model with baryon-magnetic-moment measure-
ments. It is found that their inclusion considerably im-
proves the agreement with experiment and, with the addi-
tion of a reasonable relativistic effect, the difficulties

" presented by Egs. (1)—(4) can be resolved.

II. EXPERIMENT AND THE STATIC QUARK MODEL

Seven baryon moments are now known quite accurately
and the (2, A) transition moment has also been measured.
The experimental values!? for these are listed in Table I
along with the best two-parameter (d and s) fit in the
static quark model (with u = —2d).!? Because the baryon
moments are known to such good accuracy an arbitrary
theoretical error of 0.05 has been folded with the experi-
mental error on each moment. This tends to weight each
of the pure baryon moments equally. It is felt that this a
reasonable expectation for theoretical accuracy in the type
of analysis presented here. The quark model input pa-
rameters are also listed in Table I with errors determined
by an increase in X? of X ;,>/DF (degrees of freedom), al-
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TABLE 1. Fits to baryon magnetic moments (in nuclear magnetons) for three different models with
each contribution to X? shown in parentheses. The pion moment is fixed at 6.7 with other parameters
shown in the table. The experimental error has been folded with a theoretical error of 0.05 for the X2 ’

fit.
Quark model

Baryon Experiment QM) QM+tpion QM+7+d(E) Pion contribution
)4 2.793 2.70 (5) 2.69 (4) 2.72 (2) +0.26
n | —1.913 —1.80 (5) —~1.99 (2) — 1.98 (2) —0.34
A° —0.6131+0.004 —0.60 (0) —0.64 (0) —0.67 (1) —0.02
>+ . 2.38+0.02 2.59 (15) 2.44 (1) 2.44 (1) +0.05
3 —1.10+0.05 —1.01 (2) —1.05 (0) — 1.01 (2) —0.12
=0 —1.2504+0.014 —1.36 (4) —1.32 (2) —1.22 (0) 0.00
=~ —0.69+0.04 —046 (13) —0.52 (7 —0.62 (1) 0.01
(3,A) —1.8243% —1.57 2) —1.62 (1) —1.62 (1) —0.19
X*/DF 45/6 19/5 11/4
Parameters
d . —0.90+0.04 —0.82+0.05 —0.82+0.04
s —0.57+0.08 —0.54+0.05 —0.62+0.05
d(2) . —0.59+0.13
P(m) 0.17+0.08 0.18+0.07
R(decuplet/octet) 0.25 0.50

though X? is so large that these may not be too meaning-
ful.

It can be seen from Table I that the static quark model
cannot match the experimental differences (E°—Z=~),
(p—=1), and (—=+t—237), as was also evident from
Egs. (2)—(4). The =% and E~ have the largest discrepan-
cies and the correlated differences in Table I are even
worse.

III. PION CONTRIBUTIONS

The pion contribution can be included in a semi-
phenomenological calculation by parametrizing the pion
component of baryon wave functions and the effective or-
bital magnetic moment of the predominantly p-wave
pions. The baryon magnetic moments are then given by
the expectation value of the magnetic-moment operator
with these wave functions. Imposition of isotopic-spin
conservation at the baryon and at the quark level requires
only one parameter to describe the pion component of all
baryon wave functions. The procedure is illustrated below
~ for the proton.

The “physical” proton wave function | p) is given by

|pY=ap+(B/3)pa®—V2nat)(1 Y] —V21Y})
+(8/6) (VAT —V2ATZO L A% )
X (V330 Y T V22X, p Y+ X1 oY1) (5)

where p, n, A represent quark-model states, X,, is the
spin-+ wave function, and Y7 is the pion orbital wave
function. The expansion coefficients, B and 8, are deter-
mined by matrix elements of the pion-emission operator

3 —_
61r=7 2 Ei'ﬁﬂ?i"p

i=1

(6)

between quark-model states. In Eq. (6), the sum on i is

over the three quarks, p, is the direction of the emitted
pion, and ¢ is the pion field operator. The coefficient ¥
is not the quark-pion coupling constant, but is meant to
include an overlap integral between quark-model states
and the averaged energy denominator that would occur in
either a perturbation-theory or dispersion-theory calcula-
tion of |p). For any quark-model baryon state B, the
corresponding physical state is

| B)=(a+76,)B . (7)

It is sufficient to evaluate matrix elements only for 7°
emission with p,, in the z direction. This matrix element
is, for any baryon pair B and B’,

(B'w=1YY|B1)=(B'7°1Y%,6,B1)

=y(B'1, 3 0imiB1) . (8)

It can be taken from the corresponding quark-model
magnetic-moment formula'® by simply making the substi-
tutions

MKy 7> Hd_’_y’ us—0. 9

For the proton this leads to

(pr°1YY |pt)=5y/3 (10)

and
(A+7% 1 Y0 | pt)=4V2y'/3 . (1

Comparison of Egs. (10) and (11) with Eq. (5) for 1p)
leads to

B=5y, §=4V2y'. (12)

In the simple quark model considered here, the coefficient
v would be the same for all octet baryons, but it is not as
reasonable to expect this to extend to the decuplet
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baryons. This is because their considerably higher masses
than their octet partners would increase the energy
denominators and decrease the overlap integrals in any
calculation. For this reason a separate coefficient ' has
been introduced in Egs. (11) and (12), with the expectation
that it should be smaller than vy, but the same for all dec-
uplet baryons. ‘
The magnetic-moment operator is

3 . —
Eop= &'u+LMI; , (13)

i=1
where the u; are quark moments, M is the effective L =1,
at orbital moment, and I; is the isotopic-spin operator
for pions. The baryon magnetic moments, including pion
contributions, are the expectation values of [, in physi-
cal states |B), such as |p) of Eq. (5). The results for the
seven measured baryon moments and the (2,A) transition
moment are given in the Appendix. Before being com-
pared to experiment, the A ‘moment and (3,A) transition
moment have to be corrected for (Z,A) mixing,14 which
changes u, by about —0.04 and u(Z,A) by about +0.01.
The pions affect the baryon magnetic moments in three
ways: (1) The pion orbital moment, (2) the “recoil” baryon
moments, and (3) the decrease in “bare” (pure quark)
baryon probability represented for the proton by
a*=1—p*—8%in Eq. (5).

It is reasonable to relate the nucleon quarks by u = —2d
here, because pion effects which are probably the main
cause of anomalous moments are explicitly included.
Then the baryon moments depend on three basic magnetic
moments (d,s,M). The pion wave function is described
by the probability that the physical nucleon contains one
pion

P=(25y*432y'%)/9 (14)
and the ratio of decuplet to octet coupling squared
R=(y'/y)*. (15)

This makes five parameters (d,s,M,P,R) to describe the
eight measured moments.

It turns out, however, that there is really only one effec-
tive parameter for the pion contribution. First, the fit is
relatively -insensitive to the decuplet ratio R in the range
0.1—0.6. (Note, however, that R =0 is excluded.) This is
seen in Fig. 1(a) where X*(R) is plotted against R.
Second, while X? does show sensitivity to the pion mo-
ment M for small M, this sensitivity is not as great for
M >5. Also, the product P XM of pion probability in the
nucleon and the pion moment is relatively. constant at
about 1.3+0.1 as M varies above 5. This is shown in Fig.
2(a) where P and PXM are plotted against M. Thus,
adding the pion degree of freedom adds only one real new
parameter P X M to the fit.

The result of this fit is shown in Table I for the choice
of parameters R =0.25 and M =6.7. This value of M is
taken from the proton to pion mass ratio. The fit could
be improved somewhat by increasing M to unrealistic
values as shown in Fig. 1(a), but this is probably not signi-
ficant. (X? asymptotically approaches 12 in the unphysical
limit M — «, P—0.)
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FIG. 1. (a) X? as a function of the pion magnetic moment M
(in nuclear magnetons) and the squared ratio R of the decuplet
to the octet coupling coefficients (R =y'2/y?). X*(M) is plotted
for fixed R =0.25 and Y*(R) for fixed M =6.7. (b) XA(M) (with
R =0.50) and Y*R) (with M =6.7) including the additional pa-
rameter d (Z).

It can be seen from Table I that the fit is improved con-
siderably by the pion contribution. The difficulty with
the = moments is cleared up, but the contributions to X?
from the nucleon and E moments are still large. The
small magnitude of the (£°—Z ) difference compared to
the combination (p+2n) in Eq. (2) still cannot be ac-
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FIG. 2. (a) The pion probability P in the nucleon wave func-
tion and the product P X M as functions of the pion moment M
(in nuclear magnetons). (b) P and P XM including the addition-
al parameter D(Z).
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counted for. This is because the pion contribution (shown
in the last column of Table I) is very small for the Z mo-
ments.

The results found here for pion effects are quite similar
to those found in an explicit calculation in the cloudy bag
model (CBM). The CBM magnetic moment predictions
lead to X?=23 for the seven pure baryon moments in
Table I but adjustment of the CBM input could undoubt-
edly lower X2 It is difficult to determine the number of
effective parameters that are implicit in the CBM predic-
tion because several parameter choices are made and the
center-of-mass correction in the CBM is ambiguous.

IV. THE (E°—Z=~) DIFFERENCE

One possibility to understand the small (E°—Z=—)
difference might be to include K-meson effects, which
have been left out because of the high K mass compared
to the pion. However, any K-meson contribution, as
given by Ref. 9, would affect (E°—=") in the wrong
direction, increasing the magnitude of the difference. Be-
cause of this, the magnitude of K-meson effects in fitting
the baryon moments would be constrained to be small (as
expected because of the large K mass) and they have not
been included. The K-meson effect has also been found to
be small in bag-model estimates.® !>

Relativistic effects have been suggested previously® as a
likely mechanism to understand the small magnitude of
(E°—E) since they would be most effective on the light
d and u quarks in the singlet spin state for which the
symmetry-breaking spin-spin interaction is the largest.
These are just the quarks isolated in Eq. (2). A simple
way to parametrize the symmetry breaking of expected
relativistic effects is to introduce a new quark moment
d () for the nucleon quark in the .6 The results of this
fit are indicated in the column “QM+7+d(E)” of Table
L7 The dependence of this fit on the pion parameters M
and R (with P XM ~1.2) shown in Fig. 1(b) is very slight
(for M >5), so this is effectively a four-parameter fit
[d,d(E),s,P] with M=6.7 and R =0.5 chosen as reason-
able fixed values.

The fit to baryon moments including the relativistic
d(E) as well as pion contributions removes all salient dif-

ficulties of the quark model in describing baryon magnet-

-ic moments. It is not unreasonable to expect that the

remaining discrepancies could be corrected by minor, but
model-dependent, modifications of each baryon wave
function. The X?/DF=11/4 for this fit is still not good,
but could be interpreted as indicating an increase in the
ascribed theoretical error from 0.05 to 0.09 for each
baryon.

The more reasonable X including d (E) and the lack of
any particular bad moment, means that the quark-model
parameters for this fit may be meaningful. This is further
supported by the stability in corresponding parameters be-
tween the two different pion fits. The large difference be-
tween d and d(Z) indicates that relativistic effects are
large for the nucleon quarks so that their magnetic mo-
ments give no good indication of their masses, except that
they are small. There is no indication from the fit that
the heavier s quark is relativistic so that its mass may be
estimated from its Dirac moment p=gq /2m, resulting in
mg;=500%30 MeV.

V. CONCLUSIONS

It can be seen from the fits in Table 1 that pion contri-
butions to baryon magnetic moments considerably im-
prove the quark-model predictions of these moments, par-
ticularly when a reasonable relativistic effect is included
for the nucleon quarks in the = hyperons. The pion ef-
fects alone remove the = problem of Egs. (3) and (4) and
the addition of the relativistic moment d(Z) clears up the
= problem of Eq. (2). No salient discrepancy is left be-
tween the modified quark model and experimental mag-
netic moments. The percentage of pion component need-
ed in the physical nucleon is rather large, being about
20% in probability, which is large enough to affect other
quark-model predictions.
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APPENDIX

The physical baryon magnetic moments up are given by

Bp=p+50g(—5p —n +2M)+432g'(—9p —20d +M)—640(gg")/*d ,
Un=n+50g(—5n —p —2M)+32¢'(—9n +5d —M)+640(gg")'"%d ,

(A1)
(A2)

g+ =" +4g[ 372+ —43°—3A+14M —4V3(2,A)] +8g'[ — 63+ —M + $(—5d +25)]

—5(gg")"%(23d +16s) ,

(A3)

py-=Z"+4g[ 375 —43°—3A—14M +4V3(2,A)]+8g'[ — 62 +M +3(d +25)]

+£(gg")/%(13d —16s) ,

Bgo=E"+2g(—5E"—E~ +2M)+8g'(—9E°+10s —2M)+32(gg")%s ,

pg=E~+2g(—58"—

E0—2M)+8g'(—9E~ —5d +10s +2M) +32(gg")*(s +d) ,

(A4)
(A5)
(A6)
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pa=A+12g(—9A -3+ —30_37)424g'(—9A—5d +55)+96(gg")/(d +2s) ,

JERROLD FRANKLIN ' 30

pza=[(1—108g —216g’')1/2(1—132g —48g")'2—12(gg")'*](2,A) +8V3g (2~ —Z+ —4M)

+16V73g"(5d —M)+80v3(gg")/%d .

In the above equations, the baryon symbols refer to
static-quark-model magnetic moments. The decuplet mo-
ments and decuplet transition moments have been re-
placed by the static-quark-model values in terms of the

(A7)
(A8)
I ‘
quark moments d and s (with u = —2d). The meson cou-
pling parameters are given by
g=v*/9 and g'=7'%/9 . (A9)
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