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QCD equalities for baryon current matrix elements

Derek B. Leinweber
Department of Physics, Box 351560, University of Washington, Seattle, Washington 98195
(Received 15 December 1995

An examination of the symmetries manifest in the QCD path integral for current matrix elements reveals
various equalities among the quark sector contributions. QCD equalities among octet baryon magnetic mo-
ments lead to a determination of the disconnected sea-quark contribution to nucleon magnetic moments, which
is the most reliable determination in the literature. Matching QCD equalities to recent calculations of decuplet
baryon magnetic moments in chiral perturbation theogfPT) reveals an equivalence betwegiT to
O(p?) and the simple quark model with an explicit disconnected sea-quark contribution. New insights into
SU(3)-flavor symmetry breaking, sea contributions, and constituent quark composition are obtained. The
strangeness contribution to nucleon magnetic moments is found to be la&gg @)= —0.75=0.30uy - The
QCD equalities must be followed by any model which hopes to capture the essence of nonperturbative QCD.
Not all models are in accord with these symmetries.

PACS numbgs): 12.38.Aw, 12.38.Gc, 12.39.Fe, 14.2@

[. INTRODUCTION functions are calculated to reveal the QCD equalities. Sec-
tion Il discusses the QCD equalities for octet baryons and
The Euclidean path integral formulation of quantum fielddemonstrates their utility by calculating the disconnected
theory is the origin of fundamental approaches to the studgea-quark loop contributions to magnetic moments. Section
of quantum chromodynamid€CD) in the nonperturbative 1V addresses the QCD equalities for decuplet baryons and
regime. While the lattice regularization of the path integral istheir relationship to predictions from chiral perturbation
the only known approach tab initio determinations of had- theory (xPT). Here, quantitative relationships between
ron properties, the actual implementation of the numericaBU(3) breaking in the valence and sea sectors are obtained.
simulations is met with formidable technical difficulties. To Sea contributions are evaluated and the predictions for
proceed one must work with unphysically heavy currentbaryon magnetic moments from lattice QCD are updated.
quarks and most simulations still involve the quenched apThe strangeness contribution to nucleon magnetic moments
proximation. Understanding the physics associated withs established and compared with other approaches in Sec. V.
these approximations is an industry in itsglf-5]. A comprehensive breakdown of the quark sector contribu-
The QCD sum rule approach to nonperturbative QCDtions to baryon magnetic moments which may be useful in
may also be formulated in Euclidean spd6e7]. However, the development of more sophisticated models is provided
the Borel-improved spectral sum rules are more widelyhere. Finally, Sec. VI reviews the highlights of QCD equali-
known and provide better suppression of excited state corf€s.
taminations. Here, one encounters difficulties in determining
the vacuum expectation values of the operators of the opera- Il. FORMALISM
tor product expansiofOPE. Additional uncertainties sur-
round the viability of the continuum model, utilized to re-
move excited state contaminations from the OPE. An in- The determination of hadron properties in field theoretic
depth examination of these issues may be found in [8&f. approaches are centered around the QCD vacuum expecta-
In contrast, this investigation focuses on fundamentation values of appropriately chosen operat0rs In the Eu-
QCD equalities based directly on the symmetries of the QCxlidean path integral formulation, these vacuum expectation
path integral. In the following, it will be clearly stated which values are given by
properties are fundamental symmetries of QCD and which

A. Path integral

properties depend on the actual dynamics of QCD. As such, (O[O1(A, ¢, ) O(A, ,4h,4) - - -|0)
the following equalities must be met by any model which 1 L _
hopes to capture the essence of nonperturbative QCD. = _J gAM)@,l,glﬂefSG(Aﬂ)fwM(AM)w
The only approximation made in the following discussion z
of QCD equalities is the equivalence of theandd current X[ - TA) YY1, 2.1)

guark masses. Hence, we will focus on observables which
are not dominated by isospin violation at the QCD level. ith
Since the QCD scale paramet&iycp>my—m,, this ap-
proximation is generally accepted to be excellent, and is
shared by many approaches probing hadron structure.

The outline of this paper is as follows. Section Il reviews
the path integral formalism and the operators used to probe Here, Sg(A,) is the gauge action, and
current matrix elements of low-lying baryons. CorrelationM(A,)=(y,D,+m) whereD , is the covariant derivative.

Z= f gAMgw_@zpe-Sew-_wWAW_ (2.2
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A sum over quark flavors with appropriate masses is im- C. Interpolating fields

plicit. The explicit dependence of the various terms on the 5 gauge-invariant operator having maximal overlap with

gauge fieldA, has been illustrated:(A,) simply signifies o ground-state hadron is local and of minimal dimension.
the underlying matrix multiplications in Dirac space and theTnese criteria alone are sufficient to uniquely define the
operator dependence oh,. The fermion fields are de- A-baryon interpolating field. FoA** the form is

scribed by a Grassmann algebra. The functional integration

++
may be done analytically to give the well-known form Xa  (0=ePTuT(x)Cy,uP(x)us(x). (2.7
(O|O1(A,,th,)Ox(A, ,h,1p) - - -|0) Hereu denotes the up-quark field, and the indieed, and

1 c are color indices. The antisymmetric teng8P° places the

= Zf @AMQ_SG(A;L)deM(AM) three quarks in a color singlet state.is the charge conju-

gation operator, and denotes transpose. The interpolators
X[F(A#)Mfl(AM)Mfl(AM). 1 (23 coupling to other cha_rge states Sfmay be obtained from
Eq. (2.7) by using the isospin-three-component lowering op-

where each pair of and?in the square brackets ¢2.1) erator. In particular,

produceM‘l(AM), the nonperturbative quark propagator + 1

hereafter referred to & The origin of the QCD equalities Xp (X)= Eéabc{z[UTa(X)CY,Ldb(X)]UC(X)

lies in the detailed structure of the term in bracket$ar8).

The remaining factors, +[uT(x)Cy,uP(x)]d%(x)}. (2.9
A6 % AdeM(A)), (2.9

Other decuplet baryon interpolating fields are obtained with

are common to all the individual terms in the brackets anc}he appropriate substitutions af(x),d(x)—u(x),d(x) or

. . X).

more generally are common to any hadron considered in thg( . o . .
approach. Hence all the physics differentiating one hadron The uniqueness .Of ”.‘A interpolator is easily demoq-
from the next is contained in the bracketed term(213), strated[9] by con3|der|ng the general local current with
which we shall now turn our attention to in detail. |=3/2 andJ=3/2. Consider

X3 =euTaCr uP) y, € ue, 2.9

B. Operators

herel", may take on any of the sixteen Dirgcmatrices.

Current matrix elements of hadrons are extracted from th . o :
y transposing the scalar quantity in parentheses one finds

consideration of a time-ordered product of three operators:
Generally, an operator exciting the hadron of interest from  e2*UT*Cu°= **uTCysu°=€2*uT®C1y, ysu®=0.
the QCD vacuum is followed by the current of interest, (2.10
which in turn is followed by an operator annihilating the

hadron back to the QCD vacuum. The operator can take th&n application of the Fierz transformations reveals

form Eab(:( UTaCO'p)\Ub) ,yMa_p)\uc: _ %GabC(UTaCO'pAUb) 'Y,uo'p)\uc
Ok (tp,ty;p’,p;T)=TPT f dxpe” P 2y 3 (x,) =0. (2.11)
Loy x
Xf dx; et P TP a(xg ) ¥ P(0) . >
T q
ol N,
(2.5 N 9 %
q
Here, x is a hadron interpolating field usually composed of (a)
quark (and possibly gluonfield operators and Dirag ma-
trices designed to isolate the quantum numbers of the hadron x,
under consideration. The subscriptsand = are optional u,d,s

Lorentz indices which are required for the excitation of spin-
3/2 baryons or vector or axial-vector mesons. The Lorentz
index w is also provided for vector or axial-vector probes of
the hadron structure. Of course, scalar, pseudoscalar, or ten- /
sor probes may also be considered. The Dirac métrpro- 0 \
vides for the projection of various Dirag structures, and
a and B are Dirac indices. The vectopsandp’ provide for
the design of any momentum transfer. Euclidean time evolu- (b)
tion in t; andt, provides a mechanism for the isolation of
ground state properties. To reveal the QCD equalities, it is FIG. 1. Diagrams illustrating the two topologically different in-
sufficient to work in coordinate space with the operator  sertions of the current indicated by. These skeleton diagrams for
) the connecteda) and disconnecte¢b) current insertions may be
Ok (Xp,%1) =T x3(X2) J“(Xx1) X2(0)]. (2.6)  dressed by an arbitrary number of gluons.

U
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Another application of the Fierz transformations provides the x5(x) = €2*TuT3(x)CdP(x)]ysu(x), (2.14
relation
abc/ Ta by Au,c—; abc/  Ta by,,C
T UTCHU THUT=T e U TCy, U U (2.12 which vanishes in the nonrelativistic limit. Interpolating
' fields for the other members of the baryon octet containing a
equating the only nonzero variants @.9). doubly represented quark flavor may be obtained f(arh3
It is well established that there are two local interpolatingand (2.14 with the appropriate substitutions of quark field
fields of minimal dimension for the nucleon. In lattice calcu- operators.
lations, the commonly used interpolating field for the proton
has the form

p _ cab Ta b c
X1(X) = € Tu(x)Cysd(X) Ju(X). (2.13 _ _ . . :
' ° To begin, consider the two-point function far". Using
In the QCD sum rule approach, it is common to find linear(2.7) and contracting out pairs of quark field operators in
combinations of this interpolating field and accord with(2.3) one has

D. Correlation functions

+ + Th! ! ’ ’ ! ’ ! ’ ! ’ ’
T[Xﬁ (X)E (0)]= %éabcea b’c [48361 ’)’,,CSIbb Cmsﬁc +4Sﬁa ’y,,CSgbb C’)’#Sﬁc +4Sga ’yVCSIbb C’)’MSEC
+28§7 tr(y,C S Cy,,S5) + 2857 tr(7,C K C, S§°) + 2857 tr(v,C S C,, i),
(2.15
where the quark propagatsﬁa' =T[u?(x),u? (0)] and similarly for other quark flavors. $8)-flavor symmetry is obviously
displayed in this equation.

In determining the three-point function, one encounters two topologically different ways of performing the current insertion.
Figure 1 displays skeleton diagrams for these two insertions. These diagrams may be dressed with an arbitrary number of
gluons. Diagranta) illustrates the connected insertion of the current to one of the valence ﬁoélthe baryon. It is here that
the Pauli-blocking in the sea contributions are taken into account. Dia@maaccounts for the alternative time ordering where
the current first produces a disconnectgglpair which in turn interacts with the valence quarks of the baryon via gluons.

The number of terms in the three-point function is four times thaRia5. The correlation function relevant to the*
current matrix element is

TIXS (X2)i#(x)xs (0)]=3€0% D482y, C P Cy, S5 + 452 y,CPY Cy, S + 455 y,CH Y Cy, ¢

+485% y,CHP Cy, S§7 +455Y 7, CEP Cy, S +4SSY 7, CH Cy, S
+485% y,C Cy, ST +455Y 7, CH Cy, ST +4SY 7,CH P Cy, S
+282%tr(,C P Cy, S5 ) + 2827 tr(7,C S Cy, S5 ) + 253 tr(7,C S Y Cy, )
+282%tr(,C S P Cy, S5 ) + 2837 tr(7,C PP Cy, S5 ) + 253 tr(7,C PP Cy, )

+2S2%tr(y,C ] Cy, i) + 2557 tr(7,C S, ™Y Cy, S ) + 283 tr( 7, °Y Cy, i)
+ D egX tr(Sh(xq.,X1)y,) 5% 453 y,C P Cy, S5
g=u,d,s i
+453 y,CHPY Cy, S +4S57 ,CH P Cy, St% + 2557 tr(,C S *” Cy, Si°)
+2S2%tr(y,C PP Cy, SI) + 2557 tr(y,C S Y Cy, S, (2.16

where

S5 (X2, %1,0) = €42 Sf'(X2.,X1) ¥, S (%1,0) (2.17

%1t should be noted that the term “valence” used here differs with that commonly used surrounding discussions of deep-inelastic structure
functions. Here “valence” simply describes the quark whose quark flow line runs continuously frexg OThese lines can flow backwards
as well as forwards in time and therefore have a sea contribution associated withlhem
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denotes the connected insertion of the probing current to bbop do not sum to zero. In this case the second term of
quark of chargee,. Here we have explicitly selected the (2.16 can be just as significant as the connected term
electromagnetic current. However, the following discussior{10,11].

may be generalized to any quark-field-based current operator An examination of(2.16 reveals complete symmetry
bilinear in the quark fields. among the quark flavors in the correlation function. For ex-

~ The latter term 0f(2.16 accounts for the loop contribu- ample, wherever al quark appears in the correlator,ua

tion depicted in Fig. (). The sum over the quarks running guark also appears in the same position in another term. An
around the loop has been restricted to the flavors relevant teresting consequence of this is that the connected insertion
the ground-state baryon octet and decuplet. In th&3BU ot ie electromagnetic current fax® vanishes. All electro-
flavor limit the sum _vamshes for the electromagnetic Cu"entmagnetic properties of th&® have their origin strictly in the
H_0\_/vever, the heavier strange qua_rk mass al!ows for a NONjisconnected loop contribution. Physically, what this means
trivial result. Because of the technical difficulties of numeri- is that the valence wave function for each of the quarks in the
cally estimatingVl ~* for the squared lattice volume of diag- A identical q

onal spatial indices aj?+0, these contributions have been resonances are laentical.

omitted from previous lattice calculations of electromagnetic To fur_ther |I.Iustratle this symmeFry, we turn to another
structure. For other observables such as the scalar density 3¥St€M in which this symmetry is broken, namely the
forward matrix elements of the axial vector current relevant?Ucleon. The correlation function relevant to proton matrix

to the spin of the baryon, the “charges” running around the€/eéments obtained fron®.13 is

Tx2(%2) i #(x1) xB(0)] = €2P%€ "¢ [ S22 tr(SEP 15 C S CLyg) + S 95 C PP C 1 ysS0e + S22 tr(S2 y5C S C )
+ S0 s C PP C Ly S + S tr(S) ysC T C ys) + 3 ysC TP C Ly S ]
+q§d . qui (S} (Xq . X1) 7,,) €2°%2 P [ S22 tr(Sh” y5C S[°¢ C L)

+S3% ysCP CLysS . (2.18

Here we see very different roles playedbwndd quarks in  quark flavor bound in different baryons. For example, the
the correlation function. The neutron correlation function iscorrelator for>* is given by(2.18 with d—s. Hence, a
obtained with the exchange af—d in (2.18. The absence u-quark propagator i is multiplied by ans-quark propa-
of equivalence foru and d contributions allows the con- gator, whereas in the proton thequark propagators are
nected quark sector to give rise to a nontrivial neutron chargenultiplied by ad-quark propagator. The different mass of
radius, a large neutron magnetic moment, or a violation othe neighboring quark gives rise to an environment sensitiv-
the Gottfried sum rule. Perhaps it is also worth noting thatity in the u-quark contributions to observablgE2—18. This
the relative contributions afi andd quarks to nucleon mo- point sharply contrasts the concept of an intrinsic quark
ments depends on the dynamics of QCD. Numerical simulaproperty that is independent of the quark’s environment. This
tions indicate that the relative contributions of theand d concept of an intrinsic quark property is a fundamental foun-
valance quarks to nucleon magnetic moments are very difdation of many constituent-based quark models and is not in
ferent from the S(B)-spin-flavor symmetric wave functions accord with QCD.
of the simple quark modégL.2]. The symmetry of the correlation function obtained from
Another interesting point to emphasize is that there is ng) of (2.14 is identical to that 0f(2.18. The relevant cor-
simple relationship between the properties of a particularelation function is

TX5(%2)i#(X1) xB(0)]= €2P%€ "¢ [ 5 S2% yetr(SEP CSI°C C1) + 15538 CH PP C1SE yg+ 5522 yetr(SIP'CS ' CY)
+ s CSPY CTISE yot ys A ystr(SEP C S CT ) + 153 CPP CISE ]
+ Ed g tr(Sh(X1,X1)y,) €22% 2 ¢ ysS2% ystr(S C e C Y
g=u,d,s i

+ 585 CSPY CTIS " ). (2.19
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The interference ok} and x5 provide a similar symmetry. The equalities define a pattern for quark sector contribu-
As a final point, it is important to note that the symmetry tions which may be useful in the development of more so-

of u—d for describing the current matrix elements of the phisticated models.

neutron in terms of the proton is always satisfied when the Focusing now on electromagnetic properties, the discon-

disconnected loop contribution is separated from the valenceected loop contributions may be isolated in the favorable

sector as in2.18 or (2.19. Many models fail to include the form

loop contribution explicitly, but rather break isospin symme-

try bgtwe_en theu and_d.quarks by absorping the loop con- ONZE 2p+n— %(2+_2)}, (3.28
tribution into the definition of the constituent quark. This 3 Dy

leads to the common misinterpretation that isospin symmetry 1 S

breaking in octet baryons is large. When the loop contribu- N, —0 ——

tion is absorbed into the valence quark contribution, an ex- On=3|P*2n- Q(EO“ )}‘ (3.29
change ofu andd contributions does not necessarily cor-

rectly describe the neutron in terms of the proton, or vice- 1. ~ 0SS g -

versa. Oz=§ 3T+2% +§(: -E7)], (3.29

It is important to estimate the size of such disconnected
loop contributions in the nucleon. As we shall see, an esti- 1
mate of the strangeness contribution to nucleon matrix ele- ON=§
ments can be obtained from the following QCD equalities.

Dz
E0+25 "+ D—;(E*—z)}. (3.20

The ratios of doubly or singly represented quark contribu-
IIl. OCTET BARYON SYMMETRIES AND LOOP tions appearing in3.2) account for the environment sensi-
CONTRIBUTIONS tivity of the quark sector contribution. In terms of quark

) ) ) ~ flavors, the ratios appearing i(8.29 and (3.2b for the
Equations(2.18 and(2.19 provide the following equali- cleon are

ties for current matrix elements of octet baryons:
Dy _ Up d, SN

p=e,Dy+egSy+ O, (3.13 Dy us dy Mg = 3.3
n=e4Dy+e,Sy+ Oy, (3.1  In many quark models, these ratios are simply taken to be
one. Hence, by identifying the loop contributions in which
the leading terms of3.2) dominate the total contribution, a

+:
27 =eDsteS+0s, @19 determination of the disconnected sea contribution may be
_ obtained with minimal model dependence.
27 =eDyteS:+ 0y, (3.1d For magnetic moments)=y,, and Eq.(3.2) takes the
form
E%=eD=z+e,Sz+ 0z, (3.1¢
n_1 3.673- “5(3 618 (3.43
E-=eDz+e,Sz+0x. (3.1 ] R K '
HereD, S, andO represent contributions from the doubly IR Y
represented valence quark flavor, the singly represented va- Mr=3 1.033- _5(_0-599 ' (3.4b

lence flavor, and the disconnected loop sector, respectively.
Subscripts allow for environment sensitivity,indicates the P
quark flavor “charge” and is not restricted to electric charge, ,u|2=§{0.138+ —= (- 0.599} , (3.49
and the baryon label represents the observable corresponding Hd
to the charge, momentum transfer, and Lorentz comp@s)ent

of the probing current. These are QCD equalities and must uE=Z| —2.551+ %(3-618 , (3.4d)
be reproduced by any model which hopes to reflect the prop- 3 My

erties of QCD when the light-current quark masses are isos-
pin symmetric. where the moments are in units of nuclear magnetons

There are two important features here which are oftef#n)- Equation(3.4b provides a favorable case for a deter-
neglected in model formulations. Isospin symmetric modelghination of the disconnected sea contribution to the nucle-
based on the valence sector omit the disconnected sea-qua&R’'S magnetic moment with minimal model dependence.
loop contribution,O. Often, no provision is made for the Taking the simple quark model ratio pff)/ x5 =1 provides
environment sensitivity of the valence sector contributions. ,u|N= —0.14uy -

On the surface, it appears we have described six quantities To improve on this estimate, we turn to the lattice QCD
in terms of nine parameters. However, the QCD equalitiesalculations of environment sensitivity for these moments
are more generally applicable. They are not restricted to thgl2,14). Because of the nature of the ratios involved, the
bulk baryon properties, but also provide information on thesystematic uncertainties in the lattice QCD calculations are
individual quark sector contributions, to be measured at thexpected to be small relative to the statistical uncertainties.
Continuous Electron Beam Accelerator FacilityEBAF). Statistical uncertainties for the relevant ratios are estimated
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via a third-order single-elimination jackknifgl2,14]. The 3*0=(g,+eq)Lsx+eHss+Osx, (4.1
following ratios of magnetic moments are found:
S 2*_:Zesz*+est*+OE*, (419)
N N
—=1.1 .078, —=0.721+0.457
DE 36-0.0 8, SE 0 0.45 ’ E*OZZGSHE* +euLE* +OE* s (41"1)
Dz HE* " =2eH=«+e Lz +Oxzx«, 4.1i
%=0.390t0.244, D—”=0.585t 0.039. (3.5 s= da-= 8 (4-1)
= > Q- =3eH,+0,. 4.1)

The latter two ratios are to be compared with 0.65 in the

simple quark model19]. A combination of these uncertain- HereL, H, andO denote light, heavystrange, and discon-
ties with the experimental uncertainties in quadrature, pronected sea-quark loops, respectively. The subscript allows
vides the following predictions, in units qfy, correspond- for environment sensitivity. As before, the charge factors are

ing to (3.4a through(3.40): not necessarily restricted to electromagnetic charge.
Specializing to electromagnetic properties, the symme-
ul=—-0.15-0.09, u|'=-0.20+0.09, tries are
ui=-0.03+0.05 u“=-0.14+0.05. (3.6 ATT=+2L,+0,, (4.29
Despite very different uncertainties in the quark sector ratios, AT=+1L,+0,, (4.2b
both (3.48 and(3.4b yield similar estimates for the discon-
nected sea contribution to the nucleon’s magnetic moment. A A=+0L,+0,, (4.29
weighted average provides
A_:_lLA+OA, (42@
wlM=—0.17+0.07uy. (3.7
) L. ) ) 2*+=+%L2*—%H2*+02*, (429
In view of the minimal model dependence associated with
(3.4 this estimate is the most reliable estimate for the dis- S*0= 41, —1Hy, +Oga, (4.2
connected loop contribution to the nucleon’s magnetic mo-
ment to d:?\te. These rgsults for the nucleon agree ywth an- S*o— —%Lz*—%Hz*+Oz*, (4.29
other estimate obtained through an examination of
experimental violations n?f the Sachs sum rule for_magnetic E*0= —2H gy + 2L ge + Ozs, (4.2h
moments[13]. There u; =—0.19+0.09«y. The discon-
nected sea contribution to the nucleon moment is of the order Hx o= _2H_, — 1| - _ i
. .. . . . = SH:* 3L:*+O:*1 (42|)
of 10%. In light of the precision data, such a contribution is
relatively significant. Q" =-Hqy+0,. (4.2)

The results for,u,2 and ,u,E suggest contrasting views for
the environment sensitivity of the disconnected loop contri-The A® properties are a direct reflection of S)-flavor
butions. However, the results are similar at the one standarsiymmetry breaking in the disconnected sea. The central point
deviation level. The relation of3.49 for ,u,z is particularly  here is that the disconnected sea-quark loop contribution
unfavorable and the result depends more sensitively on theannot be absorbed into the connected contribution. This ob-

ratio of quark flavor contributions. servation provides some rather interesting insight into the
composition of a constituent quark.
IV. DECUPLET BARYON SYMMETRIES In the simple constituent quark model, decuplet baryon
AND LOOP CONTRIBUTIONS magnetic moments are obtained by summing the intrinsic
N _ N moments of the constituent quarks. In this cdsandH of
A. QCD equalities and constituent quark composition (4.2) are assigned global values independent of the baryon,

The maximal symmetry of the decuplet baryons, and theind the disconnected loop contributid, vanishes. Thus
four charge states of th& provide a much richer environ- the constituent quark is void of any disconnected sea-quark
ment for the foundation of useful QCD equalities. The sym-loop physics. It is composed of a current quark dressed with
metries of(2.16) provide the following relationships among nonperturbative glue, and as such, has a sea-quark compo-

current matrix elements of decuplet baryons: nent associated with thé graphs of the current quark. This
discussion carries over to octet baryons provided the con-
ATT=(3e,+0e€g)Ly+0,, (413  stituent quark properties are isospin symmetric, as in
Mu=—2 uq, €tc.
AT=(2e,+1eg)L,+0,, (4.1b In the simplest constituent quark model based or@U
symmetry, the proton moment is given by
A%=(le,+2e4)Lo+0,, (4.109
B Mp=3u— 3 pat 1, (4.3
A :(Oeu+3ed)LA+OA, (41@

with u,=—2 uy and the disconnected loop contribution,
3*T=2eLsx+eHsx+Osx, (4.1@  u=0. However, since the factors 4/3 andl/3 sum to one,
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it is possible to absorb a finite loop contribution into the At first glance, it would appear th&4.6) fails to follow the

property of the constituent quark QCD equalities. Moreover, it appears on the surface that
. . even the simple physics of $8)-flavor symmetry breaking
mp=3 (st p) =5 (gt ), (4.4 in the valence sector is absent(ih6). However, demanding

these relationships among decuplet baryon magnetic mo-

ments satisfy the QCD equalities ¢4.2) establishes rela-

tionships between S@3) breaking in the disconnected loop

4.5 sector and S(B) breaking in the valence sector. The follow-
ing relationships are consistent wifPT to one-loop order.

Of course, the absorption of, into the constituent quark  The xPT results satisfy the QCD equalities by allowing
property breaks isospin symmetry among the quark motheAO moment, reerctlng_thelbreakmg of &)-flavor in the
ments. Since most constituent quark models of octet baryorfisconnected sea contribution, to introduce ($kflavor
do break this symmetry, the physics of thg sea is included ~Symmetry b_reaklng mto the valence _sector. !Equatlng the two
in the constituent quark. Thus, the simple quark model alfepresentations provides the following particularly interest-
ways did predict some strangeness in the nucleon. As we wilnd relation:
see, the amount may be determined through a measure of s _ 0
\ . ay ! ) : La=Ly=Lz=—-0"—2A° 4.7
isospin symmetry violation and ratios of light to strange con-
stituent quark masses. Since constituent quarks in octet barys rejation indicatesPT has failed to resolve any envi-
ons already have the physics of sea-quarks included intringsnment sensitivity in the light quark sector contributions to
icly, the concept of a Fock-space expansionqofa(qa)”  magnetic moments. This is truly disappointing, as this is
constituent quarks seems redundant. where the interesting physics resides in decuplet baryon
The connected insertions of the current denoted-byr  properties. The only consolation is that lattice QCD calcula-
H in (4.2) are symmetric within an isospin multiplet. Hence tions [14] suggest that such an approximation is reasonable
taking octet baryon properties with loop contributions ab-jn decuplet baryons, whereas it is not for octet baryons.
sorbed into the effective degrees of freedom and applyingowever, the symmetries ofPT to this order are not the
them to decuplet baryon properti€80] violates the QCD  gymmetries of QCD.
equalities among connected insertions of the probing current.” |, the s and = systems, there are two linearly indepen-
dent equations and three unknown quark sector contribu-
B. Chiral perturbation theory tions. While we are fortunate to isolate the light valence
The effective Lagrangian approach of chiral perturbationS€Ctor, it is not possible to simultaneously ascertain the en-
theory (¢PT) describes baryons as an octet-meson cloud ofironment independence of both and O contributions. In
approximate Goldstone bosons coupled to nonrelativisti@ny event, theyPT results are in accord with the relations
baryons. Despite the phenomenological need for the intro-

and still correctly describe the neutron by an exchange of
andd quarks as

wn=5(pat ) =5yt p).

++_
duction of an explicitA resonancg21], as well as the Roper AT =3t (4.89
multiplet [22], the approach is argued to capture the essence AT =2 ot gt 4.8b
of nonperturbative QCD. T Bami (480
Recently, relationships among the decgplet baryon mag- A= puy 42 g+ s (4.80
netic moments were established in a rigorous one-loop,
O(p?), xPT analysi§22] where careful regard was given to A" =3 pug+p, (4.80
the renormalizability of the approach. The relationships
among the magnetic moments 482] S*ET=2 pyt+ ust (4.89
++ _ - _ 0
ATT=-20"-3A°, (4.69 S*O0= 4+ gt pet s (4.8
At=—10"-1A°, (4.6b S*T=2 pugt et (4.89
A°=+0Q " +1A°, (4.60 E*0=2 ot pyt (4.8h
AT=+107+3A°, (4.60 ST =2 ot gt (4.8i)
S*P=—10"-2A° (4.68 QO =3 petu, (4.8))
2*02 +OQi+0AO, (4.61) where
S*T=410"+2A0, (4.69 p=5L=5(-0"-2A%), (4.99
E¥0— 100 —1A°, (4.6h pa=—3L=—-3(-0Q -2A9), (4.9
E* =410 +1A°, (4.60) ps=—3H=—3(-Q7+4A9), (4.99

QO =+10" +0A°. (4.6 w=A0 (4.99
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Of course this is simply the naive constituent quark model TABLE I. Predictions for octet and decuplet baryon magnetic
result with an explicit disconnected sea-quark contributionmoments from lattice QCD are compared with experimental results
Moreover, the qualitative agreement between the valenckl9.23 where available. A single scale parameter accounting for
quark sector results of lattice QCD calculations and thdattice artifacts has been introduced to reproduce the quantity
simple quark model has already been establishdd4h ws+— ms -, which is independent of disconnected sea-quark loops.
The new information obtained frogPT is the explicit Uncertainties in the last dig#) are indicated in parentheses.
relationship between SB) breaking in the disconnected

loop and that in the valence sector. The vanishiri@ mo- ~ Baryon Lattice QCD Experiment
ment in xPT trivially provides theA® moment as a sum of (1n) (1n)
constituent quark moments Octet?
0 _ p 2.7226) 2.793
AP=—(pyt+patms), (4108 © 18234 1013
N
The valence sectors &f*° and=*° may be used to estimate >~ —1.159) —1.16025
the A® magnetic moment. The lattice QCD calculations of E° —-1.2714) —1.25014)
Ref.[14] indicate = —-0.637) —0.650725)
A= —2:;?: —0.29£0.05uy, (4.113 Decuplet
AT 5.9893) 3.7-75
=—3E%%9=-0.33+0.07uy, (4115 A+ 2.8345)
_ _ A° —0.31953)
and the weighted average of these results is A —3.4752)
A_AO_ _ 37 2.9533)
pp=A"=—0.30+0.04uy . (4.12 %0 0.02112)
This result is approximately three times the result obtaine@_i; —2.9133
for octet baryons under the assumption of no environmenf 0.27639)
sensitivity for the disconnected sea-quark I¢@g]. There it = —2.4724)
was found Q- —2.11(20) —2.02456)
MN_ —0.10+0.06u 4.13 A9 is omitted as the disconnected sea-quark loop contribution can-
| - . f— . N . .

not be estimated from the QCD equalities.

Naively, one might expect such a factor of three as the spin

of the A is three times the spin of the nucleon. It is remarkable that a single scale parameter applied to the
The disconnected sea-quark loop contribution(4fl2  lattice QCD results is all that is required to reproduce the

applied to theQ)™ is precisely the contribution required to octet baryon magnetic moments within uncertainties. The es-

augment the earlier report¢l4] valence sector contribution sential ingredients to any model which hopes to reproduce

of —1.73(22uy to —2.03(22)uy and restore agreement these moments are an environment sensitivity of the quark

with the new precision measurement of the magnetic  sector contributions and a small but essential disconnected

moment[23] of —2.024(56uy - sea-quark contribution.
The disconnected sea-quark loop contribution to decuplet

baryon magnetic moments is not small. Given the recent
flurry of activity surrounding decuplet baryon magnetic mo-
ments, a summary of the predictions for these moments ob-
tained from lattice QCO 12,14 including the disconnected
sea contributions is provided in Table I. The chief assump- ) o _ )
tion in obtaining the loop contribution for decuplet baryons ~ TNe idea that the contributions of various flavors running
is the independence of loop contributions from environmenground the disconnected sea loop might be estimated by con-
effects, an assumption supported by the agreement of esfidering ratios of constituent quark masses is not fia4.
mates foru® from 3*0 and £*°. However, the connection between quarks running around the

The scale parameter accounting for lattice artifacts is sedisconnected loop and constituent quarks is obscured by the
lected to reproduce the quantifys + — us- Which is inde- fact that constituent quarks are usually associated with the
pendent of disconnected sea-quark loops and provides min¥alence quark sector carrying the quantum numbers of the
mal statistical uncertainties in the predictions. This scaldadron. HoweveryPT and the QCD equalities presented
parameter differs slightly from the parameter reproducing théere have provided a quantitative link between the two, con-
proton moment used up to this point. TA8 moment indi-  sistent toO(p?) and one-loop inyPT.
cates the best estimate fpt,A= —0.319+0.053. With this new relationship, the strangeness contribution to

Octet baryon moments with the disconnected sea-quarkucleon moments may be isolated. Denotipg as the
loop contributions of(3.6) are also indicated in Table | to u-quark contribution to the disconnected sea loop in the
provide some reference on the reliability of the predictions.nucleon, etc.,

V. STRANGENESS CONTRIBUTIONS
TO NUCLEON MOMENTS
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TABLE Il. Various estimates for strange quark contributions to Table 1l compares this result with other estimates for the
nucleon magnetic moments. strangeness contribution to nucleon magnetic moments. This
new result is large relative to other estimates.

Approach Reference Gu(0)=—3u} The large value found here relative to that in Rgfg]
(n) reflects the environment sensitivity of the disconnected sea-
QCD equalities This work —0.75+0.30 quark loop contribution and the ratio of strange to light quark
Lattice QCD Leinwebef18,13 —0.33 contributions assumed in resolving the strangeness contribu-
Poles Hammeet al. [25] —0.24+0.03 tion. In Ref.[18] Dz /Dy was crudely estimated to be 1/2.
SU(3) NJL Kim et al.[26] —0.45 Using the value of3.5) providesGy,(0)= —0.42(25) as-
Kaon loops Musolf and Burkard®7] —0.31——0.40 suming environment independence of the disconnected sea-
Kaon loops Cohert al.[28] —~0.24——-0.32 quark loop contributions. This correction is small relative to
Vector dom. Coheret al. [28] ~0.24——-0.32 that obtained by allowing for environment effects in the ex-
SU(3) Skyrme Parlet al.[29] ~0.13 traction of loop contributions.
Poles Jaffd30] ~0.31+0.09 In Sec. IV we established that constituent quark models
Simple quark model  This work and RéfL9] —-0.20 which break isospin symmetry between theandd quark
moments have the physics of the disconnected seFa-quark
loops included intrinsically. Taking the usual fit @f;,
pl'= i+ uil+ uf, (5.13 wh, anduf intrinsic quark moments tp, n, andA baryon
d momentg 19], the disconnected sea-quark loop contribution
- ’“Za'_l e (5.1  may be isolated from
Myal
Here, the equivalence of light to heavy magnetic moment N1 F o F
ratios in the valence and loop sector has been assumed, in M =32 pgt+py),
accord with the discussion surroundif@s10. The doubly =—0.031uy. (5.3

represented quark sector contributions have smaller statisti-
cal uncertainties and are more like constituent quarks than
the singly represented quark secfdd]. Using the doubly
represented quark sectorshfand= discussed in Sec. lll to
estimate the ratio of quark moments,

This result is small enough that one might begin to worry
about real isospin violation in the current quark masses. Ac-
counting fo a 5 MeV current quark mass difference,

. Dz/Ds \ mg— My, increases thisFresyIt te —Q.OA,uN . Application of
M= mm ) (5.2 using _D_E/Dzz,us/,ud , provides thg S|mple quark
= model prediction of the strangeness contribution to nucleon
=+0.25£0.10uy - (5.2  magnetic moments indicated in Table II.

TABLE lll. Predictions for the quark sector contributions to baryon magnetic moments. Quark charges
are included, such that the row sum reproduces the baryon moment. A single scale parameter accounting for
lattice artifacts has been introduced to reproduce the quamdity- us -. Uncertainties in the last digg) are
indicated in parentheses. All moments are in unitg.Qf.

Baryon Valence sector Disconnected loop sector

u d S u d s
p 2.7420) 0.1511) 0 —0.8424) 0.4212) 0.2510)
n —-0.3021) —1.3710) 0 —0.8424) 0.4212) 0.2510)
3t 2.424) 0 0.085) —0.1520) 0.0710) 0.047)
30 1.21(2) —0.601) 0.085) —0.1520) 0.0710) 0.047)
3" 0 —-1.212) 0.085) —0.1520) 0.0710) 0.047)
= —0.439) 0 —-0.715) —0.6718) 0.349) 0.207)
= 0 0.235) —-0.715) —0.6718) 0.349) 0.207)
AT 6.30(96) 0 0 —1.5421) 0.7710) 0.459)
AT 4.20064) —1.0516) 0 —1.5421) 0.7710) 0.459)
A° 2.1032) —2.1032) 0 —1.5421) 0.7710) 0.459)
A~ 0. —3.1548) 0 —1.5421) 0.77%10) 0.459)
St 3.9044) 0 —0.647) —1.5421) 0.7710 0.459)
3*0 1.9522) -0.9911) —0.64(7) —1.5421) 0.7710) 0.459)
*T 0 —1.9622 —0.647) —1.5421) 0.7710) 0.459)
g0 1.8319) 0 —1.245) —1.5421) 0.7710) 0.459)
B*- 0 —0.919) —1.245) —1.5421) 0.7710) 0.459)

Q- 0 0 —1.7916) —1.5421) 0.7710) 0.459)
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Table Ill provides a breakdown of the various quark sec-—0.32+0.05uy, of which +0.45+0.09u has its origin
tor contributions to baryon magnetic moments. It will be from the strange quark.
interesting to confront the predictions for the nucleon with  The QCD equalities have also resolved the equivalence of
the experimental determinations anticipated from CEBAF.xPT to O(p?) and the simple quark model with an explicit
The sector contributionsu:d:s of 1.90(30):0.57(16): disconnected sea-quark contribution. New relationships be-
0.25(10) for the proton are sufficiently different from the tween SW3)-flavor symmetry breaking in valence and sea
traditionally viewed simple quark model contributions of contributions were obtained. Moreover, an implicit strange-
2.47:0.32:0 to be interesting. Similarly, the neutron sectomess contribution was identified in simple constituent quark
contributions are —1.14(32)—0.95(16):0.25(10) to be models where isospin symmetry between thand d-quark
compared with—1.30:—0.62:0 in the traditional simple momentsu,=—2ug4, is broken.
guark model. It is interesting to note that when isospin sym- The techniques demonstrated here may be applied to other
metry breaking in thai-d moments is used to isolate the observables of quark current operators. For example, the
strangeness contribution in the simple quark model, thestrangeness radius of the nucleon might be extracted from a
guark sector contributions af:d:s=2.30:0.42:0.07 for the study of experimentally measured nucleon form factors and
proton and—1.13:—0.85:0.07 for the neutron look more models of £ and 3 form factors. Favorable combinations
similar to the predictions from lattice QCD and QCD equali- could be found which minimize the model dependence.
ties. Finally, it is hoped that these equalities will be useful in
the development of more sophisticated models of QCD. As
VI. SUMMARY one considers the possible refinements of quark models, it is
important to maintain the symmetries of QCD. Not all QCD-
Using valence sector information coupled with experi-inspired models have succeeded in doing this.
ment where available, or chiral perturbation theory, we have
seen how QCD equalities can be used to gain insight into
sea-quark contributions, and in particular, strangeness contri- ACKNOWLEDGMENTS
butions to nucleon properties. The QCD equalities were de- Thanks to Joe Milana for his interest in making compari-
rived for a general quark current, bilinear in the quark fields.sons between the expectations of chiral perturbation theory
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erties of baryons. In particular, the disconnected sea-quarik defining rigorous relationships among these observables.
loop contribution to the nucleon moment is determined to bélrhanks also to Michael Frank for helpful comments in the
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