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Quark contributions to baryon magnetic moments in full, quenched, and partially quenched QCD
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University of Adelaide 5005, Australia
(Received 13 November 2002; published 23 January 2004

The chiral nonanalytic behavior of quark-flavor contributions to the magnetic moments of octet baryons is
determined in full, quenched and partially quenched QCD, using an intuitive and efficient diagrammatic
formulation of quenched and partially quenched chiral perturbation theory. The technique provides a separation
of quark-sector magnetic-moment contributions into direct sea-quark loop, valence-quark, indirect sea-quark
loop and quenched valence contributions, the latter being the conventional view of the quenched approxima-
tion. Both meson and baryon mass violations3(3)-flavor symmetry are accounted for. Following a
comprehensive examination of the individual quark-sector contributions to octet baryon magnetic moments,
numerous opportunities to observe and test the underlying structure of baryons and the nature of chiral
nonanalytic behavior in QCD and its quenched variants are discussed. In particular, the vatprer&
contribution to the proton magnetic moment provides the optimal opportunity to directly view nonanalytic
behavior associated with the meson cloud of full QCD and the quenched meson cloud of quenched QCD. The
u quark inT " provides the best opportunity to display the artifacts of the quenched approximation.
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[. INTRODUCTION able to the integral is governed by the number of lattice sites
(L/a).

One of the grand promises of lattice-regularized QCD is Systematic errors in the extrapolation of the finite lattice
to provideab initio predictions of hadronic observables with spacing to the continuum limit have been minimized through
statistical and systematic uncertainties constrained to withithe development of improved actiofik7—19 displaying ex-
1%. To realize this goal, extrapolations are required. Thesellent scaling propertie20—22. As such, understanding
finite lattice spacing must be extrapolated to the continuunthe entangled properties of chiral nonanalytic behavior on a
limit. The impact of the finite volume of the periodic lattice finite volume at a quantitative level with systematic errors at
must be understood and extrapolated to infinity. For computhe level of 1% is a problem which remains at the forefront
tational reasons, the masses of the ligtendd quarks must ~ Of lattice gauge theory.

be extrapolated from rather large values to the point at which For the foreseeable future, extrapolations will continue to
the physical hadron masses are reproduced. be required to connect lattice simulation results to physical

The realization of chiral symmetry in the dynamically observables. Hence, the development of systematically accu-

broken Goldstone mode induces important nonanalytic perate chiral extrapolation techniques is of central importance

havior in hadronic observables as a function of quark mas<® the field[13,14,23.

This makes extrapolations of hadronic observables highly Fortune_ltely Itis possuble fo test the deve_lop_ment of chiral
s oo . extrapolation techniques today. The key point is that one can
nontrivial [1-15]. Significant curvature is encountered as

one approaches the chiral limit. Indeed there is some contr _rgtl)je utgii gc?grarlnirc:ar?lggi oor:csq\lljv(iatﬂcir:r‘]a::)jrc?\:d?iaé]t I?:ypgtrj]%rghed

versy on the optimal methodology for achieving systematiqy g| chiral symmetry properties. Thus, one can confront the
errors within the 1% bounfll6]. _ o analytic techniques of chiral effective field theory with nu-
The origin of significant nonanalytic behavior lies in the merical simulation results and test the extent to which effec-
dressings of hadrons by light pseudoscalar mesons. Whilgye field theory reproduces the exact results of numerical
many studies of chiral nonanalytic behavior are formulatedsjmylations.
in the infinite-volume continuum limit, it is important to un- This investigation will establish the leading chiral
derstand that the nonanalytic behavior is intimately linked tohonanalytic behavior of quark sector contributions to octet
the finite volume of the lattice. The momenta available to thebaryon magnetic moments in full, quenched and partially
hadrons participating in the loop integrals which give rise toquenched QCD. As we will see, significant nonanalytic be-
the nonanalytic terms of the chiral expansion are modified irhavior remains for some quark-sector contributions to baryon
a finite volume. ForP-wave intermediate states there is a magnetic moments making these observables ideal for the
threshold effecf9] where there is no strength in the momen- confrontation of effective field theory and lattice QCD.
tum integral until the first nontrivial momentum ¢2L) is Separation of the valence and sea-quark-loop contribu-
reached. Even then the number of discrete momenta avaitions to the meson cloud of full QCD hadrons is a nontrivial
task. Early calculations addressing the meson cloud of me-
sons employed a diagrammatic methf@¥]. The formal
*Electronic address: dleinweb@physics.adelaide.edu.au; URLtheory of quenched chiral perturbation theory)(®X) was
http://iwww.physics.adelaide.edu.au/theory/staff/leinweber/ subsequently established in RE25]. There, meson proper-
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ties were examined in a graded-symmetry formulation wherén full QCD. This separation is of significant value as contri-
extra commuting ghost-quark fields are introduced to elimi-butions from disconnected insertions of the current are diffi-
nate the dependence of the path integral on the fermioreult to determine in lattice QCD simulations. Moreover, chi-
matrix determinant. This approach was extended to the&al nonanalytic behavior of quark sector contributions can be

baryon sector in Ref.26]. significantly enhanced when direct sea-quark loop couplings
While the graded-symmetry formalism is essential to esio the current are removed.
tablishing the field theoretic properties of¢®T, it is desir- In contrast to conventional calculations of chiral nonana-

able to formulate an efficient and perhaps more intuitive aplytic structure, SU(3)-flavor violations in both mesoand
proach to the calculation of quenched chiral coefficientsParyon masses are accounted for in the following. These are
Rather than introducing extra degrees of freedom to removiarticularly important fork-meson dressings of hyperons
the effects of sea-quark loops, the approach described herei¥here the baryon mass splitting can be positive or negative,
introduces a formalism for the identification and calculationSuppressing or enhancing contributions depending on
of sea-quark-loop contributions to baryon properties, allowWhether the intermediate baryon is heavier or lighter respec-
ing the systematic separation of valence- and sea-quark cofively. Incorporation of the baryon mass splittings signifi-
tributions to baryon form factors in generaL Upon removingcantly alters the functional structure and associated curvature
the contributions of sea-quark-loops, one arrives at the corff the nonanalytic termsSU(3)-flavor violations will also
ventional view of quenched chiral perturbation theory_ affect the analytic terms of the chiral expansion. The Ieading

A brief account of these methods is published in R27]. constant, the coefficient oﬁfT (cmg) etc. will all exhibit a
Since this presentation, there has been a resurgence $trangeness dependence due to symmetry breaking. Ulti-
quenched and partially quenchg®T calculations of baryon mately, these coefficients will be determined by matching the
magnetic momentg28,29. In particular, the magnetic mo- chiral expansion to lattice QCD simulation resylts, 14.
ments of octet baryons have been examif@g] using the In principle, the axial couplingd) andF, are defined and
formal approach of ®PT [26]. There the leading- specified in the chiralSU(3)-flavor symmetric limit. The
nonanalytic (LNA) behavior of the magnetic moment for mass dependence of the couplings is incorporated in the chi-
each baryon of the octet is calculated. Upon summing thé&al expansion through higher-order terms. Upon formulating
quark sector contributions obtained from the diagrammatighe chiral expansion in th&U(2) limit with explicit and
method presented here, one finds complete agreement bgubstantiaBU(3)-flavor symmetry breaking as is physically
tween the diagrammatic and formal approaches. The apealized, one can break the symmetry of the axial couplings.
proaches are equivalent. However, previous examinations of the chiral corrections to

In its standard implementation, the formal approach combaryon axial currents suggest that such phenomenological
pletely eliminates all sea-quark-loop contributions toflavor-symmetry breaking is smgi4].
quenched baryon moments. However, sea-quark loops do Similarly, SU(3) flavor-symmetry breaking is often in-
make a contribution to matrix elements in the quenched apeorporated by allowing the decay constant of the kaon to
proximation. Insertion of the current in calculating the three-exceed that of the piorf,=1.2f .. In the pastK-loop con-
point correlation function provides pé¥ of quark-creation tributions were often found to be uncomfortably large when
and annihilation operators. These can be contracted with theatching to phenomenology and the 30% reduction obtained
quark field operators of the hadron interpolating fields pro4n using fx in place off . proved to be helpfu[34]. How-
viding “connected insertions” of the current, or self- ever, it is not yet clear whether this phenomenological sup-
contracted to form a direct sea-quark-loop contribution orpression oK-loops through the use di; is necessary when
“disconnected insertion” of the current. The latter contribu- regulators suppressing short distance physics are used in chi-
tions to baryon electromagnetic form factors are under in+al effective field theory.
tense investigation in quenched simulati986—33. Hence To make the numerical results of this study readily acces-
in formulating quenched chiral perturbation theory it is im- sible and of the widest utility, the established tree-level axial
portant to provide an opportunity to include these particularcouplings F=0.50 and D=0.76 are adopted with the
sea-quark-loop contributions. A more flexible approach toSU(3)-symmetric limit off_=f,=93 MeV for the meson
the calculation of quenched chiral coefficients is desirable. decay constants.

Moreover, the present calculatiof28,29,34 of chiral In summary, the purpose of this study is as followsTo
nonanalytic behavior in baryon magnetic moments focus omprovide the first calculation of the leading nonanalytic be-
bulk baryon properties. The formalism presented here prohavior of quark-flavor contributions to baryon magnetic mo-
vides a method for the isolation of individual quark sectorments in full QCD,(ii) quenched QCD, andii) partially
contributions[35—-4(Q to form factors in full, quenched and quenched QCDliv) To separate valence- and sea-quark con-
partially quenched QCD. Individual quark sector contribu-tributions to baryon form factors ifull QCD at the indi-
tions to the nucleon magnetic moments are under experimewidual quark-flavor level.(v) To extend previous baryon-
tal investigation[41-43 where the strange-quark contribu- moment calculation$28,29,34 to include both meson and
tion to the nucleon moment is of paramount interest.baryon mass splittings i8 U(3)-flavor violations, as is done
Understanding the manner in which quarks compose baryorfsr items(i) through(iv) above.(vi) To identify quark-flavor
is essential to a complete understanding of QCD. channels displaying significant chiral nonanalytic behavior in

In the process, we will see that it is possible to separat¢he quenched approximation or revealing the artifacts of the
valence- and sea-quark contributions to baryon form factorguenched approximatiofvii) To establish the diagrammatic
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method for calculating the chiral coefficients of quenchedand
and partially quenched QCD in the baryon sector. The
method is rapid, intuitive and transparent, allowing complete
flexibility in the consideration of quark contributions to 1 C
baryon form factors. Psin:ﬁdmgﬂ ). (€

It will become apparent that this techniqgue and most of
the results may be applied to other baryon form factor stud-
ies in general. The SU(3)-invariant combinations are

Section Il presents the essential concepts for isolating and
calculating sea-quark loop contributions to baryon properties o o o
and proves the technique via a consideration of baryon [BBP]r=Tr(BPyB)—Tr(BBPqyy), (4)
masses. The derivation of the quenched chiral coefficients
for the quark-sector contributions to the quenched magnetic
moments of octet baryons is described in Sec. Ill. The tech- (BB p]D:Tr(gpoctBHTr(gB Poct) (5)
nigue provides a separation of magnetic moment contribu-
tions into “total” full-QCD contributions, “direct sea-quark
loop” and “valence” contributions of full-QCD. The latter [BBP]s=Tr(BB)Tr(Pg). (6)
are obtained by removing the direct-current coupling to sea-
quark loops from the total contributions. Upon further re-
moving “indirect sea-quark loop” contributions, one obtains The following calculations are simplified through the use of
the “quenched valence” contributions, the conventional viewthe corresponding interaction Lagrangi4s]. The octet in-
of the quenched approximation. We will use the quoted termseraction Lagrangian is
for reference to these contributions in the following. Section
[l also accounts for both baryon mass and meson mass vio- L .
lations of SU(3)-flavor symmetry. The quencheg gives L= — Fyna(NTIN) - 4 if sy (SXS) -7
rise to new nonanalytic behavi¢28] and this is briefly re-

viewed in Sec. Il D. s AS+IA) - m—fee(ETE)- 7
A comprehensive examination of the individual quark- _ _

sector contributions to octet baryon magnetic moments is —fank[(NK)A+A(KN)]

presented in Sec. IV. General expressions are accompanied — _

by numerical evaluations to identify channels of particular — Akl (EK)A+A(KE)]

interest. Partially quenched results are presented in Sec. V.
Section VI provides a summary of the highlights of the find-
ings.

—fyn[ S (K7TN) + (N7TK) -3 ]

—fask[3- (K E)+(E77Ko) - 21— funy(NN) 7

II. QUENCHED BARYON MASSES —fAAy,(/TA)ﬂ—fzzn(g'z)ﬂ—faan(fa)ﬂ (7)
A. Formalism

The SU(3)-flavor invariant couplings are described in the gnd the singlet interaction Lagrangian is
standard notation by defining

0 i INT ' A ' S '
A s 0 he= Ty (NN) 7' =0 (AA) 7 —fsx (323
V2 6 =
s0 —fzz,(EE) 7, (8)
B= 3 -——+—= n |, (1)
‘/E \/6 where
5 g 2
: AR
N: ) E: o )
n =}
0 n 4
—t — T K*
V2 e —5
o <K+) KO
_ ™ K= . K= . 9
Poct= ™ _E"'% K® ) (2 KO ¢\ -k~ ©)
K~ KO _ 2_77 The octet meson-baryon couplings are expressed in terms of
6 the F andD coupling coefficients as follows:
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FIG. 1. The pseudo-Goldstone meson cloud of the proton and associated quark flow diagrams.

fane=F+D, fANK:_%(3F+D),
fNNn=i(3F—D), fys.=2F,
V3
f=AK:i(3F_D): fan,=— =D,
BRNES BN
fAEw:£D fsnk=D—F,
V3
fzgnziD, fzz,=F—-D,
V3
fzsk=—(F+D),  fzz,= i(3F+D) (10)
V3
and the singlet couplings satisfy
fung =fany =fssy=fzz,. (1D
The light quark content of
()= —=(luty+ [ad) + [s9), (12

V3

and

u)+[dd)—

2ls9), 13

1
|7)= T
mesons suggests

fNNn’:\/EfNNn- (14
This relation between nucleon octet and singlet couplings is
commonly used in QPT calculations to estimate’ cou-
plings to octet baryons. In the following, numerical estimates
are based on the tree-level axial couplirigs 0.50 andD
=0.76 withf_=f,=93 MeV.

The leading-nonanalytic term of the chiral expansion pro-
vides the dominant source of rapid variation in baryon mag-
netic moments. Taking thd-A mass splitting to be of zeroth
chiral order, theA resonance provides the next-to-leading
nonanalytic(NLNA) contribution. This contribution makes
only a small correction to the proton magnetic moment ob-
tained from the chiral extrapolation of lattice QCD simula-
tion results. TheN-A mass splitting suppresses the nonana-
lytic curvature, and when combined with the analytic terms
of the chiral expansion, only a small enhancement of the
proton moment is observed. As the NLNW contribution is
added, the proton moment increases from 2.61 to 2.6
[15]. This 2% effect at the physical point is unlikely to be
observed in lattice QCD simulation results for some time.
As such, we do not encumber the reader with these small
contributions.
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TABLE |. Meson-cloud contributions of Fig. 1 in full QCDy TABLE Il. Sea-quark-loop contributions of Fig. 1.
and »' masses are set degenerate with the pion in anticipation of
guenching the theory. Fig. Channel Mass Coupling Coupling
2 2
Fig. Channel Mass Coupling Coupling b AK™ N fank (3F+D)?3
- . - b SOK* N 2Nk (D-F)?
a,b,c pm N fgmﬁ (F+D)2 c 3 tKO N 212k 2(D-F)?
ab,c p7 N fZNNn (3F-D) 43 e 3 KO N 212,k 2(D-F)?
ab,c pn’ N LN 2(3F-D)“/3 g AK* N7 2\ (3F+D)%3
f.g nﬂi N ijNﬁ 2(F+D)22 g 30K * Nar 2,k (D—F)2
h AK AK 2 \K (3F+D)?/3 h AK* AK 2 K (3F+D)%3
h 30K * 3K fEnK (D—F)? h 30K * K £2 0k (D—F)2
i 3K K 22« 2(D-F)? i 3 FKO K 22« 2(D—F)?
B. Baryon mass diagram of Fig. 1), with the distinguishable “strange”

To calculate the quenched chiral coefficients, we begin byluark mass set equal to the mass ofdrguark. That is, the
calculating the total full-QCD contribution in the limit where IntermediateX-baryon mass appearing in th€’-loop dia-
the » and ' mesons are taken to be degenerate with th&ram is degenerate W!th the n'ucleon. Similarly, the “kaon”
pion. In the quenched approximation, quark loops which othMass is degenerate with the pion. _
erwise break this degeneracy are absent. The quark flow dia- 1he sum of the first two lines of Table Il provides the
grams of Fig. 1 illustrate the processes which give rise to th&ontribution of diagram Fig. (b). The third line provides the

LNA behavior of proton observables. Table | summarizes th&ontribution of Fig. 1c). Similar arguments allow one to
contributions of them-, -, 7'~ and K-cloud diagrams of establish the remaining loop contributions to the light-meson

Fig. 1 labeled by the corresponding quark-flow diagrams¢loud. Summing the couplings of Table Il indicates sea-
Summation of these couplings and incorporation of the facduark-loops contribute a term

tors from the loop integral provides the LNA term propor- 3
tional tom?> of 2 N
™ —(9F?~6FD+5D?%)——, (16)
3 247t
_ 2 2 m
(3F°+D )87rf2 ' (15 to the LNA behavior of the nucleon such that the net
w . . . 3 -
The separation of the meson cloud into valence and Seag_uenched contribution proportional m;, is
quark contributions is shown in the quark-flow diagrams la- m3
beled by letters. To quench the theory, one must understand —(3FD-D?)—=, (17)
the chiral behavior of the valence-quark loops of Figs),1 12mf7

(d) and(f) and the sea-quark loops of Figgbl, (c), (e), (g), ) )

(h) and (i) separately. If one can isolate the behavior of thein agreement with the formal approach of Labrenz and

diagrams involving a quark loop, then one can use the knowharpe[26]. We note that the kaon-cloud contributions of

LNA behavior of the full meson-based diagrams to extract™d. 1(h) and(i) are pure sea contributions and trivially van-

the corresponding valence-loop contributions. ish in s_ubtracting sea-contributions from total contributions
For example, Fig. (b) involves au-quark loop where no as outlined above.

exchange term is possible. Thus theuark in the loop is

distinguishable from all the other quarks in the diagram. The I1l. BARYON MAGNETIC MOMENTS

chiral structure of this diagram is therefore identical to that

for a “strange” quark loop, as illustrated in Fig.(H) (p

—K*3%or p—K™*A) provided the “strange” quark inthis The LNA contribution to baryon magnetic moments pro-

case is understood to have the same mass as-tjuark. portional tom, or mg has its origin in couplings of the
Similarly, the corresponding hadron diagram which giveselectromagnetidEM) current to the meson propagating in

rise to the LNA structure of Fig.(t) is therefore th&®-loop  the intermediate meson-baryon state. In order to pick out a

A. Quark-sector contributions to the proton

TABLE lIl. Determination of the totali-quark contribution to the proton magnetic moment as illustrated

in Fig. 1.
Diagram Channel Mass Charge Term B X
f.g nat N +1 +2f2N,My —(F+D)? -6.87
h SOK* SK +1 + 2 Msk —(D—F)?/2 -0.15
h AK? AK +1 + 2 kMuak —(3F+D)%/6 -3.68
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TABLE IV. Determination of direcu-quark sea-quark loop contributions to the proton magnetic moment
as illustrated in Fig. 1.

Diagram Channel Mass Charge Term B X
b AK™ N -1 — 2 kM (3F+D)?%6 +3.68
b SOK* N -1 — 2 kM, (D—F)?2 +0.15
e 3 KO N -1 —2f2 M, (D-F)? +0.29
Total +4.12

particular quark-flavor contribution, one sets the electricsea-quark loop. These are the “indirect sea-quark loop” con-
charge for the quark of interest to one and the charge of aliributions. Subtracting off these couplings from the valence
other flavors to zero. contribution provides the net quenched valence contribution

Tables IlI through V report results for thequark in the  of —3.33m_.
proton. The total contributions are calculated in the standard Taples VI through VIII provide a similar analysis of tie
way, but with charge assignments for the intermediate mequark in the proton, whergg=1 andq,=qy=0. Subtrac-
sons (indicated in the “charge” columnreflecting in this  tion of the direct sea-quark loop contributions of Table VII
caseq,=1 andqgg=0qs=0. The extra baryon subscripts on from the total contributions of Table VI leaves a net valence
the meson masses are a reminder of the baryons participatiR@ntribution of 2.7%,—0.29mys . Further removal of the
in the diagram to facilitate more accurate treatments of théndirect sea-quark loops of Table VIII provides the final net
loop integral in which baryon mass splittings are taken intod.quark quenched valence contribution to the proton moment
account. The LNA contribution is of +3.33n,,.

Table IX describes the-quark contributions to the proton
(18) magnetic moment, wheigg,=1 andq,=q4=0. As there are
no s valence quarks in the proton, the contributions are
purely sea-quark-loop contributions. The net valence contri-
with 8 and y indicated in the last two columns. Throughout bution is zero and there are no further quenching consider-
the following, the units ofy are uy/GeV, such that when ations.
multiplied by the pion mass in GeV, one obtains magnetic Charge symmetry provides the quark-sector contributions
moment contributions in units of the nuclear magnefog,  to the neutron magnetic moment. For unit charge quarks,

The “direct sea-quark-loop contributions” indicated in d,=up, u,=d, ands,=s,.

Table IV are contributions in which the EM current couples The QCD Lagrangian is flavor blind in tHeU(3)-flavor

to a sea-quark loop, in this caseuaguark. Using the tech- symmetry limit. This independence from quark flavor is
niques described in Sec. I, one can calculate the contribumanifest in Tables 1V, VII and IX for the direct sea-quark
tions of these loops alone to the baryon magnetic momentoop contributions to the proton form factor. In each case
The “mass” column of Table IV is a reminder that the massthere are three channels for the couplifg/ndeed thes and

of the “kaon” considered in determining the coupling is ac- d direct sea-quark loop contributions are exactly equal. How-
tually the pion mass for Figs.() and(e). These diagrams ever SU(3)-flavor symmetry breaking due to the masséve
will contribute, even in the quenched approximation, whenquark requires one to track the masses of intermediate me-
disconnected insertions of the EM current are included irsons and baryons, and this introduceskh& andA masses
simulations[30-33. in Table IX.

Subtraction of these sea-quark-loop contributions from SU(3)-flavor symmetry is also manifest in the indirect
the total contributions of Table Il leaves a net valence consea-quark loop contributions to the proton magnetic moment.
tribution of —11.0m,—0.15mysk —3.68Myk in full QCD. For example, thesi-quark indirect sea-quark loop result re-

Table V focuses on diagrams in which the EM currentceives contributions from each of d ands quark loops in
couples to a valence quark in a meson composed with &igs. 1b), 1(g) and 1h). Each of these contributions appear-

My

8rf2

m

B

TABLE V. Indirect sea-quark loop contributions fromvalence quarks to the proton magnetic moment.
Here, theu-valence quark forms a meson composed with a sea-quark loop as illustrated in Fig. 1.

Diagram Channel Mass Charge Term B X
b AK* N +1 + 2 kM, —(3F+D)%6 —-3.68
b SOK* N +1 + 2 kM, —(D—F)?2 -0.15
g AK* N +1 + 2 kM, —(3F+D)?/6 —3.68
g SO0K* N +1 + 2 kM, —(D—F)?/2 -0.15
h SOK* SK +1 + 2 Msk —(D—F)?/2 -0.15
h AK? AK +1 + 2 kMuak —(3F+D)%/6 -3.68
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TABLE VI. Determination of the totafl-quark contribution to the proton magnetic moment as illustrated

in Fig. 1.
Diagram Channel Mass Charge Term B X
f.g nmt N7 -1 —2f2 M, (F+D)? +6.87
[ 3 KO SK +1 +2f2 Mysk —(D-F)? -0.29

TABLE VII. Determination of direcd-quark sea-quark loop contributions to the proton magnetic moment

as illustrated in Fig. 1.

Diagram Channel Mass Charge Term B X
c StKO N -1 —2f2km,, (D—F)? +0.29
g AK™ N -1 — 2 kM (3F+D)?%6 +3.68
g SOK* N -1 — 2 kM, (D—F)?2 +0.15
Total +4.12

TABLE VIII. Indirect sea-quark loop contributions from valence quarks to the proton magnetic mo-
ment. Here thal-valence quark forms a meson composed with a sea-quark loop as illustrated in Fig. 1.

Diagram Channel Mass Charge Term B X
c 3 KO N +1 212, kM, —(D-F)? -0.29
e 3 KO N +1 PAE —(D-F)2 —-0.29
[ S tKO SK +1 +2f2 Mysk —(D-F)? —-0.29

TABLE IX. Determination of the totas-quark contribution to the proton magnetic moment as illustrated
in Fig. 1. As there are n® valence quarks in the proton, the contributions are purely sea-quark-loop

contributions.

Diagram Channel Mass Charge Term B X
h 30K * SK -1 — 2 KMk (D-F)?12 0.15
h AK* AK -1 — 2 kMK (3F+D)?/6 3.68
i S tKO SK -1 — 2f2 kMnsk (D—F)? 0.29

TABLE X. Determination of the totali-quark contribution to th&* magnetic moment as illustrated in

Fig. 2.
Diagram Channel Mass Charge Term B X
307t S +1 35, Myy . —2F2 -2.16
c An* A +1 20, Msanr —-2D%3 —-1.67
g,h =A EK +1 2f2 -, my =y —(F+D)? —-6.87

014005-7
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TABLE XI. Determination of direcu-quark sea-q
illustrated in Fig. 2.

PHYSICAL REVIEW D69, 014005 (2004

uark loop contributions to B¢ magnetic moment as

Channel

Diagram Mass Charge Term B X
b 30t S -1 — 3 Myy . 2F2 +2.16
b Am® A -1 — 2, Mypn 2D?%/3 +1.67
e pK© NK -1 — 212 kMsnk (D—F)?2 +0.29

ing in Table V is equal up to symmetry breaking in the me-d-quark contributions vanish. Table XllI summarizes the

son and baryon masses. Similar results hold foidtlralence
quark of the proton in Table VIII.

contributions.
s-quark contributions to th& ™ magnetic moment are

The flavor-blind nature of QCD makes it trivial to extend summarized in Tables XIV through XVI. Removal of the
this calculation of quenched quark-sector magnetic momentsirect sea-quark-loop contributions from the total contribu-
to the partially quenched theory. As new flavors are intro-tions provides ans-valence contribution of—0.29myyk

duced through the use of dynamically generated gauge fiel

dS%3.O4nZEK—O.29nZE,,S in full QCD. Further removal of

one simply adds the direct and indirect sea-quark loop conge indirect sea-quark loop contributions of Table XVI pro-

tributions evaluated here to the quenched results, keepinggeg

the net quenchedsvalence contribution of

track of the meson mass of the valence-sea meson. The Iattq*.rolzgnZNKjL 3.04ms = .

is simple to do as we have already isolated each valence charge symmetry provides the quark sector contributions
quark flavor contribution to the baryon moment. This is de-ig the S~ baryon, while theS,%-baryon results are obtained

scribed in further detail in Sec. V.

B. Quark-sector contributions to 3%

Tables X through XII describe the various LNA contribu-

tions of theu quark to theX ™ magnetic moment derived
from Fig. 2. The total contribution of the quark alone is
isolated by setting the charge of teeandd quarks to zero,
and otherwise using standard techniques. The LNA behav
of the u-quark contribution to th& * magnetic moment is

from the isospin average & andy ~.

The SU(3)-flavor symmetry of the direct sea-quark-loop
contributions to th& * baryon magnetic moment is manifest
throughout Tables XI, XIlIl and XV. However, the implemen-
tation of SU(3)-flavor breaking via the hadron masses hides
the flavor symmetry in the results summarized in Sec. 1V,
where both meson and baryon mass splittings are main-
. tained. SU(3)-flavor breaking gives rise to very different
'YPehaviors for these contributions. This is particularly true in

the common application of holding the strange-quark mass

—2.16ngs ,—1.6Ms, ,— 6.8MMs = . Sea-quark-loop con-
tributions are isolated by using meson-baryon coupling
where quark loops ofi and s quark flavors(the valence
flavors of2 ") are replaced by d quark. Table XI summa-
rizes the direct sea-quark loop contributions. Subtracting
these contributions leaves a net valence contribution of The derivation of the quark sector contributions Fo
—0.2IMynk—4.32Myy ,— 3.33My 4 ,— 6.8y =¢  iIn  full baryons proceeds in precisely the same manner as that for the
QCD. Table XII describes indirect sea-quark loop contribu-3 baryons. As there are no new concepts, derivation is left as
tions fromu valence quarks in mesons formed with a sea-an exercise for the interested read€rbaryon results are
quark loop. Removing these contributions provides the nesummarized in Sec. IV.
quenched u-valence contribution of —0.29mgyk However, the flavor singlet structure of thebaryon pre-
—0.29Mg Nk —3.04Ms = - sents a problem to the approach described thus far. The nec-
Thed-quark contributions to the LNA behavior of the" essary presence of, d- ands-quark flavors simultaneously,
magnetic moment are pure sea in origin. Therefore the totaippears to require the introduction of a fourth quark flavor
contributions are the sea contributions such that the valencand its associate® U(4) couplings to describe the discon-

fixed while varying the lighti andd masses. In this case the

Sps meson mass is constant.

C. A and E baryons

TABLE XII. Indirect sea-quark loop contributions fromvalence quarks to th& * magnetic moment.
Here theu-valence quark forms a meson composed with a sea-quark loop as illustrated in Fig. 2.

Channel

Diagram Mass Charge Term B X
b 307* S +1 Sy Mss o —2F? -2.16
b Am* A +1 20 MsAn —-2D%3 -1.67
c 307* S +1 Sy Mss —2F? -2.16
c At A +1 20 oMy An —-2D%3 -1.67
h 307* EK +1 s Myzk —2F? —2.16
h Am* EK +1 2 Myzk —-2D%3 -1.67
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FIG. 2. The pseudo-Goldstone meson clouddf and associated quark flow diagrams.
nected sea-quark loop contributions. 1
i 0 _ ——
Fortunately one can exploit th8U(3)-flavor symmetry 24(x)= Z[P)+E(X)], (22
relation among octet baryons. Such a relation is manifest in
two- and three-point correlation functions for the [35]. in the SU(3)-flavor limit, such that
Denoting the two-point correlation function fa° as>2(x),
one has 1
AX)=3 PO +n(x)+E°(X)+E7(X)
1
AG)=3[2300+23G00 -39, (19) 1
~5[2700+2 (0] ). (23

whereX2(x) has symmetry betweemandd quarks,9(x)
has symmetry betweemiandd quarks, and similarlﬁg(x)
has symmetry betweamands quarks. Just as

1
2300 =3[ ()+27(0)], (20
one also has
0 _ 1 =0
2000=5[n00+E°x0], (21)

and

Note that this relation holds for any electric-charge assign-
ments to the quark flavors, such that individual quark-flavor
contributions can be resolved.

Of course it is essential to recov&U(3)-flavor viola-
tions. To do this one begins exactly as for the protoix.or
described above by constructing the quark-flow diagrams de-
scribing the one-loop meson cloud of the The couplings
of all sea-quark loop contributions can be related to the three
quark-flow diagrams of Fig. 3. Unknown coupling$, f3
andf§ are introduced to describe the couplings of diagrams
(a), (b) and(c) respectively. Our working approximation of
exact SU(2)-isospin symmetry at the current-quark level
providesf=f2in A, leaving two parameter$Z andf?, to
be determined via th&U(3) relation of Eq.(23). As both
the light- and strange-quark contributions to themoment

TABLE XIll. Determination of the totabl-quark contribution to th& © magnetic moment as illustrated in
Fig. 2. d-quark contributions are purely sea in origin such that the valence contribution vanishes.

Diagram Channel Mass Charge Term B X
307t S -1 — 25 Myy, 2F2 +2.16
c Am* A -1 — %\ My pn 2D?/3 +1.67
f pK® NK -1 —2f2 \kMs Nk (D—F)? +0.29
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TABLE XIV. Determination of the totas-quark contribution to th& * magnetic moment as illustrated in

Fig. 2.
Diagram Channel Mass Charge Term B X
f pK® NK +1 22 \kMsnk —(D-F)? -0.29
g,h 20K * EK -1 —2f3 - my=g (F+D)? +6.87

can be resolved, there are t&dJ(3) relations to constrain  Consider for exampley’ couplings for>* involving u

the two parameterk; andfZ. This is particularly easy, when qguarks. The transitio * —3 * #° involves u quarks alone

one recalls that the indirect sea-quark loop contribution fronpt one loop and can be used to determine #ecoupling.
auor s valence quark participating in a meson constructedrie s *-79 coupling isfss,=2F. Since
- :

with a sea-quark loop is proportional to eitﬁéror f§ alone.
Results are summarized in Sec. IV.

1 -
|7%) = —=(Juu)—|dd)),
D. Quenched exotics \/E
The double hair-pin graph of Fig. 4 associated with the
guenchedr’ meson gives rise to new singular log() be- 1 — — —
havior in the chiral limif28]. This logarithmic term provides |m)= %(|uu)+ |dd)—2[s9)),
a correction to the tree-level term. The contribution has its
origin in the loop integral of Fig. @ corresponding to
T -
.16777 dq 9°=(v-q)? |n’>=ﬁ(IUU>+|dd>+ISS>),
3 J 2m*[v-g+ielo®—mi+iel[q?—mi+ie]
(24) one has
For equal singlet-meson masseg=m,, as in the quark
flow of Fig. 4(b), this integral provides the nonanalytic be- — 1 )
havior of |UU>:%(\/§|WO>+|77>+\/§|7I>)- (27
m2
log| 5z - (25)

The 7/, coupling is\2/3 of the pion coupling tduuy); i.e.
However, Fig. 4c) indicates that the meson masses in the22/3F . _ _
double hair-pin graph need not be equal when considering FOr the singly represented quark sector, consiger
hyperon magnetic moments. Here the-meson masses, — = m° involving u-quarks alone at one loop. Here the
andm, may correspond to different quark-antiquark sourcesu-quark coupling isfzz,=(F—D), such that then, cou-
e.g. 7' (ul) versus7’'(s9. When m;#m,, one finds a Pling to = baryons isy2/3(F D).

nonanalytic contribution of To check this separation of quark sector contributions to
n' contributions, consider the proton. Here the contribution
: . ' :
, m% , mz2 to intermediaten’ states is
m3log 12 —mjslog 12

CE (26)
m;—m; 2.,
§{4F I (7y,my)+2-2F(F=D)I(7y,74q)
Hence, for the hyperons, one must isolate the doubly and
singly represented quark sector couplings;tomesons. +(F=D)2l(nq,74)}, (28

TABLE XV. Determination of direcs-quark sea-quark loop contributions to té magnetic moment as
illustrated in Fig. 2.n5 denotes thess » meson.

Diagram Channel Mass Charge Term B X
h 307* EK -1 — 3y My=k 2F? +2.16
h Amt EK -1 — %) M=k 2D%3 +1.67
i pK® S s -1 — 213 Mys (D-F)? +0.29
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TABLE XVI. Indirect sea-quark loop contributions frosvalence quarks to thE * magnetic moment.
Here thes-valence quark forms a meson composed with a sea-quark loop as illustrated in Figleéhotes

the ss » meson.

Diagram Channel Mass Charge Term B X
e pK® NK +1 2f2 Mk —(D-F)? -0.29
f pKO NK +1 22 kMs —(D-F)? -0.29
i pK© S s +1 268 NkMss —(D—F)? -0.29
wherel(#,,nq4) denotes the loop integral of Fig(a for M3
quark flow diagram Fig. @). For equaly, and 74 masses o=16.-212" (32)
one recovers ™
2 . . . . .
(29) with the double hair-pin interaction strengthM,

2 3F—D)?log| =
3(3F—D)%log| 1>
where the leading factor is the standaxdN#’ coupling.
Double-hairpiny’ contributions t&2 andZ baryons may be
obtained from Eq(28) with the appropriate quark-flavor as-
signments. For example, the factor multiplying the tree leve
contribution toZ ~-baryon quark-sector magnetic moments
is

2y, [mE
1—605 4F |Og F +22F(F—D)
2 2
m m
2 Ss 2 ™
m_Jog F —mZlog A2 quf
X I +(F—-D)%og| 5| | .
m - m; A
(30)
where remaining loop-integral factors have been incorpo
rated in
_/_\
u :u u
d d (a)
S )
A
d :d d
s s (b)
u (7]
_/‘-\-
u u (c)
d d

FIG. 3. Key quark-flow diagrams for th& baryon. Diagrams
(a), (b) and(c) are proportional to the introduced couplinﬁ";‘. fﬁ
andf? respectively.

~0.75 GeV [46,47. While this logarithmic divergence
dominates the chiral expansion near the chiral limit, applica-
tion of these results to the extrapolation of the quenched
proton magnetic momen#8] reveals that the curvature as-

sociated with this term is small fan?=0.1 Ge\~.
I

IV. RESULTS

This approach allows one to separate an individual quark-
flavor contribution to a baryon form factor into five catego-
ries, namely: “total” full-QCD contributions, “direct sea-
quark loop,” and “valence” contributions of full-QCD,
obtained by removing the direct current coupling to sea-
quark loops from the total contributions. Upon further re-
moving “indirect sea-quark loop” contributions, one obtains

I
/’X\\T)
/7 N

/

!

FIG. 4. Diagrams giving rise to the logarithmic divergence of a
baryon magnetic moment in the quenched approximation. The cross
on the meson propagator {g) denotes the double hairpin graph of
the quark-flow diagrams db) and(c).
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TABLE XVII. Coefficients, 8, providing the LNA contribution to nucleor¥, and A-baryon magnetic moments by quark sectors with
quark charges normalized to unit charge. Intermediate) meson-baryon channels are indicated to allowStl(3)-flavor breaking in both

the meson and baryon masses. Total, direct sea-quark loop, valence, indirect sea-quark loop and quenched valence coefficients are indicatec

q Int. Total Quark Sector Direct Sea-Quark Loop Valence Sector Indirect Loop Quenched Valence
up N= —(D+F)? (5D*-6DF +9F?%))/3 -4(2D* +3F?)/3 —4(D*+3F?%)/3 —4D?/3
AK —(D+3F)?/6 0 —(D+3F)?/6 —(D+3F)?*/6 0
LK —(D—-F)?/2 0 —(D - F)?/2 —(D - F)?*/2 0
dp N7 (D + F)? (5D*-6DF +9F?)/3 —2(D*~6DF +3F?%)/3 -2(D - F)? 4D%/3
oK ~(D - F)? 0 —(D - F)? —(D - F)? 0
sp AK (D+3F)%/6 (D+3F)*/6 0 0 0
LK 3(D-F)?*/2 3(D - F)*/2 0 0 0
Ut S —2F? 2F? —4F? -4 F? 0
Am —2D?%/3 2D?%/3 -4D?%/3 -4D%/3 0
NK 0 (D - F)? —(D - F)? 0 —(D — F)?
= —(D+F)? 0 —(D+ F)? —2(D*+3F?)/3 —(D*+6DF -3F%/3
dp+ o 2F? 2F? 0 0 0
Am 2D?%/3 2D?/3 0 0 0
NK (D - F)? (D-F)? 0 0 0
Sg+ s 0 (D~ F)? —(D - F)? —(D - F)? 0
NK —(D-F)? 0 —(D - F)? -2(D - F)? (D-F)?
= (D+F)? 2(D*+3F%)/3 (D*+6DF—-3F?%)/3 0 (D*+6DF -3F?))/3
ugo |dgo  Em 0 2F? —-2F? -2F? 0
Am 0 2D%/3 -2D%/3 -2D%/3 0
NK (D—F)?*/2 (D-F)? —(D - F)?/2 0 —(D - F)?/2
EK —(D+F)?/2 0 —(D+ F)?*/2 —(D*+3F?%)/3 —(D*+6DF -3F?%)/6
ua | da =r 0 2D%/3 -2D?%/3 -2D%/3 0
Ay 0 2(2D-3F)?/9 -2(2D -3F)%/9 -2(2D-3F)%/9 0
NK (D+3F)?/6 (D+3F)%/9 (D+3F)%/18 0 (D +3F)*/18
=K —(D-3F)?/6 0 —(D-3F)?/6 (-7D*+12DF-9F?)/9 (11D*-6DF —9F?%)/18
sA Ans 0 (D+3F)%/9 —(D+3F)?/9 —(D+3F)?/9 0
NK —(D+3F)?/3 0 —(D+3F)?/3 -2(D+3F)%/9 —(D+3F)?/9
=K (D-3F)?/3 2(7TD*-12DF+9F?%/9 —(11D*-6DF —9F?)/9 0 —(11D*-6DF - 9F?)/9

the “quenched valence” contributions. Tables XVII and sea contributions, each quark flow graph must be taken on its
XVIII report the axial couplings for these quark-sector con-own such that octet baryons are not necessarily eliminated.

tributions to baryon magnetic moments.

to disconnected insertions of the EM currentither full or

Indeed, in quenched QCD, only Fig(ch survives, and this
The LNA “direct sea-quark loop” contribution is relevant quark flow graph has asssoctet baryon propagating in the

intermediate state. To some extent this physics has already

guenched QCD, whereas the LNA “valence” contribution is been seen in Figs(d) plus(e) where only a decuplet baryon
relevant to connected insertions of the EM current only incan contribute in full QCD, but octet baryons provide con-
full QCD. The final category of “quenched valence” contri- tributions in the process of separating valence and sea sec-
butions is relevant to connected insertions of the EM currentors.
in quenched QCD. The latter is commonly referred to as the Baryon moments are constructed from the quark sector

guenched QCD result.

The channels denotedK in Tables XVII, XVIII and in
the following actually involve the propagation of an octes

coefficients by multiplying theu, d and s results by their

baryon; i.e. thé&E ~ baryon withmyg=m;. In separating va-
lence and sea-quark loop contributions, the cancellation of
valence and sea-quark loop ocsssbaryon contributions
does not occur. Figure 5 provides quark flow diagrams for
2% 0 K" which illustrate this phenomenon.
In the SU(3)-flavor symmetry limit, Figs. &) and(b) are

equivalent due to the flavor-blindness of QCD interactions.
Figure 5b) certainly has overlap with an oct&t- =" inter-
mediate state. Hence the diagram of Figa)Zalso has an
octet baryon propagating in the intermediate state. Of cours&imilarly, theX ™ moment is
we know there is nessoctet baryon and this problem is
solved by the contribution of Fig.(6) which must be equal
but opposite in sign to Fig.(8 when an octet baryon propa-
gates in the intermediate state, thus eliminating the @st®t
baryon contribution in full QCD. In separating valence andand theX~ moment is

2 1

appropriate charge factors and summing. For example, the
proton moment is

,U,ngup— §dp— §Sp, (32)

and the neutron moment is

014005-12
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TABLE XVIII. Coefficients, B8, providing the LNA contribution td=-baryon magnetic moments by quark sectors with quark charges
normalized to unit charge. Intermedidtet.) meson-baryon channels are indicated to allow§tl(3)-flavor breaking in both the meson and
baryon masses. Total, direct sea-quark loop, valence, indirect sea-quark loop and quenched valence coefficients are indicated.

q Int. Total Quark Sector Direct Sea-Quark Loop Valence Sector Indirect Loop Quenched Valence
Uzo Ew —(D-F)? (D—F)? —2(D-F)? -2(D-F)? 0
AK 0 (D—3F)?%/6 —(D—-3F)?%6 0 —(D-3F)?6
K (D+F)? (D+F)?/2 (D+F)?/2 0 (D+F)?/2
QK 0 0 0 —(D-F)? (D—F)?
d=o =L (D-F)?2 (D—F)? 0 0 0
AK (D—3F)?%/6 (D—3F)?/6 0 0 0
3K (D+F)?/2 (D+F)2/2 0 0 0
S=o0 AK —(D-3F)?/6 0 —(D—-3F)?/6 —(D-3F)?3 (D—3F)?%/6
3K —3(D+F)?/2 0 —-3(D+F)?/2 —(D+F)? —(D+F)?2
QK 0 (D—F)? —(D—-F)? 0 —(D—F)?
E s 0 2(D%+3F?)/3 —2(D%+3F?%)/3 —2(D%+3F?)/3 0
1 2 1 ues using the one-loop corrected val(i@4] of F=0.40 and
ps-=—gUs++ Zdse— oS5 (35  D=0.61 are provided in Tables XXIIl and XXIV respec-
tively.
Tables XIX and XX report the axial couplings for the inter- V. PARTIAL QUENCHING

mediate meson-baryon channels contributing to the nonana-
lytic behavior of baryon magnetic moments. We note that
upon neglecting the baryon mass splittings, one recovers the The flavor-blind nature of QCD makes it trivial to extend
full QCD results of Ref[34] summarized in their Eqg¢A.2)  this calculation of quenched baryon magnetic moments to
and(A.4), and the quenched results of REf8] summarized the partially quenched theory. As new flavors are introduced
in their Table 2. through the use of dynamically generated gauge fields, one

Table XXI reports values for the coefficient, provid-  simply adds the direct and indirect sea-quark loop contribu-
ingthe LNA contribution to baryon magnetic momenjgy(,,  tions evaluated in Sec. Ill to the quenched results of Sec. IV.
or ymy or xm,,_as appropriateby quark sectors with each To incorporate hadron mass violations®{(3)-flavor sym-

quark flavor normalized to unit charge. Charge symmetryM€lry, one must track the meson mass of the valence-sea

provides the contributions for other baryons. Values arén€son. As we have already isolated each valence quark fla-
based on the tree-level axial couplings=0.50 and D vor contribution to the baryon moment, the mass of the me-

—0.76 with f =93 MeV. Similar results for bulk baryon SON is identified by the valence- and sea-quark mass compos-

moments are provided in Table XXII. For convenience, val-N9 the meson. o
It should be noted that the double hair-pin graph of #fie

meson remains anomalous in the partially quenched theory

u [49]. However, the contribution of the’ propagator is sup-
u Q u pressed by the difference in valence- and sea-quark masses.

A. Hadron masses

S S a
s s @ B. Sea- and ghost-quark electric charge assignments
There has been some discussion on the electric charge
A assignments that may be applied to the various quark sectors
u Q u of partially quenched effective field theof29]. In the con-
s s (b) ventional view of quenched chiral perturbation theory, the
s s charges of the commuting ghost-quark fields are tied to the

valence quark charges in order to eliminate both the direct
and indirect sea-quark loop contributions of the valence sec-

//_\\ N tor. Similarly, for partially quenched chiral perturbation
u 2 Y\ s theory, it is usually argued that the ghost quarks are identical
z 1; (c) to the valence quarks, except for their statistics.

However, it has been indicated that when the number of
FIG. 5. Quark-flow diagrams illustrating the presence osss  Sea quarks matches the number of valence quarks, more gen-

octet baryon propagating in each of diagraf@sand (c). Further  eral charge assignments are possil#8]. The idea is that
discussion is provided in the text. when the masses and charges of the sea- and ghost-quarks
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TABLE XIX. Coefficients, B, providing the LNA contribution to nucleon magnetic moments. Intermediatg meson-baryon channels
are indicated to allow foSU(3)-flavor breaking in both the meson and baryon masses.

Baryon Int.  Total Quark Sector Direct Sea-Quark Loop Valence Sector Indirect Loop Quenched Valence
p N7 —(D+F)? (5D2—6DF+9F?)/9  2(—7D?-6DF—9F?)/9 —2(D+3F)?9 —4D?/3
AK —(D+3F)?6 —(D+3F)?/18 —(D+3F)?9 —(D+3F)?/9 0
SK —(D-F)?2 —(D-F)?2 0 0 0
n N7 (D+F)? (5D?—6DF+9F?)/9 4D(D+6F)/9 8D(—D+3F)/9 4D?%/3
AK 0 —(D+3F)?%/18 (D+3F)?%/18 (D+3F)?%/18 0
3K —(D—F)? —(D-F)?2 —(D-F)?2 —(D-F)?2 0

match, these contributions cancel leaving the theory of fullyhereg=m, /(87f2). m, denotes ar-meson composed of
QCD. In this case the charges of the sea and ghost quarks light-valence and light-sea quark, amt denotes a

need not be related to the valence quarks. However, it i _meson composed of a light-valence and heawv-sea quark
essential that the quark masses of the valence and ghost set- POSE -9 y-seaq '
e second term is a direct sea-quark loop contribution

tors match, such that the indirect sea-quark loop contribu- ; ;
tions of the valence sector continue to be quenched. associated with the valence sector, canceled by the ghost-

We have already argued in the Introduction that it is im-duark contribution in the third term whexj,=q,,. The third
portant to provide an opportunity to include disconnected€rm also includes the direct’ sea-quark loop contribution
insertions of the electromagnetic current in the quenched agssociated with the sea-quark sector and originates from
proximation. These insertions can be calculated in thélable IV for Figs. 1b) and(e). The last two terms are indi-
qguenched approximation and give rise to direct sea-quarkectu sea-quark loop contributions and originate from Table
loop contributions. It is now clear that this goal can be real-V for diagrams(b), (g) and (h) respectively.
ized in the formal theory of quenched chiral perturbation Similarly
theory by assigning neutral electric charges to the ghost-
quark fields. Indirect sea-quark loop contributions are re-
moved while leaving direct sea-quark loop contributions 4 1
from the valence sector unaltered. d,=¢ +qd§D2m7,+ qd§(5D2—6DF+9F2)mW

C. Examples

1 ~
r= 2_ 2 —
Consider for example the quark sector contributions to a +qu(5D 6DF +9F5)(m,—m,)

baryon magnetic moment in a partially quenched theory with
two degenerate light quarks and one heavy sea quark, labeled
u’, d’ ands’. Electric charge assignments &g, dq, Js

for the valence sector of the theory agfl, q;, q; for the

ghost- and sea-quark sectors. and

—qu(D—F)Zan—qd(D—F)%K], (37)

1. Proton magnetic moment

1
— _ 2_ 2
The quenched quark-sector results for the proton are Sp=¢ q53(5D 6DF+9F ) my

complemented by direct sea-quark loop contributions from

the valence- and ghost-quark sectors plus both direct and
indirect contributions from the sea-quark sector. As dis-

cussed in Sec. Il A such loop contributions are flavor blind . . .

and the couplings are easily (Fa)xtracted from Tables IV, VII orThe_ LNA behavior of the [proton magnetic moment in the
IX for the direct contributions and Table V for the indirect partially quenched theory is
contribution. For simplicity, we will suppress baryon mass

splittings in the following. However, they may be introduced

. 4 1
in a transparent manner. — &l DM+ = (5D2— 6DF + 9F)(m.—m
For theu-quark sector in the proton, one has S ntgl (Mo~ M)

1 -
+qg§(5D2—BDF+9F2)(mK—mK)] . (39

4 2 1 2 2 ’ rl 2 2\(
up=§ —qugD m,,+qu§(5D —6DF+9F )m,_ +(qu+qd)§(5D —6DF+9F9)(m,—m,_)
1 ~ 1 -
+ql’1§(5D2—6DF+9FZ)(mﬁ—mﬁ) +qs§(5D —6DF+9F“)(m¢—my)
4 - 2 - 2 o~ 1 .
—qug(D2+3|:2)m,T—qug(D2+3Fz)mK , (36) —§(D+3F) mw—§(D+3F) M- (39
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TABLE XX. Coefficients, 8, providing the LNA contribution t& -, A- and E-baryon magnetic moments. Intermediélet.) meson-
baryon channels are indicated to allow ®tJ(3)-flavor breaking in both the meson and baryon masses.

Baryon  Int. Total Quark Sector Direct Sea-Quark Loop Valence Sector Indirect Loop Quenched Valence
=+ S ~2F? 2F?%/3 —8F?%/3 -8F?%/3 0
Am -2D%/3 2D%/9 ~8D%/9 -8D?%/9 0
NK 0 (D-F)?/3 —(D-F)*/3 2(D -~ F)*/3 —(D-F)?
= —(D + F)? —2(D* +3F%)/9 (-7D*~18DF -3F%/9 —-4(D* +3F%)/9 —(D*+6DF -3F%)/3
ns 0 —(D-F)*/3 (D-F)*/3 (D~ F)?/3 0
0 b 0 2F2%/3 —2F%/3 —2F?/3 0
Am 0 2D%/9 -2D%/9 —2D%/9 0
NK (D= F)?/2 (D-F)?/3 (D-F)/6 2(D-F)?*/3 —(D - F)*/2
= —(D+F)?/2 —2(D* +3F?%)/9 (-5D*-18DF +3F?)/18 —(D*+3F%)/9 —(D*+6DF —-3F%)/6
Sns 0 ~(D-F)*/3 (D-F)?*/3 (D~ F)*/3 0
= S 2F? 2F%/3 4F%/3 4F?/3 0
A 2D%/3 2D%/9 4D%/9 4D%/9 0
NK (D - F)? (D-F)y/3 2(D-F)?/3 2(D-F)?*/3 —(D-F)?
= 0 —2(D*+3F%)/9 2(D* +3F%)/9 2(D*+3F%)/9 0
s 0 —-(D-F)*/3 (D-F)*/3 (D-F)?*/3 0
A o 0 2D%/9 —2D%/9 ~2D?%/9 0
Any 0 2(2D -3F)?/27 —2(2D -3 F)?/21 -2(2D -3 F)?/21 0
NK (D+3F)?/6 (D +3F)?*/27 7(D+3F)?/54 2(D+3F)?/27 (D+3F)*/18
= ~(D-3F)?/6 2(-7TD*+12DF-9F%)/21 (19D*+6DF-45F?)/54 (=7D*+12DF—-9F?%)/21 (11D*-6DF —9F?)/18
An, 0 —(D+3F)?*/21 (D+3F)*/21 (D +3F)?/27 0
=0 =7 —(D-F)? (D—-F)/3 ~4(D - F)*/3 ~4(D - F)*/3 0
AK 0 (D—-3F)/18 —(D-3F)*/18 (D—-3F)%/9 —(D-3F)*/6
£K (D + F)? (D+F)*/6 5(D + F)?/6 (D+ F)?*/3 (D+ F)*/2
QK 0 —(D-F)*/3 (D~ F)*/3 -2(D - F)*/3 (D - F)?
Ens 0 -2(D* +3F%)/9 2(D*+3F%)/9 2(D?* +3F?)/9 0
=" En (D - F)? (D-F)*/3 2(D-F)?/3 2(D—-F)?/3 0
AK (D-3F)?/6 (D-3F)*/18 (D-3F)*/9 (D-3F)%/9 0
K (D+ F)*/2 (D+F)y3/6 (D+F)?/3 (D+ F)?/3 0
QK 0 ~(D - F)*/3 (D-F)?*/3 (D-F)*/3 0
=ns 0 —2(D* +3F%)/9 2(D% +3F?)/9 2(D? +3F%)/9 0

We note that this final expression agrees with that of(E§).

in Ref.[29].

To clearly establish the method for constructing partially
quenched chiral coefficients, we consider thé hyperon.
The direct and indirect sea-quark loop contributions are fla-
vor blind and the couplings are easily extracted from Tables
Xl, Xl or XV for the direct contributions and Table Xl for

2. 3% magnetic moment

contribution in the fourth and fifth terms whey}=q,. The

fourth and fifth terms also include the direat sea-quark

loop contribution associated with the sea-quark sector and

originate from Table Xl for Figs. @) and(e). The last two

Similarly

Ss+=¢

the indirect contribution. For tha-quark sector ir>*, one

has

=& — ﬂD2 + %D2+3F2 +qu(D—F)?
Us+ & qus My qus( )mﬂ- qu( )mK

.2 (D24 3F2) (M~ (D—F)2(mg—
qu3( )(m'n' m'n')+qu( )(mK mK)

4 ~ 2 ~
7Qu§(D2+3F2)mw7QU§(D2+3F2)mK )

terms are indirecti sea-quark loop contributions and origi-
nate from Table XII for Figs. @)+(c) and (h) respectively.

4 2
+qS§D2mK+qS§(D2+ 3F?)mg+qy(D—F)’m,,

0.2 (D24 3F2) (i~ {(D—F)?
Gs 3 ) (M —my) +ag( )

x(m, —m, )—gs2(D—F)*m¢—qyD—F)?m, 1,

(41)

Whereﬁw775 denotes arss’ n-meson composed of a strange-

valence and antiheavy sea-quark, and

(40)

2 2 2 2
dx+:§ +Qd§(D +3F )mﬂ.‘i‘qd(D_F) mK

wheremy denotes &K-meson composed of a light-valence

and heavy-sea quark amAdr( denotes &-meson composed

of a strange-valence and light-sea quark. The second and
third terms are directi sea-quark loop contributions associ-
ated with the valence sector, canceled by the ghost-quark

014005-15
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Thus, the LNA behavior of th& * magnetic moment in the have large coefficients for the nonanalytic term proportional
partially quenched theory is to m_, with opposite signs respectively. Similarly, both the
proton and neutron magnetic moments have large coeffi-
cients surviving in quenched QCD. Because thguark in
ps =&l — szmKJr E(D2+3F2)mw+ E(D —F)2my the proton has_significantly smaller statistical errors _than that
3 9 3 for thed quark in the protoM35], theu-quark contribution to
5 1 the proton magnetic moment provides the optimal opportu-
— —(D?+3F)my— _(|;)_|:)2m77 nity to directly view nonanalytic behavior associated with
9 3 s the quenched meson cloud of baryons in the quenched ap-
proximation. Figure 6 illustrates the anticipated curvaf@ie

2 ~
+(q,+ q('j)g(D2+ 3F?)(m,—m,) associated with the term (4/3)D?mym,./(87f2) surviving
in the quenched approximation.
+(q,+q,)(D— F)z(rﬁK— M) There are other interesting opportunities. Consider for ex-

ample thes-quark contribution to the quenched magnetic
moment. Table XXI indicates that the coefficient of tR&
contribution to theA magnetic moment is large. Because the
nucleon is significantly lighter than thk, the NK loop can
+q;(D—F)2(ﬁ1,, —m”)+%(D—F)2(2rﬁK+Fn”) contribute enhanced nonlinear behavior. Hence, there is a
s s s prediction of significant curvature in the extrapolation of the
s-quark contribution, even when the mass of the strange

2 -
+qé§(D2+3F2)(mK_mK)

4 ~ o~
—§(D2+3F2)(2mw+ me) ¢, (43)  quark is held fixed as is commonly done in lattice QCD
simulations. As such, the effect is purely environmental
[35,36,39,40

again in agreement with E¢51) of Ref. [29]. The effect arises from the extrapolation of lightand d

Partially quenched results may be similarly obtained forduarks in theA.
the remainder of the quark-sector contributions to octet Thes-quarkinZ provides another opportunity to observe
baryon magnetic moments using the approach described hefepurely environmental effect in quenched QCD. Here the
in detail. Since the results require specific knowledge of theoefficient of thex K channel is very large, again predicting
number and nature of dynamical flavors, we defer writingcurvature in thes-quark contribution to the magnetic mo-
further specific results. ment, even when thequark mass is held fixed. The mass of
> is less than the mass & allowing the kaon to provide
enhanced nonlinear behavior.
VI. SUMMARY A few channels hold potential for revealimmenched ar-
) ) ) tifacts in quenched simulations. Despite the prediction of
The diagrammatic method for separating valence and Segyatyre for both thes and d-quark sectors of ~ in both
siléae!('éo?rzncsn;f&“gns to tmetmfson cllould t(')f ha(fjrons pLOT I and quenched QCD, the extrapolation of the total
b bproach o the calcuiation of quenc =~ -baryon magnetic moment receives no leading nonana-

chiral coefficients. The origin of chiral nonanalytic structure lytic contribution from either ther- or theK-meson cloud in

is obvious, and facilitates the incorporation of the correctth hed imation. Simil its hold for ¥
nonanalytic structure matching today’s numerical simula- € quenched approximation. simiiar resufts hold forine

tions. In the process, the coefficients for partially quenched@gnetic moment. _ _
QCD are derived; no new calculations are required. It is particularly difficult to directly determine the loop

The valence sector of full QCD contains the largest coef.contribution to baryon magnetic moments in numerical simu-
ficients for the leading nonanalytic behavior of magnetic mo-ations[30—-33. As such, it is of particular interest to com-
ments. Theu-quark contribution to the proton magnetic mo- pare the coefficients of the valence quark contributions in
ment has a coefficient of 11.0 for the rapidly varying pion- full QCD (column “valence” of Tables XXI and XXI} to
cloud contribution, which is complemented further by thethat for the valence quark contributions of quenched QCD
kaon cloud. These are connected insertions of the electrgcolumn “quenched valence” of Tables XXI and XXlI
magnetic current in full QCD and should reveal significantHere, theu-quark in%* stands out with the significant cur-
curvature in the approach to the chiral limit. It is also encour-vature of theX 7 and A w channels completely suppressed
aging to note that the-quark sector is known to have rela- from —4.32 to 0 and-3.33 to O respectively. Only thEK
tively small statistical uncertainties in the quenched approxichannel has a significant coupling for tliequark in the
mation[35] compared to that for thd quark. quenched® *, but curvature in this channel is suppressed by

The coefficients of the leading nonanalytic terms of full the large excitation energy required to form the intermediate
QCD change significantly upon quenching. Some channelstate. Theu quark in the proton is also worthy of note, with
still hold excellent promise for revealing the nonanalytic be-the coefficient of the rapidly varyingeN channel dropping
havior of meson-cloud physics even in the quenched apsignificantly from—11.0 in full QCD to— 3.33 in quenched
proximation. For example, tha or d-quark in the proton QCD and the kaon contribution vanishing completely.
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TABLE XXI. Coefficients, y, providing the LNA contribution to baryon magnetic moments by quark
sectors with quark charges normalized to unit charge. Intermedizte meson-baryon channels are indi-
cated to allow forSU(3)-flavor breaking in both the meson and baryon masses. Total, direct sea-quark loop
(direct loop, valence, indirect sea-quark lo¢ipdirect loop and quenched valence coefficients are indicated.
The axial couplings take the tree-level valdes 0.50 andD =0.76 with f_ =93 MeV. Notee=0.0004.

q Int. Total Direct Loop Valence Indirect Loop Quenched Valence
Up N —6.87 +4.12 —11.0 —7.65 —-3.33
AK —3.68 0 —3.68 —3.68 0
3K —0.15 0 —0.15 —0.15 0
d, N +6.87 +4.12 +2.75 —0.59 +3.33
K -0.29 0 -0.29 -0.29 0
Sp AK +3.68 +3.68 0 0 0
K +0.44 +0.44 0 0 0
Us + S —2.16 +2.16 —4.32 —4.32 0
A —1.67 +1.67 —-3.33 —-3.33 0
NK 0 +0.29 -0.29 0 —-0.29
EK -6.87 0 -6.87 -3.83 -3.04
ds+ S +2.16 +2.16 0 0
A +1.67 +1.67 0 0 0
NK +0.29 +0.29 0 0 0
Sy + NK -0.29 0 -0.29 —0.59 +0.29
EK +6.87 +3.83 +3.04 0 +3.04
S 7 0 +0.29 -0.29 -0.29 0
Uso|dso S 0 +2.16 -2.16 -2.16 0
Am 0 +1.67 -1.67 -1.67 0
NK +0.15 +0.29 —0.15 0 —0.15
EK —3.43 0 —3.43 —-1.91 —-1.52
upldy S 0 +1.67 —-1.67 —1.67 0
An 0 € —€ —€ 0
NK +3.68 +2.45 +1.23 0 +1.23
EK -0.40 0 -0.40 -0.83 +0.44
Sy A7 0 +2.45 —2.45 —2.45 0
NK -7.36 0 -7.36 —-4.91 —2.45
EK +0.79 +1.67 —-0.88 0 —-0.88
U=o =E -0.29 +0.29 —0.59 —0.59 0
AK 0 +0.40 —0.40 0 -0.40
K +6.87 +3.43 +3.43 0 +3.43
QK 0 0 0 -0.29 +0.29
dzo B +0.29 +0.29 0 0 0
AK +0.40 +0.40 0 0 0
K +3.43 +3.43 0 0 0
S=o AK —0.40 0 —0.40 -0.79 +0.40
K -10.3 0 -10.3 -6.87 -3.43
QK 0 +0.29 -0.29 0 -0.29
E s 0 +3.83 -3.83 —3.83 0
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TABLE XXII. Coefficients, y, providing the LNA contribution to baryon magnetic moments. Intermedi-
ate (Int.) meson-baryon channels are indicated to allow S$a#(3)-flavor breaking in both the meson and
baryon masses. Total, direct sea-quark I¢dipect loop, valence, indirect sea-quark logindirect loop and
guenched valence coefficients are indicated. The axial couplings take the tree-levelF/al0g®) andD
=0.76 withf =93 MeV. Notee=0.0001.

Baryon Channel Total Direct Loop Valence Indirect Loop Quenched Valence
p N7 —-6.87 +1.37 —8.24 —-4.91 —-3.33
AK —3.68 —-1.23 —2.45 —2.45 0
3K —-0.15 —-0.15 0 0 0
n N +6.87 +1.37 +5.49 +2.16 +3.33
AK 0 —-1.23 +1.23 +1.23 0
3K -0.29 —-0.15 —-0.15 -0.15 0
57 S -2.16 +0.72 —2.88 -2.88 0
A -1.67 +0.56 -2.22 —-2.22 0
NK 0 +0.10 -0.10 +0.20 -0.29
EK -6.87 -1.28 —5.59 -2.55 —3.04
27 0 -0.10 +0.10 +0.10 0
30 S 0 +0.72 -0.72 -0.72 0
A 0 +0.56 —0.56 —0.56 0
NK +0.15 +0.10 +0.05 +0.20 —-0.15
EK —3.43 —-1.28 —2.16 —0.64 —1.52
3 75 0 -0.10 +0.10 +0.10 0
p S +2.16 +0.72 +1.44 +1.44 0
A +1.67 +0.56 +1.11 +1.11 0
NK +0.29 +0.10 +0.20 +0.20 0
EK 0 —1.28 +1.28 +1.28 0
S 7 0 -0.10 +0.10 +0.10 0
A S 0 +0.56 —0.56 —0.56 0
An 0 € —€ —€ 0
NK +3.68 +0.82 +2.86 +1.64 +1.23
EK —-0.40 —0.56 +0.16 —-0.28 +0.44
A ng 0 —-0.82 +0.82 +0.82 0
= Ew -0.29 +0.10 —-0.39 -0.39 0
AK 0 +0.13 -0.13 +0.26 —0.40
K +6.87 +1.14 +5.72 +2.29 +3.43
QK 0 -0.10 +0.10 —-0.20 +0.29
E s 0 -1.28 +1.28 +1.28 0
= B +0.29 +0.10 +0.20 +0.20 0
AK +0.40 +0.13 +0.26 +0.26 0
3K +3.43 +1.14 +2.29 +2.29 0
QK 0 —-0.10 +0.10 +0.10 0
E s 0 -1.28 +1.28 +1.28 0
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TABLE XXIIl. One-loop corrected coefficientsy, providing the LNA contribution to baryon magnetic
moments by quark sectors with quark charges normalized to unit charge. Total, direct sea-quédiréatp
loop), valence, indirect sea-quark logipdirect loop and quenched valence coefficients are indicated. Here,
the axial couplings take the one-loop corrected valbes0.40 andD=0.61 with f .=93 MeV. Note e

=0.0004.
q Int. Total Direct Loop Valence Indirect Loop Quenched Valence
Up N —4.41 +2.65 —7.06 —491 —-2.15
AK —2.36 0 —2.36 —2.36 0
3K —0.10 0 —0.10 —0.10 0
dp N +4.41 +2.65 +1.76 —0.38 +2.15
K -0.19 0 -0.19 -0.19 0
Sp AK +2.36 +2.36 0 0 0
2K +0.29 +0.29 0 0 0
Us + S —1.38 +1.38 —2.77 =277 0
Am —-1.07 +1.07 —2.15 —-2.15 0
NK 0 +0.19 —-0.19 0 —-0.19
EK —4.41 0 —4.41 —2.46 —1.95
ds+ S +1.38 +1.38 0 0 0
Am +1.07 +1.07 0 0 0
NK +0.19 +0.19 0 0 0
Sy + NK -0.19 0 -0.19 -0.38 +0.19
EK +4.41 +2.46 +1.95 0 +1.95
S 7 0 +0.19 -0.19 —-0.19 0
Uso|dso S 0 +1.38 -1.38 -1.38 0
A 0 +1.07 —-1.07 —1.07 0
NK +0.10 +0.19 —0.10 0 —0.10
EK —-2.21 0 -221 -1.23 -0.98
uyldy S 0 +1.07 -1.07 -1.07 0
A 0 € —€ —€ 0
NK +2.36 +1.57 +0.79 0 +0.79
EK -0.25 0 -0.25 -0.54 +0.29
Sy A7 0 +1.57 —-1.57 —-1.57 0
NK —4.72 0 —4.72 —-3.15 —1.57
EK +0.50 +1.07 —0.57 0 —0.57
U=o B -0.19 +0.19 -0.38 -0.38 0
AK 0 +0.25 -0.25 0 -0.25
%K +4.41 +2.21 +2.21 0 +2.21
QK 0 0 0 —0.19 +0.19
d=o B +0.19 +0.19 0 0 0
AK +0.25 +0.25 0 0 0
3K +2.21 +2.21 0 0 0
S=o AK -0.25 0 -0.25 —0.50 +0.25
3K —6.62 0 —6.62 —-4.41 -2.21
QK 0 +0.19 -0.19 0 -0.19
E s 0 +2.46 —2.46 —2.46 0
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TABLE XXIV. One-loop corrected coefficienty, providing the LNA contribution to baryon magnetic
moments. Total, direct sea-quark lo@girect loop, valence, indirect sea-quark lodmdirect loop and
quenched valence coefficients are indicated. Here, the axial couplings take the one-loop corrected values
=0.40 andD=0.61 withf_ =93 MeV. Notee=0.000128.

Baryon Channel Total Direct Loop Valence Indirect Loop Quenched Valence
p N7 —-4.41 +0.88 —-5.29 —-3.15 —2.15
AK —2.36 -0.79 —-1.57 —-1.57 0
S K —-0.10 —-0.10 0 0 0
n N +4.41 +0.88 +3.53 +1.38 +2.15
AK 0 —-0.79 +0.79 +0.79 0
3K -0.19 -0.10 -0.10 -0.10 0
5* S —1.38 +0.46 —1.85 —1.85 0
A -1.07 +0.36 —-1.43 —-1.43 0
NK 0 +0.06 —0.06 +0.13 -0.19
EK —4.41 —-0.82 —3.59 —-1.64 —-1.95
S 7 0 —-0.06 +0.06 +0.06 0
30 S 0 +0.46 —0.46 —0.46 0
A 0 +0.36 —0.36 —0.36 0
NK +0.10 +0.06 +0.03 +0.13 -0.10
EK -2.21 —-0.82 —-1.39 —-0.41 —0.98
37 0 -0.06 +0.06 +0.06 0
P S +1.38 +0.46 +0.92 +0.92 0
A +1.07 +0.36 +0.72 +0.72 0
NK +0.19 +0.06 +0.13 +0.13 0
EK 0 —-0.82 +0.82 +0.82 0
37 0 —0.06 +0.06 +0.06 0
A S 0 +0.36 -0.36 -0.36 0
A 0 € —€ —€ 0
NK +2.36 +0.53 +1.84 +1.05 +0.79
EK —-0.25 —0.36 +0.11 —-0.18 +0.29
A 7s 0 -0.53 +0.53 +0.53 0
=A =] -0.19 +0.06 —-0.25 —-0.25 0
AK 0 +0.08 —0.08 +0.17 —0.25
K +4.41 +0.74 +3.68 +1.47 +2.21
QK 0 —0.06 +0.06 -0.13 +0.19
E s 0 -0.82 +0.82 +0.82 0
= Ew +0.19 +0.06 +0.13 +0.13 0
AK +0.25 +0.08 +0.17 +0.17 0
3K +2.21 +0.74 +1.47 +1.47 0
QK 0 —0.06 +0.06 +0.06 0
E s 0 -0.82 +0.82 +0.82 0
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5.0 T T In summary, this study of quark-sector contributions to
~45 baryon magnetic moments in quenched, partially quenched
3 and full QCD indicates there are numerous opportunities to
o 40 observe and understand the underlying structure of baryons
S 3.5 and the nature of chiral nonanalytic behavior in QCD and its
o% ) guenched variants. Numerical simulations of the observables
o 3.0 discussed herein are currently in production on the Austra-
; 25 lian Partnership for Advanced ComputiftgPAC) National
5 Facility using FLIC fermiong 18] which provide efficient
2 2.0 access to the light quark-mass regime. It will be interesting
|3 15 to confront these predictions with numerical simulation

results.
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