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Baryon magnetic moments in a QCD-based quark model with loop corrections

Phuoc Ha* and Loyal Durand†

Physics Department, University of Wisconsin-Madison, Madison, Wisconsin 53706
~Received 24 April 1998; published 25 September 1998!

We study meson loop corrections to the baryon magnetic moments starting from a QCD-based quark model
derived earlier in a quenched approximation to QCD. The model reproduces the standard quark model with
extra corrections for the binding of the quarks. The loop corrections are necessary to remove the quenching.
Our calculations use heavy baryon perturbation theory with chiral baryon-meson couplings, the quark model
moment couplings, and a form factor characterizing the structure of baryons as composite particles. The form
factor reflects soft wave function effects with characteristic momenta'400 MeV, well below the usual chiral
cutoff of '1 GeV. The resulting model involves only three parameters, the quark momentsmu andms , and a
parameterl that sets the momentum scale in the wave functions. We find that this approach substantially
improves the agreement between the theoretical and experimental values of the octet baryon magnetic mo-
ments, with an average difference between the theoretical and experimental moments of 0.05mN . An extension
to the decuplet states using the same input predicts a moment of 1.97mN for the V2 hyperon, in excellent
agreement with the measured moment of 2.0260.05mN . @S0556-2821~98!06521-7#

PACS number~s!: 13.40.Em, 11.30.Rd
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I. INTRODUCTION

The simple, nonrelativistic quark model~QM! gives a
qualitatively good description of the baryon moments. Un
the assumption that each baryon is composed of three
lence or constituent quarks in a state with all internal orb
angular momenta equal to zero, the moments are given
expectation values of the spin moment operators

mQM5(
q

mqsq , ~1.1!

leading to the standard expressions

mp
QM5

1

3
~4mu2md!,..., mq5

eq

2mq
, ~1.2!

where the effective quark momentsmu522md andms can
be treated as free parameters in attempting to fit the data.
predicted pattern of the signs for the moments agrees
observation. A least-squares fit to seven measured octet
ments~the transition momentmS0L is left to be predicted!
gives a root-mean-square deviation of theory from exp
ment of 0.12mN , about 11% of the average magnitudes
the moments. Agreement at this level can be regarded a
outstanding success of the quark model, but the deviat
also give a very sensitive test of baryon structure. Ther
presently no completely successful first-principles theory
the moments.

In this paper, we approach the moment problem dyna
cally using a QCD-based quark model@1# with meson loop
corrections. The model has only three parameters, nam
the quark momentsmu522md and ms , and a parameterl
that characterizes the momentum scale of meson-baryo
teractions, with the particles regarded as composite. We
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that this approach reduces the average deviation of the
culated moments from experiment to 0.05mN , a substantial
improvement, and that the loop corrections are small co
pared to the leading QM terms, suggesting reasonable
vergence for the loop expansion.

A different approach to the moment problem using chi
perturbation theory~ChPT! with loop corrections has bee
studied recently by a number of authors. Excellent fits to
data can be obtained for either conventional@2–5# or a modi-
fied @6# chiral counting. However, as pointed out elsewhe
@7#, the general fits are essentially independent of the
namical input, and are best thought of as giving parame
zations of the data. In particular, the introduction of t
counterterms needed to eliminate divergences in the l
integrals results in the appearance of five new chiral c
plings @2,5,6# at the one-loop level in addition to the tw
tree-level@8# couplings. The seven well-measured octet m
ments can be fitted exactly using these seven parame
whether or not the calculated loop corrections are includ
@7#. The theory is only weakly predictive with respect to th
remaining quantity, theS0L transition moment, which is no
known precisely. Furthermore, the loop corrections in Ch
are nearly as large as the tree-level terms, and converg
of the expansion is at best slow, when the divergences
regularized using dimensional regularization. This probl
is not unexpected, since chiral symmetry is known to
badly broken for the baryons. The remaining predictions@2–
4# are sum rules that can be motivated by largeNc expan-
sions or expansions in the symmetry breaking mass par
eter ms in ChPT, but do not depend explicitly on th
dynamics.

Our intent here is to present a dynamical approach to
baryon moments in which we emphasize the composite
ture of the baryons and use a description based on the
rather than the chiral picture. We begin in Sec. II by revie
ing briefly the derivation of the QM, with corrections, from
QCD using a Wilson-loop approach@1#. The derivation in-
volves the suppression of internal quark loops~‘‘quench-
ing’’ !, an approximation that is likely to account for the d
© 1998 The American Physical Society08-1
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PHUOC HA AND LOYAL DURAND PHYSICAL REVIEW D 58 093008
ficiencies of the resulting model. The addition of quark loo
necessary to remove the quenching introduces meson l
when the theory is viewed at the hadron level@1#, and the
effect of these loops on the baryon moments must be con
ered. We develop our approach to loop effects in Sec.
where we define the couplings we will use for low mome
tum meson-baryon and electromagnetic interactions in a
culation based on heavy-baryon perturbation theory@9,10#.
We also introduce the form factor needed to account for
extended structure of the baryons and mesons viewe
composite particles. We present our final expression for
octet moments, the results of our numerical analysis, and
conclusions in Sec. IV. Finally, we give the detailed resu
needed to evaluate the formal expressions for the momen
two appendices.

II. BARYON MOMENTS IN A QCD-BASED QUARK
MODEL

A. Background

In previous work@1#, we analyzed the QM for the baryo
moments in the context of QCD. Our approach was based
the work of Brambillaet al. @11#, who derived the interaction
potential and wave equation for the valence quarks in
baryon from QCD using a Wilson-line construction. The
basic idea was to construct a Green’s function for the pro
gation of a gauge-invariant combination of quarks joined
path ordered Wilson-line factors

U5P exp igE Ag•dx, ~2.1!
n
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whereAg is the color gauge field. The Wilson lines swee
out a three-sheeted world sheet of the form shown in Fig
as the quarks move from their initial to their final configur
tions.

By making an expansion in powers of 1/mq using the
Foldy-Wouthuysen approximation, and considering only f
ward propagation of the quarks in time, Brambillaet al.were
able to derive a Hamiltonian and Schro¨dinger equation for
the quarks, with an interaction which involves an avera
over the gauge field. That average was performed using
minimal surface approximation in which fluctuations in th
world sheet are ignored, and the geometry is chosen to m
mize the total area of the world sheet subject to the motion
the quarks. The short-distance QCD interactions were ta
into account explicitly. Finally, the kinetic terms could b
resummed. The result of this construction is an effect
Hamiltonian@11# to be used in a semirelativistic Schro¨dinger
equationHC5EC:

FIG. 1. World sheet picture for the structure of a baryon in t
Wilson-loop approach.
H5(
i

Api
21mi

21s~r 11r 21r 3!2(
i , j

2

3

as

r i j
2

1

2m1
2

s

r 1
s1•~r13p1!1

1

3m1
2 s1•S ~r123p1!

as

r 12
3 1~r133p1!

as

r 13
3 D

2
2

3

1

m1m2

as

r 12
3 s1•r 123p22

2

3

1

m1m3

as

r 13
3 s1•r 133p31¯ . ~2.2!
si-
m
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ted
ne
Herer i j 5xi2xj is the separation of quarksi and j , r i is the
distance of quarki from point at which the sumr 11r 21r 3

is minimized, andpi and si are the momentum and spi
operators for quarki . The parameters is a ‘‘string tension’’
which specifies the strength of the long range confining
teraction, andas is the strong coupling. The terms hidden
the ellipsis include tensor and spin-spin interactions wh
will not play a role in the analysis of corrections to the m
ment operator, and the terms that result from permutation
the particle labels. The full Hamiltonian is given in@11#.
This Hamiltonian, including the terms omitted here, give
good description of the baryon spectrum as shown by C
son, Kogut, and Pandharipande@12# and by Capstick and
-

h

of

a
l-

Isgur @13#, who proposed it on the basis of reasonable phy
cal arguments, but did not give formal derivations fro
QCD.

The presence of the quark momentapi in the Thomas-
type spin-dependent interactions in Eq.~2.2! suggests that
new contributions to the magnetic moment operator co
arise in a complete theory through the minimal substituti

pi→pi2eiAem~xi !, ~2.3!

with Aem(xi) the electromagnetic vector potential associa
with an external magnetic field. We have therefore redo
the calculation of Brambillaet al. with the gauge interaction
8-2
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TABLE I. The values in GeV of the matrix elementse andS defined in Eqs.~2.9! and~2.10!. The matrix
elements were evaluated foras50.39, s50.18 GeV2, mu5md50.343 GeV, andms50.539 GeV.

Baryon e e8 ẽ S S8 S̃

N 0.014 0.014 0.014 0.062 0.062 0.062
S 0.014 0.018 0.012 0.061 0.069 0.046
J 0.016 0.012 0.018 0.053 0.046 0.068
V 0.016 0.016 0.016 0.052 0.052 0.052
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extended to includeAem. After reorganizing the calculation
to keep the presence ofAem explicit throughout, and then
expanding to first order ineqAem in the baryon rest frame
with

Aem5 1
2 B3xq , B5const, ~2.4!

we can identify the modified magnetic moment opera
through the relation

DH52m•B. ~2.5!

The new moment operator,m5m(QM)1DmQM, involves
the leading corrections to the quark-model operator ass
ated with the binding interactions.Dm can, in fact, be read
off from the terms in Eq.~2.2! which depend on both the
quark spins and momenta by making the minimal subst
tion in Eq. ~2.3!. For example, the term which depends
s1•r123p1 gives an extra contribution

e1

6m1
2 x13~s13r12!

as

r 12
3 ~2.6!

to m1 . There are also possible orbital contributions to t
moments because the Hamiltonian mixes states with non
orbital angular momenta with the ground state. These con
butions proved to be negligible@1#.

The moment of a baryonb is now given by

mb5(
q

~mq1Dmq
b!^sq,z&b5mb

QM1(
q

Dmq
b^sq,z&b ,

~2.7!

where the sum is over the quarks in the baryon and we h
quantized alongB, taken along thez axis. The spin expecta
tion values are to be calculated in the baryon ground sta

Note that the correctionDmq
b to the moment of quarkq

depends on the baryonb in which it appears. The fina
baryon moments depart from the quark model pattern o
when the ratiosDmq

b/mq differ in different baryons.

B. Results for the octet baryons

The general result for the moment operator given ab
can be simplified considerably for theL50 ground state
baryons. The absence of any orbital angular momentum
lows us to integrate immediately over angles. Furthermo
two quarks always have the same mass in each octet o
cuplet baryon, so appear symmetrically in the spatial par
a flavor-independent wave function. We will label the
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quarks 1 and 2, letm15m25m, and take 3 as the odd-mas
quark if there is one. With this labeling, the spatial mat
elements of the new operators can be reduced to a smal
and the correction terms become

Dm1
b5m1Fe1e8

2m
1

1

e1
S e2

m
e1

e3

m3
ẽ D2

S1S8

2m G ,
Dm2

b5m2Fe1e8

2m
1

1

e2
S e1

m
e1

e3

m3
ẽ D2

S1S8

2m G ,
Dm3

b5m3F ẽ

m3
1

1

e3

e11e2

m
e82

S̃

m3
G , ~2.8!

where thee’s and S’s are ground state radial matrix ele
ments,

e5K 2as

9

r12•x1

r 12
3 L

b

5 K as

9

1

r 12
L

b

,

e85K 2as

9

r23•x2

r 23
3 L

b

5K 2as

9

r13•x1

r 31
3 L

b

,

ẽ5K 2as

9

r31•x3

r 31
3 L

b

5K 2as

9

r32•x3

r 23
3 L

b

,

~2.9!

and

S5
s

6 K r12•x1

r 12
L

b

5
s

12
^r 12&b ,

S85
s

6 K r23•x2

r 23
L

b

5
s

6 K r31•x1

r 31
L

b

,

S̃5
s

6 K r31•x3

r 31
L

b

5
s

6 K r32•x3

r 23
L

b

.

~2.10!

In writing these results, we have made the approximat
r 11r 21r 3' 1

2 (r 121r 231r 31), known to be reasonably ac
curate for the ground state baryons@12#, and used the corre
sponding Thomas spin interaction.

We have evaluated the the radial matrix elements ab
using Gaussian wave functions obtained in a variational
culation of the ground state energies for the Hamiltonian
8-3
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Eq. ~2.2!. The results are given in Table I foras50.39 and
s50.18 GeV2, values taken from fits to the baryon spectru
@12,13# using the same Hamiltonian. A refitting of the oct
moments usingmu and ms as adjustable parameters in th
QM contribution to the complete expression in Eq.~2.7!
gives only a slight improvement in the results, with an inc
rect pattern in the corrections relative to those needed.

III. LOOP CORRECTIONS TO THE MOMENTS

Given the failure of the binding corrections to elimina
the deficiencies in the QCD-based quark model, we h
reexamined the approximations used in its derivation@1#. A
key element in the Wilson-loop construction was the use
the quenched approximation in which all internal qua
loops are omitted. As discussed elsewhere@1#, it appears that
this approximation is the one most likely to account for t
difficulty in reproducing the measured moments. In partic
lar, the introduction of quark loops allows meson loops
appear, and these are known to affect magnetic mome
The first step in the improvement of the model is theref
the introduction of meson loop corrections to the QM m
ments. The relevant one-loop Feynman diagrams at the
ronic level are shown in Figs. 2 and 3. Since the ground s
L50 octet and decuplet baryons only differ in their intern
spin configurations in the simple QM and the octet-decup
mass differences are small, we must include both set
baryon states in the calculation to get a consistent the
However, we include only the pseudoscalar mesons.

The diagrams in Fig. 2 are independent of the input m
netic moments of the baryons, but modify the final momen
In contrast, the diagrams in Fig. 3 involve the octet a
decuplet moments and the octet-decuplet transition mom
directly. We will specify these in terms of the QM.

We will calculate the contributions of the diagrams
Figs. 2 and 3 using heavy baryon perturbation the
~HBPT! in which the baryon masses are assumed to be la
compared to the typical scale set by the internal moment
will be essential in this respect to take the extended, co
posite structure of the baryons into account, since this
tended structure naturally limits the momenta that can
absorbed by the baryon as a whole. The resulting mom
are small on the average, well below usual chiral cutoff
'1 GeV, and it is therefore reasonable to use the low

FIG. 2. Diagrams with couplings independent of the baryon m
ments. These diagrams lead to the non-analyticms

1/2 corrections to
the baryon magnetic moments in the conventional ChPT.
dashed lines denote the mesons, the single and double solid
denote octet and decuplet baryons, respectively. A heavy dot w
meson line represents a form factorF(k,v) @Eq. ~3.14!#, wherek is
the meson momentum.
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order chiral couplings to describe the resulting low mome
tum, long distance interactions of the mesons and baryo1

We will discuss these ingredients separately in the follow
subsections.

A. Heavy baryon couplings

Heavy baryon perturbation theory was developed in R
@9# and extended to the chiral context in Ref.@10#. It has
been used to study a number of hadronic processes at
mentum transfers much less than 1 GeV. The key idea
HBPT involve the replacement of the momentumpm of a
nearly on-shell baryon by its on-shell momentummBvm plus
a small additional momentumkm, p5mBv1k, and the re-
placement of the baryon field operatorB(x) by an operator
Bv(x) constructed to remove the free momentum dep
dence in the Dirac equation,

Bv~x!5eimBv” vmxmB~x!. ~3.1!

In these expressionsvm is the on-shell four velocity of the

1The difficulties with ChPT in the present context result from t
treatment of the baryons and mesons as point particles in HBCh
This leads to divergences in loop integrals. Different regularizat
schemes lead to different results for the integrals, for example
dimensional@14# and momentum@15# regularization, with the am-
biguities being lumped into the new couplings that must be int
duced along with the loop diagrams. The present theory has a n
ral cutoff at fairly low momentum imposed by the extend
structure of the hadrons in the QM, and the loop contributions
finite. However, they change the initial structure of the theory, a
provide in effect a dynamical calculation of what would appear
new couplings in ChPT.

-

e
es
a

FIG. 3. Diagrams with couplings that depend on the tree-le
baryon moments. These diagrams lead to non-analyticms ln ms cor-
rections to the baryon magnetic moments in the conventional Ch
8-4
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baryon and it is assumed thatk•v!mB . The perturbation
expansion then involves modified Feynman rules and an
pansion in powers ofk/mB . We will work to leading order
in this expansion.

The low-momentum couplings of mesons to baryons
pear to be well described as derivative couplings with
standard chiral structure. We will use these couplings in
analysis, but emphasize that we are not doing the usual
mentum expansion of ChPT in the sense that the hig
order effective couplings of ChPT will be implicit output o
our dynamical calculation. The Lagrangian for the modifi
baryon fields depends on the usual matrix of baryon fie
with B replaced byBv , and on the pseudoscalar pion oc
normalized as

f5
1

& S p0

&
1

h

A6
p1 K1

p2
2

p0

&
1

h

A6
K0

K2 K̄0 2
2h

A6

D . ~3.2!

This couples to the baryon fields at low momenta through
vector and axial vector currents defined by

Vm5 f 22~f]mf2]mff!1¯ , Am5 f 21]mf1¯ ,
~3.3!

where f '93 MeV is the meson decay constant. We will r
tain, as indicated above, only leading term in the derivat
expansion. The Lagrangian for octet and decuplet baryon
then

Lv5 i Tr B̄v~v•D!Bv12D Tr B̄vSv
m$Am ,Bv%

12F Tr B̄vSv
m@Am ,Bv#2 i T̄v

m~v•D!Tvm1dT̄v
mTvm

1C~ T̄v
mAmBv1B̄vAmTv

m!12HT̄v
mSvnAnTvm

1Tr ]mf]mf1¯ ~3.4!

whered is the decuplet-octet mass difference, andDm5]m
1@Vm ,# is the covariant chiral derivative.Bv is now the
matrix of octet baryon fields, and the Rarita-Schwinger fie
Tv

m @10# represent the decuplet baryons.D, F, C, andH are
the strong interaction coupling constants. The spin oper
Sv

m is defined in Ref.@10#.
The electromagnetic interactions of the mesons, and

convection current interactions of the baryons, are int
duced into the Lagrangian by making the substitutions

Dm→Dm1 ieAm@Q,#,

]mf→Dmf5]mf1 ieAm@Q,f#,
~3.5!
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whereAm is the photon field. The baryon moment couplin
needed in the graphs in Fig. 3 do not appear above
require a separate treatment.

B. Quark model moment couplings

As described above, our starting point for calculating t
baryon moments is the QCD-based quark model. These
ments play the role of tree-level interactions in the loop e
pansion and also appear in the electromagnetic interact
of the internal baryons in Fig. 3. As we noted in@7#, the octet
baryon moments can be written in terms of the general SU~3!
symmetry breaking operator in HBChPT given by@2–6#,

LSB5L01L1 ~3.6!

where

L05
e

4mN
~mDTr B̄vFmnsmn$Q,Bv%

1mFTr B̄vFmnsmn@Q,Bv# !, ~3.7!

is the leading order moment operator in chiral perturbat
theory parametrized bymD andmF @8#, and

L15
e

4mN
Fmn~c1Tr B̄vMQsmnBv1c2TrB̄vQsmnBvM

1c3Tr B̄vsmnBvMQ1c4Tr B̄vMsmnBvQ

1c5Tr B̄vsmnBvTr MQ! ~3.8!

contains the new couplingsc1 ,...,c5 introduced along with
the counterterms that are necessary at one loop@2–6#. Here
Q5diag(2/3,21/3,21/3) is the quark charge matrix an
M5diag(0,0,1) is proportional to the mass matrix used
introduce SU~3! breaking through the strange-quark ma
ms . The addition toLSB of one further coupling which is
second order inms ,2

L25
ed

4mN
Tr B̄vMQsmnFmnBvM ~3.9!

gives a complete basis for the description of the octet m
ments@7#.

The particular choicemF52mD/35mu and c1525D,
c250, c352D, c450, andc55D, d50 for the parameters
above, withD5(2ms1mu)/2, gives us the QM octet mo
ments

mp
~QM!5

3

2
mu , mS1

~QM!
5

4

3
mu2

1

3
ms , ~3.10!

2SinceMQ5QM52
1
3M, the rearrangements of the facto

MQ andM in Eq. ~3.9! give no new contributions toL2 , and the
form given is the only new invariant.
8-5
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mJ0
~QM!

5
4

3
ms2

1

3
mu ,

mn
~QM!52mu , mS0

~QM!
5

1

3
~mu2ms!,

mJ2
~QM!

5
1

6
mu1

4

3
ms , mL

~QM!5ms ,

mS2
~QM!

52
2

3
mu2

1

3
ms ,

mLS0
~QM!

5
)

2
mu .

Since the one loop corrections involve both intermedi
octet and decuplet baryon states, we also need
Lagrangians for the QM decuplet magnetic moment c
plings and the QM octet-decuplet transition magnetic m
ment couplings. These are given, respectively, by

L ~3/2!52 i
3e

2mN
T̄v ikl

m Q̂j
i Tv

n jklFmn, ~3.11!

and

L ~od!52 i
2e

mN
Fmn~e i jkQ̂l

i B̄vm
j Sv

mTv
nklm1H.c.!,

~3.12!

where i , j , k, l , and m are SU~3! flavor indices andQ̂
5diag(mu ,2mu/2,ms).

C. Meson wave function effects: The form factor

The baryons in the QM are composite states, and
absorb only limited recoil momentum, while remaining
their ground states. This must be taken into account i
dynamical model. In the absence of a detailed theory of
interactions of composite mesons and baryons, we
model the wave function effects using a form factor at ea
meson-baryon vertex. In keeping with the heavy baryon p
ture, we will define the form factor in the rest frame of th
baryon where it can depend only onk2, the square of the
three momentum of the meson. A form factor of this ty
automatically respects crossing, since a changek→2k cor-
responding to a shift of a meson between the initial and fi
states does not change the form factor.

We have chosen for simplicity to use an one-parame
form factor

F~k!5
l2

l21k2 ~3.13!

normalized at chiral limit,k50. The parameterl character-
izes the natural momentum scale, expected to be much b
1 GeV. With the introduction of this form factor, all th
diagrams in Figs. 2 and 3 are finite and no arbitrary subtr
tions need to be introduced into the theory.
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The evaluation of momentum integrals in the presence
the form factor is straightforward, but involves some ne
elements. First, the form factor~3.13! is rewritten in covari-
ant form as

F~k,v !5
2l2

k22~k•v !22l2 . ~3.14!

The factors in the denominator of a one-loop integrand w
integration variablek can be combined using the Feynma
parametrization formula to obtain an expression of the fo

k21a~k•v !21b~k•v !1g. ~3.15!

Herea, b, andg are quantities independent of the loop m
mentumk, and the photon momentumq has been set equa
to zero in the denominators. A change of the variable
integration to

k85k1~6A11a21!v~k•v ! ~3.16!

then brings Eq.~3.15! to the standard form

k826
b

A11a
~k8•v !1g, ~3.17!

and the loop integral is easily evaluated. Note that the Ja
bian of the transformation of variables in Eq.~3.16! is
1/A11a.

IV. BARYON MAGNETIC MOMENTS

A. Expressions for the octet baryon moments

We can now give our expressions for the baryon magn
moments including the loop corrections from the diagra
shown in Figs. 2 and 3. In units of nuclear magnetons,
moment of baryoni is

m i5m i
~0!1m i

~1/2!1m i
~3/2! , ~4.1!

where the leading termm i
(0) includes the QM moments plu

the correctionsDm i
QM obtained in the QCD-based QM

while m i
(1/2) and m i

(3/2) are the contributions from the one
loop graphs with intermediate octet and decuplet bary
states, respectively. We find that

m i
~0!5a i1Dm i

QM , ~4.2!

m i
~1/2!5 (

X5p,K
2

mN

24p f 2

l4

~l1mX!3 b i
~X!

1 (
X5p,K,h

1

16p2f 2 ~g i
1~X!22l i

~X!a i !L0~mX ,l!,

~4.3!

and
8-6
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m i
~3/2!5 (

X5p,K

mN

8p f 2 F̃~mX ,d,l!b̃ i
~X!

1 (
X5p,K,h

1

32p2f 2

3@~ g̃ i
1~X!22l̃ i

~X!a i !L1~mX ,d,l!

1g̃ i
2~X!L2~mX ,d,l!#, ~4.4!

where a i5m i
(QM) . The coupling coefficientsb i

(X) , b̃ i
(X) ,

l i
(X)1l̃ i

(X) are identical to those in Ref.@2#, and will not be

given here.3 The remaining coefficientsg i
1(X) , g̃ i

1(X) , and

g̃ i
2(X) depend explicitly onmu and ms , and have not ap-

peared elsewhere. We list those coefficients in Appendix
To connect the various terms to the loop graphs in Fig

and 3, we note thatb i
(X) , b̃ i

(X) , g i
1(X) , g̃ i

1(X) , g̃ i
2(X) , l i

(X) ,

and l̃ i
(X) are the coefficients of the graphs 2a, 2b, 3a, 3b,

~or 3d!, 3e and 3f, respectively.
The expressions for the functionsL0(mX ,l),

F̃(mX ,d,l), L1(mX ,d,l), and L2(mX ,d,l) are given in
Appendix B. These functions result from the loop integ
tions, and depend on the meson masses, the decuplet-
mass differenced, and the natural wave function cutoffl.
We emphasize that the loop integrations are all finite, a
that the wave function parameterl sets the natural momen
tum scale in graphs that are divergent for point particles

B. Fits to the data

We have used the foregoing expressions to fit the exp
mental baryon magnetic moments. It is worth emphasiz
that all the parameters that appear except formu , ms , andl
are known independently. We evaluated the correcti
Dm i

QM given in Eqs.~2.7! and ~2.8! from the QCD-based
QM using the matrix elements given in Table I and qua
massesmu5md50.343 GeV andms50.539 GeV chosen to
give the best fit to the octet magnetic moments in the na
QM. The strong interaction couplingsF, D, and C were
chosen to satisfy the SU~6! relationsF52D/3, C522D ex-
pected in the QM, with the valuesF50.5, D50.75, andC
521.5 chosen so thatF1D'ugA /gVu51.26. The decuple
couplingH does not appear. The decuplet-octet mass dif
ence was taken asd5250 MeV; the results are fairly insen
sitive to this choice. Finally, we used the valuesf p

593 MeV andf K5 f h51.2f p @2#.
The results of an equal weight least square fit to the se

well-measured octet moments using the three free param

3The tadpole graph 2b in Ref.@2# is absent in our model. Since th
chiral symmetry is broken in the QM, we do not include chir
corrections to the baryon moment operators as in that refere

The elementaryB̄BffAm vertex connected with spin operato
therefore does not appear, but the inclusion of higher mass bar
in the intermediate states would lead to effective vertex with t
structure.
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mu , ms , and l are summarized in Table II. We find roo
mean-square deviation of the predicted values from the
servation of 0.055mN . This is a substantial improvement o
the naive quark model which gives an average deviation
0.12mN . The transition momentmS0L was not included in
the fit, but was left as a prediction. The result obtaine
mS0L51.559mN , differs from the experimental value
mS0L51.61060.08mN , by 0.05mN , a value within the ex-
perimental uncertainty and one that does not affect the o
all fit.

A detailed breakdown of the contributions of the loo
integrals to the fitted magnetic moments of the octet bary
is given in Table III. The results in this table shows that t
loop contributions are small in comparison to the lead
QM contributions, suggesting reasonably rapid converge
of the loop expansion. This is in marked contrast to the
sults obtained in HBChPT, where the loop contributions c
culated using dimensional regularization are comparable
size to the leading terms in the chiral expansion@7#. It is also
clear from the table that the binding correctionsDm i

QM found
in the QCD-based derivation of the QM@1# are important. It
is not possible to obtain as good a fit to the data as give
Table II when these are omitted.

A further interesting point involves the importance of th
decuplet intermediate states for the octet moments. It is e
to check that the contributions from the graphs involvi
decuplet states, that is, the sum of the contributions from
graphs 2b, 3b, 3c, 3d, and 3f, are substantial. For most of
baryons, those contributions are larger than those from
graphs which involve only the intermediate octet states. T
result is insensitive to the value used for the octet-decu
mass difference. We conclude that the decuplet must be
garded as a set of light baryon states as in the QM, and
as in @5# as a set of heavy states. The present method
obtaining the loop corrections to the QM moments sho
therefore apply to the decuplet moments as well. That ca
lation has been carried out elsewhere@16# using the same
values ofmu , ms , andl as obtained here, and gives a pr

e.

ns
s

TABLE II. The magnetic moments from the naive quark mod
~QM! and the QCD-based QM with loop corrections. The ro
mean-square deviations from experimental values are about
and 0.05 for the QM and the QCD-based QM with loop correctio
respectively. All moments and deviations are given in units ofmN .

mB QM QCD QM1loops Experiment

p 2.728 2.720 2.79360.000
n 21.818 21.946 21.91360.000
S1 2.618 2.519 2.45860.010
S2 21.019 21.110 21.16060.025
S0 0.800 0.705 –
L 20.580 20.608 20.61360.004
J0 21.380 21.316 21.25060.014
J2 20.470 20.582 20.65160.003
S0L 1.575 1.559 61.6106 0.08
mu 1.818 2.083 –
ms 20.580 20.656 –
l ~in MeV! – 407 –
8-7
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TABLE III. Detailed breakdown of the contributions of the loop integrals to the fitted magnetic moments of the octet baryons~in mN!.
Those contributions are evaluated atF50.5, D50.75,C521.5. As shown in Table I, a best fit is obtained atmu52.083,ms520.656 and
the natural cutoffl5407 MeV. DmB stands for a deviation from the experimently measured value. The superscripts (N) and~D! are used
to indicate that the intermediate baryon states are octet and decuplet, respectively.

mB mu , ms D̃m i ms
1/2(N) ln ms

(N) ms
1/2(D) ln ms

(D) Loops mB DmB

p 3.124 20.500 0.416 20.729 0.057 0.353 0.096 2.720 20.072
n 22.083 0.427 20.381 0.409 20.067 20.253 20.291 21.946 20.033
S1 2.995 20.428 0.273 20.536 20.002 0.217 20.048 2.519 0.061
S2 21.170 0.139 20.217 0.188 0.021 20.072 20.080 21.110 0.050
S0 0.913 20.145 0.028 20.174 0.010 0.073 20.064 0.705
L 20.656 0.085 20.028 0.073 20.010 20.073 20.037 20.608 0.005
J0 21.569 0.271 20.043 0.128 20.043 20.059 20.017 21.316 20.066
J2 20.528 20.056 20.048 0.061 0.033 20.044 0.002 20.582 0.069
S0L 1.804 20.378 0.229 20.268 0.058 0.114 0.134 1.559 20.051
-
-
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dictionmV2521.97mN in striking agreement with the mea
sured value22.0260.05mN , and much better than the pre
diction of the naive QM,mV2521.74mN .

C. Conclusions and prospects

In this paper, we have considered the one-loop correct
to the octet baryon magnetic moments in the QCD-ba
QM. It is necessary to include these as a first step in get
away from the quenching of internal quark loops used in
derivation of the QM.

Our approach to the calculation is based on HBPT.
use the derivative couplings for the low-momentum inter
tions of the pseudoscalar mesons with the baryons favo
by ChPT, and a form factor to characterize the compo
structure of baryons. The loop diagrams are all finite, and
counterterms need to be introduced to absorb divergen
We are, in fact, making a dynamical calculation of the ex
couplings or counterterms encountered in HBChPT in
sense that our expressions for the eight octet moments ca
parametrized exactly@7# in terms of the eight chiral cou
plings defined in Eqs.~3.7!, ~3.8! and ~3.9!.

The results from our fits to the octet baryon mome
using the QCD-based QM with loop corrections are ve
good, with an average deviation of the theoretical mome
from theory of 0.05mN , significantly better than the QM
results. The contribution from each loop graph is small co
pared to the leading terms, suggesting convergence of
loop expansion. The parameterl which sets the momentum
scale in the meson-baryon interaction or wave function
about 400 MeV, a value consistent with the expectatio
deduced from the observed transverse momentum distr
tions in pion production. This value is closer to the ka
mass than to the pion mass. As a result, the wave func
effects suppress the short-distance contributions from k
and h-loops, but affect the more reliable long-distance p
of the pion loop contributions relatively little. We conclud
that it is crucial to take the effects of compositeness i
account if one is to have a controllable perturbation the
for hadrons at low momentum.

A question which arises at this point concerns the ext
to which the theory can be further improved by the inclus
09300
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ed
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es.
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of higher-mass mesons and baryons. The contributions o
ground state vector mesons would be expected to be as
portant as the contributions from the pseudoscalar mes
except for the suppression of high mass intermediate st
by the momentum cutoff imposed by the wave function
The contributions of higher mass baryons in the intermed
states are also suppressed. However, there are low-mass
tiparticle intermediate states such as those with one bar
and two pions that could be important. A possible approa
to the estimation of their effects is through the use of
sideways or mass dispersion relations proved by Bincer@17#.

We remark, finally, that we believe that this work demo
strates the importance of getting beyond the quenched
proximation in lattice QCD if one is to understand the fin
details of hadron structure from first principles.
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APPENDIX A: THE COUPLING COEFFICIENTS

In this appendix, the coupling coefficients are explain
and presented explicitly. For simplicity, the superscript (X)
is suppressed. Ourb i , and b̃ i are identical, respectively, to
the coefficientsb i andb i8 in Ref. @2#. The sum of our coef-

ficientsl i andl̃ i is equal to the coefficientl̄ i defined in@2#:

l i1l̃ i5l̄ i . ~A1!

Since the couplings associated with graphs which invo
only octet intermediate states are independent of those
graphs which involve decuplet intermediate states, it is e
to separatel i andl̃ i from the combined coefficient given in
@2#.

The values of the coupling factorsg i
1 evaluated from the

graphs in Fig. 3~a! are
8-8
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gp
1~p!5

1

4
~D1F !2mu ,

gn
1~p!52~D1F !2mu ,

gL
1~p!5

2

3
D2~ms2mu!,

gS1
1~p!

5
2

3
@~3DF25F2!mu

1~2F22D2!ms#,
~A2!

gS0
1~p!

5
2

3
@22F2mu1~2F22D2!ms#,

gS2
1~p!

5
2
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@~23DF1F2!mu

1~2F22D2!ms#,

gJ0
1~p!

522~F2D !2ms ,

gJ2
1~p!

5
1

4
~F2D !2~mu28ms!,

gLS0
1~p!

5
1

)
D~4F2D !mu ,

for the pion loops,

gp
1~K !5~F2D !~D23F !mu1S 1

3
D222DF2F2Dms ,

gn
1~K !52F~F2D !mu1S 1

3
D222DF2F2Dms ,

gL
1~K !52

1

18
~D2112DF19F2!mu2

4

9
~D23F !2ms ,

gS1
1~K !

52
7

6 S D22
22

7
DF1F2Dmu2

4

3
~D1F !2ms ,

~A3!

gS0
1~K !

52
1

6
~D224DF1F2!mu2
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3
~D1F !2ms ,

gS2
1~K !

5
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6 S D22
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5
DF1F2Dmu2
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3
~D1F !2ms ,

gJ0
1~K !

522D~D1F !mu1
1

3
~D216DF23F2!ms ,

gJ2
1~K !

5~D22F2!mu1
1

3
~D216DF23F2!ms ,
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gLS0
1~K !
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2)
~3D214DF29F2!mu

for the kaon loops, and

gp
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4
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3
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The coefficientsg̃ i

1 evaluated from the graphs 3b a
given, up to a factor of25C 2/2, by
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16

9
mu , g̃S1

1~p!
52

1

27
~5mu14ms!,

g̃J0
1~p!

52
4

9
ms ,

~A5!

g̃n
1~p!5

4

9
mu , g̃S0

1~p!
52

2

27
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g̃J2
1~p!

52
1

9
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g̃L
1~p!52

1

3
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1~p!
5

1

27
~mu24ms!,
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for the pion loops, by
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g̃p
1~K !52

1

9
~3mu12ms!, g̃S1

1~K !
52

2

27
~23mu14ms!,

g̃J0
1~K !

52
1

9
~3mu114ms!,
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g̃n
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9
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27
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The coefficientsg̃ i

2 evaluated from the graphs 3c~or 3d!
are given, up to a factor of 2C, by
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for the pion loops, by
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APPENDIX B: THE EXPRESSIONS FOR L 0 , F̃ , L 1 ,
AND L 2

Let us introduce the following notation

F0~m,a!5HAm22a2@p/22arctan~a/Am22a2!#, m>a,

2Aa22m2 ln@~a1Aa22m2!/m#, m,a,
~B1!
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where a is an arbitrary parameter. Hereafter, the subsc
(X) is ignored. The functionL0(m,l) obtained from the
Feynman integral for the graph 3a~or 3e! is then given by

L0~m,l!5
l4

~l22m2!2 S 1

3
~l212m2!1

lm2

l22m2 F0~m,l! D .

~B2!

The functionF̃(m,d,l) obtained when calculating a Feyn
man integral for the graph 1b is

pF̃~m,d,l!52
l4

3~l22m21d2!2 FN~m,d,l!

1
5l212m2

l22m2 d1
l212m2

~l22m2!2 d3

1
ld

~l22m2!2~l22m21d2! S 3~2l213m2!

3~l22m2!22~l226m2!d2

1
3m2

l22m2 d4DF0~m,l!G , ~B3!

where

N~m,d,l!5
1

~l22m21d2!
@pl~l213m223d2!

22~3l21m22d2!F0~m,d!#. ~B4!

Similarly, the functionsL1(m,d,l), and L2(m,d,l) arise
from the Feynman integrals for the graphs 3b~or 3f! and 3c
~or 3d!, respectively. We have
o
N

,

ys

e

09300
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L1~m,d,l!5

2l4

3~l22m21d2!2 F ~l212m222d2!

2dN~m,d,l!2
l2

l22m2 d2

1
l

~l22m2!~l22m21d2!

3S 3m2~l22m2!26l2d2
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2l223m2

l22m2 d4DF0~m,l!G , ~B5!

and

L2~m,d,l!

52
2l4

3~l22m21d2!2F @2~m22d2!F0~m,d!2pm3#
1

d

1
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2~l1m! S ~l21lm14m2!2
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l1m
d2D

2
l2~l22m21d2!

l22m2 2
l

~l22m2!2

3@3m2~l22m2!2~2l223m2!d2#F0~m,l!G . ~B6!

Whend50, Eq. ~B3! gives

F̃~m,0,l!52
l4

3~l1m!3 , ~B7!

and it follows from Eqs.~B5! and ~B6! that

L1~m,0,l!5L2~m,0,l!52L0~m,l!

5
2l4

3~l22m2!2 S ~l212m2!

1
3lm2

l22m2 F0~m,l! D . ~B8!
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