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Phenomenological quark model for baryon magnetic moments and beta decay ratios„GA ÕGV…
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Baryon magnetic moments and beta decay ratios (GA /GV) are calculated in a phenomenological quark
model. Nonstatic effects of pion exchange and orbital excitation are included. Good agreement with experi-
ment is found for a combined fit to all measured baryon magnetic moments and beta decay ratios. The model
predicts an antiquark content for the proton that is consistent with the Gottfried sum rule.
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I. INTRODUCTION

The original static quark model~SQM! made predictions
for baryon magnetic moments@1–3# that were in remarkable
qualitative agreement with early magnetic moment meas
ments. However, more accurate measurements of the m
netic moments of the baryon octet differ from the SQM p
dictions by up to 0.2 nuclear magnetons. Also, the SQ
cannot be reconciled with the ratioGA /GV of beta decay
constants in baryon beta decay.

These quantitative failures of the SQM have genera
been attributed to various ‘‘nonstatic’’ effects in the qua
model. These nonstatic effects must break SU~3! symmetry if
they are to improve the agreement of magnetic moment
dictions with experiment. This can be seen from the d
agreement with experiment of the sum rules@4#

m~p!2m~n!1m~S2!2m~S1!1m~J0!2m~J2!50

~0.496.05! ~1!

and

m~p!12m~n!1m~J2!2m~J0!50 ~20.436.01!.
~2!

The most recent experimental value@5# for each sum rule is
shown in parentheses in Eqs.~1! and ~2!.

For the baryon combinations in each sum rule, the n
static magnetic moment contributions would cancel if t
ultimate contribution from each quark were independent
which baryon the quark was in. This ‘‘baryon independenc
would follow, for instance, if the nonstatic parts of th
baryon wave functions were SU~3! symmetric. Because o
the cancellation of the nonstatic contributions, it was ori
nally expected that the sum rules would be in better ag
ment with experiment than individual quark moments. Ho
ever, subsequent tests of the sum rules showed that
disagreed with experiment by more than did any single m
netic moment@6#. The violation of the sum rules indicate
that strong SU~3! breaking and baryon dependent nonsta
contributions are required for baryon magnetic moments

The admixture of pion configurations to the quark mod
wave functions has been proposed@7# ~which we will refer to
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as I! as an important SU~3! breaking nonstatic effect tha
would break the sum rules of Eqs.~1! and ~2!. Such pion
contributions were shown in I to improve quark model ma
netic moment predictions significantly. But there was s
substantial disagreement with experiment for some of
moments.

In this paper we show that the inclusion of orbital excit
tion, along with the pion contribution, permits us to exte
the model to simultaneously fit magnetic moments and
beta decay ratiosGA /GV , along with a better overall agree
ment with experiment. It had been very difficult to reconc
the quark model magnetic moment predictions with qu
model beta decay ratios, especiallyGA /GV for neutron de-
cay. The combination of the nonstatic effects~pionic and
orbital! now makes it possible with the same quark model
achieve good agreement with experiment for the combi
set of baryon magnetic moments and beta decay consta

In Sec. II of this paper, we review the phenomenologi
treatment in I of pion components in the baryon wave fun
tions, and the effect of pions on baryon magnetic mome
We extend the effect of pion admixtures to baryon beta de
as well. Section III adds an orbital component to the th
quark wave function that leads to an orbital contribution
the magnetic moments and beta decay ratios. In Sec. IV,
discussL-S0 mixing which should be included in any ca
culation of this nature. In Sec. V the three effects~pionic,
orbital contribution, and mixing! are combined to achieve
good fit of all measured baryon moments and beta de
GA /GV ratios. In Sec. VI, the model parameters are used
determine the quark spin distributions of the proton in its r
frame. We also calculate an antiquark content of the pro
that is consistent with the Gottfried sum rule. We state o
major conclusions in Sec. VII.

II. PION CONTRIBUTIONS TO BARYON MAGNETIC
MOMENTS AND GA ÕGV

A detailed calculation of pion contributions to baryo
magnetic moments is given in I. In this section we revie
that calculation, and extend it to the ratioGA /GV for baryon
beta decay. There are two kinds of pion contribution. If pio
are created and then absorbed by the same quark, they a
only that quark’s anomalous moment. This contribution
independent of which quark the baryon is in. This mean
©2002 The American Physical Society10-1
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cannot affect the magnetic moment sums in Eqs.~1! and~2!,
and so cannot improve the overall prediction for bary
magnetic moments. The absorption of an emitted char
pion by a different quark in the same baryon leads to
change currents. These are different for different baryo
For instance, the u quark in a proton can emit a positive p
that is then absorbed by the d quark in the proton. But
type of exchange current cannot occur in aS1 hyperon
where there is no d quark. Because these pion exchange
tributions are baryon dependent, they do affect the sum ru
and can improve the prediction of baryon magnetic mome
@8#.

If the exchange currents were SU~3! symmetric, then
kaon and eta exchange currents would compensate for
pion exchange currents, preserving the disagreement
experiment of the sum rules. In I, and here, we assume
pion exchange dominates because of the particularly s
mass of the pion. The effect of the heavier meson exchan
is neglected, breaking SU~3! as is necessary to improv
agreement with experiment. We also do not include glu
exchange currents. In the phenomenological model con
ered here, intermediate gluons would leave the three qu
in a color octet state, which would lie much higher in ener
~by an unknown amount! than the color singlet baryons w
include. Consequently, states with gluons would not be
portant contributors to baryon magnetic moments in this
proach.

Any theory with full conservation of isotopic spin withou
SU~3! symmetry, such as occurs when pions dominate
exchange, will include baryon dependent charge excha
magnetic moment contributions. In our phenomenologi
representation of the pion component of baryon wave fu
tions, isotopic spin is conserved at both the quark and
baryon level. This provides the proper mix of direct a
exchange pion currents without specifying any spec
mechanism of pion emission. The procedure for this
shown in detail in Sec. III of I. Here we outline the ste
followed in I.

Physical baryon statesuB& for each isomultiplet, including
pionic parts, are defined by

uN&5aN N1bN@Np#1dN@Dp# ~3!

uS&5aS S1bS@Sp#1dS@S* p#1eS@Lp# ~4!

uJ&5aJ J1bJ@Jp#1dJ@J* p# ~5!

uL&5aL L1bL@Sp#1dL@S* p# ~6!

uD&5aD D1bD@Np#1dD@Dp# ~7!

uV&5V2. ~8!

In each of Eqs.~3!–~8!, the notationB(5N, S, J, L, D,
V2) represents the static quark model wave function of e
baryon, and@Bp# represents the appropriate linear combin
tions of isotopic spin and angular momentum states of
static quark model baryonsB and pions~with L51 for the
pions!. An explicit example for the proton is given by Eq.~5!
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of I. The V2 baryon cannot emit pions, and so the physic
uV& is the same as the quark modelV2.

The expansion coefficientsb, d, e for each baryon are
determined by matrix elements of a general pion emiss
operator

Qp5g(
i 51

3

s i
•p̂t i

•fp ~9!

between quark model states. The coefficienta is then deter-
mined from the normalization of the physical baryon sta
For any quark model state B, the corresponding phys
baryon state is

uB&5~a1Qp!B. ~10!

In I, the physical baryon states produced by the p
emission operator of Eq.~10! are compared to the physica
baryon states in Eqs.~3!–~8! to determine the expansion co
efficientsb, d, e in terms of the pion emission coefficientg.
These expansion coefficents are listed in Table I. We also
in the last column of Table I, the probability (PpB) that the
physical baryon state contains one pion. This is given by

PpB5b21g21e2. ~11!

We have used the values fora, b, e found from the fit in
Sec. V to get the numerical pion probabilities listed in t
table.

In Table I, we have distinguished betweeng, the pion
emission coefficient for octet baryon states, andg8, the pion
emission coefficient connecting octet states to decu
states. Because of the higher masses of the decuplet s
the energy denominators would be larger and the ove
integrals smaller for the octet-decuplet transition than
octet-octet transitions in any calculation ofg. So we should
expect thatg8 will be smaller thang. TheL is considerably
lighter than theS, and its wave function is different from
that of theS, so we also useg8 for the L.

The magnetic moment operator including the pion con
bution is

mop5(
i 51

3

s im i1LpML , ~12!

where them i are the quark Dirac moments. We use the Dir
moment for the quarks, because we assume that any an
lous moment of the quarks is produced by the pion contri
tions of this paper. The pion is emitted in anL51 state and

TABLE I. Expansion coefficients for physical baryon states.

Baryon b d e PpB(%)

N 5g 4A2g8 33
S A32/3g A16/3g8 2g 18
J 2g 2A2g8 2
L 22A3g8 2A6g8 3
D 2A2g 5g 40
0-2
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there is an effective orbital momentML . We apportion the
orbital moment between the pion and the recoiling bary
according to the center of mass relations

ML5Mp1MB ~13!

Mp5
epM

F11
mp

mBM G ~14!

MB5
~eBmp /mB!

F11
mBM

mp
G . ~15!

The orbital momentsMp andMB are given in nuclear mag
netons. The chargesep and eB are 61, depending on the
charge of the particular particle. The orbital moments dep
ne
et
a

he
-

03301
n

d

on the masses,mB andmp and the ratio of the proton mass t
an effective pion mass

M5mp /mp ~effective!. ~16!

Since the pion motion is, in fact, relativistic we take the ra
M to be an adjustable parameter in fitting the baryon m
netic moments. It corresponds to the magnitude of the ef
tive orbital magnetic moment of a charged pion before
center of mass corrections given above.

The baryon magnetic moments are given by the expe
tion value ofmop in the physical baryon states given by Eq
~3!–~8!. The calculation leads to Eqs.~A1!–~A8! for eight
octet baryon magnetic moments in the Appendix of I. W
reproduce these equations here@9#, along with additional re-
sults for the decuplet momentsmV2, mD11, mD1, and for
the transition momentmDp ,
mp5p150g~25p2n12Mp1M p!132g8~29p220d1Mp24MD!2640dAgg8 ~17!

mn5n150g~25n2p22Mp12M p!132g8~29n15d2Mp1MD!1640dAgg8 ~18!

mS15S114g@237S124S023L14A3~S,L!114Mp18MS#18g8@26S1

1 5
3 ~25d12s!2Mp2MS* #2 16

3 ~38d116s!Agg8 ~19!

mS25S214g@237S224S023L24A3~S,L!214Mp28MS#18g8@26S11 5
3 ~d12s!

1Mp1MS* #1 16
3 ~22d216s!Agg8 ~20!

mJ05J012g~25J02J212Mp22MJ!18g8~29J0110s22Mp12MJ!132sAgg8 ~21!

mJ25J212g~25J22J022Mp2MJ!18g8~29J225d110s12Mp1MJ!132~s1d!Agg8 ~22!

mL5L112g~29L2S12S02S2!124g8~29L25d15s!196~d12s!Agg8 ~23!

mSL5@aSaL212Agg8#~S,L!116A3g8~23d1Mp2MS* !18A3Agg8~214d1S12S214Mp24MS! ~24!

mV25V2 ~25!

mD115D1116g~12p1125d118Mp112M p124MD! ~26!

mD15D116g~8p14n177d16Mp18M p113MD! ~27!

mDp522A2@apaDd25g~4p24n25d12Mp22M p!22Agg8~254d125Mp225MD!#. ~28!
ect

e
b-
On the right hand sides of Eqs.~17!–~28!, baryon sym-
bols have been used to represent static quark model mag
moments, while quark symbols represent quark magn
moments coming from baryon resonances in the qu
model. We have replaced theu-quark moment by usingu5
22d, corresponding to our use of Dirac moments for t
quarks. The constantsg andg8 are related to the pion emis
sion constants by
tic
ic
rk

g5g2/9 and g85g82/9. ~29!

The pion admixtures in the physical baryon states aff
magnetic moments in three ways:~i! An orbital magnetic
moment due to the fact that the pions are emitted in anL
51 state,~ii ! the quark model magnetic moments for th
recoil baryons, and~iii ! the decrease in the bare baryon pro
ability given by the normalization condition
0-3
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JERROLD FRANKLIN PHYSICAL REVIEW D66, 033010 ~2002!
a2512b22d22e2. ~30!

We see from the above derivation that the pion contri
tion to baryon magnetic moments depends on three par
eters. We take these to be~i! the probability that the physica
nucleon contains one pion

PpN59~25g132g8!, ~31!

~ii ! the effective pion orbital magnetic momentM, and ~iii !
the ratio ofD-p to N-p probabilities in the nucleon

RD5
32g8

25g
. ~32!

Note that this definition ofRD differs from the ratioR
given in I by the factor~32/25!.

The beta decay constants are given by matrix element
the operators

ĜA5(
i

3

sz
i ~t1

i or v1
i ! ~33!

and

ĜV5(
i

3

~t1
i or v1

i !, ~34!

where t1 and v1 are isotopic spin~used for neutron beta
decay! andv-spin ~used for hyperon beta decay! raising op-
erators.ĜA has no explicit pion part because the pion w
JP502 does not contribute directly toGA . ĜV would have a
pion part. We do not include it because we need to applyĜV
to only the quark model wave function to getGV for any
baryon. Then, because the vector current is conse
~CVC!, including pions will not changeGV .

Using the operatorsĜA and ĜV between the physica
baryon states of Eqs.~3!–~8! gives, after some algebra, th
following results for the ratiosGA/V5GA /GV :

GA/V~n→p!5
5

3
@12200g2128g81256Agg8# ~35!

GA/V~L→p!51@aNaL1288g8190Agg8# ~36!

GA/V~J2→L!5
1

3
@aLaJ230g1240g8248Agg8#

~37!

GA/V~S2→n!52
1

3
@aNaS150g2160g81416Agg8#

~38!

GA/V~J0→S1!5
5

3
@aSaJ134g/5232g81192Agg8/5#

~39!
03301
-
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ed

GA~D1→p!522A2

3
@apaD1450g1216Agg8#.

~40!

The normalization constantsaB are given by

aN5A12225g2288g8 ~41!

aL5A12324g8 ~42!

aJ5A129g272g8 ~43!

aS5A12132g248g8 ~44!

aD5A12297g. ~45!

III. ORBITAL EXCITATION

There are seven different types of orbital excitation th
could affect the magnetic moment of a three quark bou
state of spin1

2 . These are listed in the Appendix of Ref.@3#.
~At that early stage of the quark model, the possibility o
ground state with orbital angular momentum had not be
ruled out, and this resulted in the angular momentuml 0 ap-
pearing in the angular states. Now it is known that thel 0
appearing there is zero, so that it can just be left out of
equations.!

Of these angular momentum states, we expect the s
with Dalitz angular momental 51, L51, with L1 l 50 to
be the most important. This state is listed as state~5! in Ref.
@3#. It is sometimes referred to as theS8 state because it ha
no total orbital angular momentum. States (1) –(46) in Ref.
@3# havel or L of 2, and some must couple to total quark sp
of 3

2 . State~6! also hasl 5L51, and could be of comparabl
size with thel 1L50 state, but turns out not to have as mu
of an effect on magnetic moments and beta decay ratios@10#.

The effect of thel 1L50 orbital state on baryon mag
netic moments is through the change in the quark spin sta
Two identical quarks must now be in a spin zero state, so
the magnetic moment of the six baryons with two identic
quarks will be that of the odd quark. Taking into account t
decrease in the normalization of the ground state, the cha
in the baryon magnetic moment for these six baryons is

DmB5h~mq82B!, ~46!

wheremq8 is the magnetic moment of the unlike quark, a
B represents the static quark model magnetic momen
baryonB. The coefficienth is the probability for the physica
baryon to be in thel 1L50 state. The quark spin states
theL andS0 are just interchanged in thel 1L50 state. This
results in

DmL5h~S02L!. ~47!

These orbital additions should be added to the baryon m
netic moments listed in Eqs.~17!–~23!.

The l 1L50 excitation also affects the beta decay ratio
These can be calculated from the spin states of the bary
for this state, and an angular overlap integral over the in
0-4
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nal cordinates. For this purpose, it helps to write thel 1L
50 state in terms of the two vectors,r andr. The vectorr is
the vector between the two like quarks in a baryon, andr is
the vector from the midpoint ofr to the third, unlike quark.
Then the wave function for this state can be written as

C~r,r!5r•rc0~r ,r!x8, ~48!

wherec0(r ,r) is spherically symmetric in both vectors, an
x8 is the spin state

x85
1

A2
~↑↓↑2↓↑↑ !. ~49!

For a beta decay liken→p, the matrix element to be
evaluated is

DGA~n→p!5^C~uud!uĜAuC~2udd!&. ~50!

Note that in the two wave functions, the quark ordering
permuted for the two like quarks. This leads to a factor
2 1

2 from the angular integral for these wave functions. T
factor of2 1

2 enters for all beta decay matrix elements exc
for the S2 to neutron decay where the overlap factor is11.

The spin projections for the beta decay operatorĜA are
then straightforward, and the results are

DgA/V~n→p!52
1

2
h ~51!

DgA/V~L→p!52
1

6
h ~52!

DgA/V~J2→L!52
1

6
h ~53!

DgA/V~S2→n!51h ~54!

DgA/V~J0→S2!51
1

2
h. ~55!

These orbital corrections should be added to the beta d
ratios given in Eqs.~35!–~39!. The coefficient2h should
also be included in the square roots for the normalizat
constants in Eqs.~41!–~45!.

IV. L-S0 MIXING

It has been known for some time that quark model p
dictions should be corrected for mixing of theL and S0

quark states@3,7,11–15#. This mixing is a necessary result o
a spin dependent off-diagonal matrix element connecting
L andS0 that is inherent in any quark model. This mixin
should be included in any consistent quark model calcula
at this level of accuracy, but is often left out.

The mixing formalism is given in detail in Refs.@13# and
@15#. Here we list the relevant formulas for this paper. We
using a different sign convention for theS quark model
wave function here than previously, so that some of the si
03301
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are different. We also consistently make small angle appro
mations here for the mixing angleu. The physicaluS0& and
uL& have mixtures of the other hyperon,L andS0, given by

uS0&5S02uL ~56!

uL&55L1uS0. ~57!

Although the mixing angle probably comes from a com
bination of magnetic and QCD interactions, the formalism
Ref. @13# applies for any mixing mechanism in the qua
model. The off-diagonal matrix element connecting theS0

and L can be related directly to a combination of hyper
mass differences that give the result

u5
mS* 22mS* 12mS21mS1

2A3~mS02mL!

520.0146.004 radians. ~58!

The mixing leads to the following small additions t
quark model magnetic moments and beta decay const
involving theL or S0:

DmL512u mSL520.0456.013 nm ~59!

DmSL51u~mS02mL!520.036.01 nm ~60!

DGA/V~L→p!52
4

3A3
u520.01 ~61!

DGA/V~J2→L!51
4

3A3
u510.01. ~62!

V. RESULTS

In this section we provide the results of ax2 fit to experi-
ment of ten magnetic moment predictions and five beta
cay ratio predictions. The model predicts quark model m
netic moments and beta decay constants, modified by p
direct and exchange currents, and orbital excitation. T
static quark model involves two parameters, the input mas
of the nucleon and strange quarks. The pion contribut
involves three additional parameters,PpN , the percentage o
pion admixture in the nucleon,M, the effective pion orbital
magnetic moment, andRD , the ratio ofD-p to N-p admix-
ture in the nucleon. The orbital contribution is characteriz
by the probabilityh of the orbital excitation. So we are fit
ting fifteen experimental quantities with six parameters, c
responding to nine degrees of freedom~d.o.f.!.

The results of this fit are shown in Table II. The pu
quark model two parameter fit, and the fit with only the pi
contribution are also shown for comparison. The resona
transition momentm(D1p) is not included in the fit becaus
its experimental determination is not clear. We have also
cluded model predictions form(D1) which may be measur
ered soon@18#, and the beta decay ratioGA(D11→p),
which is used in the calculation of weak proton capture
3He @19#. All the magnetic moments are in units of nucle
0-5
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TABLE II. Fit of the quark model with pion and orbital contributions. Experimental values are from
@5#, except where noted otherwise.

Expt. SQM Pion Pi1Orbital

m(p) 2.79 2.75~0.7! 2.65 ~7.7! 2.68 ~5.1!
m(n) 21.91 21.84 ~1.9! 22.04 ~6.7! 21.99 ~2.3!
m(S1) 2.466.01 2.65~14.7! 2.53 ~2.0! 2.52 ~1.5!
m(S2) 21.166.03 21.02 ~6.7! 21.14 ~0.2! 21.17 ~0.0!
m(J0) 21.256.01 21.44 ~13.7! 21.42 ~10.7! 21.27 ~0.2!
m(J2) 20.656.00 20.52 ~6.3! 20.54 ~4.8! 20.59 ~1.6!
m(L) 20.616.00 20.67 ~1.2! 20.67 ~1.1! 20.56 ~1.0!
m(S,L) 1.616.08 1.57~0.2! 1.46 ~2.6! 1.51 ~1.0!
m(V2) 22.026.05 21.87 ~4.6! 21.91 ~2.2! 22.07 ~0.5!
m(D11) @16# 6.226.7 5.50~1.8! 5.49 ~1.9! 6.17 ~0.0!
m(D1) 3.12 2.84 2.84
m(D1,p) 2.59 2.49 2.79

GA/V(n,p) 1.276.00 1.67~64! 1.33 ~1.8! 1.32 ~1.3!
GA/V(L,p) 0.726.02 1.00~27! 0.86 ~6.9! 0.78 ~1.6!
GA/V(J2,L) 0.256.05 0.33~1.9! 0.30 ~0.6! 0.24 ~0.0!
GA/V(S2,n) 20.346.02 20.33 ~0.0! 20.30 ~0.4! 20.21 ~6.2!
GA/V(J0,S1) @17# 1.246.27 1.67~6.0! 1.53 ~1.1! 1.38 ~0.3!
GA(D11,p) 21.63 22.09 22.086.06

x22DF 5228 51210 2329

mu ~MeV! 340 340 297620
ms ~MeV! 500 490 453620
PpN 0 29% 3367%
M (p) ~nm! 4.8 4.761.0
RD 3% 865%
h(orbital) 0 862%
m
of
e
t

by
e
av

th

-
M

ag
e
nt
im
t
th
it
t

of

ss.
ly

fect
n
-

eta
hat
eve

ed
a

a

that
del
magnetons~nm!, while the beta decay ratios are pure nu
bers. In determiningx2, we have used a theoretical error
0.05 forGA/V and 0.05 nm for the magnetic moments, add
in quadrature with the experimental errors. This is used
avoid having the fit to experiment arbitrarily dominated
the most accurate measurements. Also, there are a numb
small effects that are expected to be of this order that h
been left out of the calculation.

The x2 fit for the static quark model~SQM! in Table II
does not include the beta decay ratios. It is clear that
SQM is especially bad for neutron decay, and including
would raisex2 to well over 100. Among the magnetic mo
ments, the sigmas and the xis are the worst fit for the SQ
Including pion exchange considerably improves the m
netic moment fits. The sigma problem is corrected, but th
is still a mismatch between the xi and the nucleon mome
The most remarkable feature of the pion fit is the great
provement inGA/V for the neutron. This permits an overall fi
to both beta decay ratios and magnetic moments. But
still is not enough to achieve really good agreement w
experiment. Finally, adding the orbital state is seen
achieve a reasonable fit.

The best fit parameters for the~pi1orbital! case are
shown at the bottom of Table II. The6 values on the pa-
rameters correspond to an increase inx2 of x2/d.o.f. The
03301
-

d
o

r of
e

e
it

.
-

re
s.
-

is
h
o

parameters all have reasonable values. The probability
pions in the physical nucleon is rather high, butM is close to
the orbital magnetic moment for a pion of the physical ma
AlthoughRD is not large, the decuplet cannot be complete
left out. Doing so increasesx2 to 35.

The importance of each effect can be judged by the ef
on x2 when it is left out. Leaving out the orbital excitatio
(h50) increasesx2 to 51, while leaving out the pion ex
change (PpN50) increasesx2 to 104. So it is clear that a
combination of nonstatic effects~in this model, pion ex-
change, decuplet baryons, and orbital excitation! is required
to achieve a reasonable fit to all baryon moments and b
decay ratios. That is why so many earlier calculations t
concentrated on only one nonstatic effect could not achi
good overall fits.

The L-S mixing discussed in Sec. IV has been includ
in all four L entries shown in Table II. The mixing is
barely measurable effect in this fit.x2 increases by 2 if mix-
ing is left out, almost all of the increase coming from
slightly worse prediction for theL magnetic moment with-
out mixing.

If the theoretical error of 0.05 is raised to 0.08, thenx2 is
9, and equal to the number of degrees of freedom, so
0.08 could be considered the level of accuracy of the mo
when fitting to this data. Actually, to bringx2 down to the
0-6
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number of degrees of freedom for the 0.05 theoretical e
would require shifts in some predictions of much less th
0.05. There are a number of small effects we have left
that could be close enough to 0.05 to improve the accur
Also, all six parameters which have been kept const
should vary a bit from baryon to baryon, which could co
siderably reducex2. To achieve this would require an acc
rate detailed calculation in a specific theory, beyond
simple phenomenological model considered here.

At this point, it is important to discuss the actual expe
mental significance of theGA/V ratios listed in Ref.@5#. As
the discussion on p. 694 of Ref.@5# indicates, the listed ratios
are actually theoretical numbers, derived from experim
using the SU~3! symmetry assumption that the coupling p
rameterg2 is zero. This assumption is not confirmed by e
periment, and SU~3! symmetry is at sharp variance with th
model used here. Consequently, it is of interest to see
effect on our fit of lettingg2 vary freely in interpreting the
experimental distributions. This has been done in only o
experiment, the study of theS2→n decay by Hsuehet al.
@20#. The experimental result isGA/V(S2→n)510.20
6.08. The experimental measurement ofg2 is g2520.56
6.37. Using the experimental valueGA/V(S2→n)510.20
6.08 in the overall fit of the magnetic moment and be
decay ratios reducesx2 to 16, without much change in any o
the predictions. This improvement inx2 by relaxing the as-
sumption thatg250 gives us more confidence in the mod
and less in the assumption thatg250.

Reference@20# was the only measurement ofGA /GV that
allowed g2 to vary in fitting the experimental distributions
The prediction thatg250 for neutron decay is based on iso
pin, and therefore is probably a safe conclusion. The o
measurements~for L, J2, and J0) should be considered
theoretical results, based on experiment and the assum
of SU~3! symmetry. Until these experiments are analyz
without the SU~3! assumption or new experiments pe
formed, we have to use these data as the only data to fi
but they must be regarded as tentative. There are indicat
that the ratiog2 /GV is positive in the quark model for thes
hyperon decays@23#. That would give a positive contribution
to theseGA/V ratios, tending to improve our model’s fit to th
data.

VI. QUARK SPIN PROJECTIONS AND ANTIQUARK
CONTENT OF THE PROTON

The quark and pion wave functions can be used to ca
late the quark spin projectionsDu, Dd, and the total quark
spin projectionS. The spin projection for quarkq is defined
by

Dq5K (
i

sz
i L

q

, ~63!

where the sum is over only typeq quarks. The total quark
spin projectionS is given by the sum ofsz over all quarks

S5K (
i

sz
i L 5Du1Dd. ~64!
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It follows from isotopic spin rotation that the quark sp
projections are related toGA/V for the neutron by

GA/V~n→p!5Du2Dd. ~65!

It has to be emphasized here that these quark spin pro
tions are for the proton in its rest system. They are not
same as corresponding quark spin projections on the l
cone at infinite momentum, which are calculated using Q
sum rules for polarized deep inelastic scattering asym
tries. Since QCD is a strong interaction, a boost to infin
momentum produces gluons and quark-antiquark pairs
were not in the rest frame wave function. This changes
individual and total quark spin projections. Equation~65! is
not affected by the boost if it is assumed that the quark p
produced in the boost are charge symmetric. It then beco
the well known Bjorken sum rule.

We find, for the rest frame spin projections,

Du50.986.05, Dd520.356.01,
~66!

S50.636.06.

While this shows a considerable decrease in total quark
projection from the static quark model valueS51, it is not
as great a decrease as that indicated in QCD sum rules.
that, since this model has no SU~3! symmetry,Ds50.

The pion component of the proton can be considered a
quark-antiquark sea in the rest frame wave function. This
no quark spin projection because the pions are spin zero
does contribute orbital angular momentum to the total an
lar momentum of the proton. Thez component is calculated
as the expectation value ofLz for the pions

Lz50.197.06. ~67!

As required by conservation of angular momentum, we
that

1

2
S1Lz5

1

2
. ~68!

Considering the pions as quark-antiquark pairs, we
also calculate the antiquark content^ū& and ^d̄& of the pro-
ton. These are given by the antiquark content of the pions
that

^ū&5^p2&1
1

2
^p0& ~69!

^d̄&5^p1&1
1

2
^p0&. ~70!

The fraction of each type of pion in the proton is given
the isotopic decomposition of Eq.~3!:

^p1&5
2

3
b21

1

6
d2 ~71!
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^p0&5
1

3
b21

1

3
d2 ~72!

^p2&5
1

2
d2. ~73!

This leads to

^ū&5
3

2
~25g1128g8! ~74!

^d̄&5
3

2
~125g164g8!. ~75!

For the fit in Table II, this results in

ū50.07, d̄50.26, d̄2ū50.196.03. ~76!

With this value ford̄2ū, the quark and antiquark contribu
tion to the Gottfried sum rule@21# is
e
tio

mo
ig
s

l a

03301
SG5
1

3
@122~ d̄2ū!#50.216.02, ~77!

in good agreement with the experimental result@22# of SG
50.246.03. This result would survive a boost because
quark pairs produced by QCD are expected to have eq
numbers ofu-ū andd-d̄ pairs.

VII. CONCLUSION

Our main conclusion is that a relatively simple pheno
enological quark model can provide a combined fit to t
beta decay ratios and magnetic moments. The long stan
problem of reducing the static quark model prediction of 5
for the neutronGA/V can be solved if there is a sizeable pio
component in the nucleon, along with some orbital and
cuplet excitation. The pions in the proton wave function a
provide the appropriate difference ofd̄2ū antiquarks to sat-
isfy the Gottfried sum rule.
.
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