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A numerical simulation of quenched QCD on a 24 X 12 X 12 X 24 lattice at P=5.9 is used to calcu-
late the electric and magnetic form factors of the baryon octet. General forms of the baryon inter-

polating fields are considered. Magnetic moments, electric radii, magnetic radii, and magnetic tran-
sition moments are extracted from the form factors. The electric properties are found to be con-
sistent with a quark-model picture involving spin-dependent forces. The lattice results for the rnag-

netic properties show a mass and spin dependence of the effective quark moments which is not ac-
counted for in conventional quark models. Lattice calculations underestimate the magnitude of
electric radii, magnetic radii, and magnetic moments compared to experimental measurements. The
finite volume of the periodic lattice may be responsible for the discrepancies. The pattern of elec-

tromagnetic radii in the lattice results are seen to be generally reproduced in the model results that
are considered. The only exception is that of:- which proves to be a sensitive probe of the quark
dynamics. Lattice calculations indicate a positive value for the normalized square magnetic radius

in = which contrasts Skyrme model results. Ratios of the magnetic moments allow a more de-

tailed comparison with the experimental measurements. The lattice calculations are seen to better
reproduce the experimental ratios than the model calculations.

I. INTRODUCTION

The nonperturbative regime of quantum chromo-
dynamics has long been an elusive aspect of model-
independent calculative techniques. The two most prom-
inent nonperturbative methods which are firmly en-
trenched in QCD are lattice QCD' and the QCD sum-
rule approach. The latter approach, while being less nu-
merically intensive, suffers from approximations such as
the vacuum-dominance hypothesis, and a perturbative
determination of the Wilson coefficients of the operator-
product expansion (OPE). Ultimately, the vacuum ex-
pectation values of the operators in the OPE are deter-
mined phenomenologically. In contrast, lattice QCD al-
lows a calculation of electromagnetic form factors which
is parameter-free.

The electromagnetic form factors of hadrons have been
studied in lattice QCD over the past five years. Early cal-
culations focused on the pion electric form factor with
SU(2) color and later with SU(3) color. Calculations
of the proton electric form factor followed. More re-
cently both the electric and magnetic form factors of the
proton and neutron were calculated from which magnet-
ic moments and electric charge radii were extracted.

In this paper we extend the analysis of Ref. 7 and cal-
culate the electric and magnetic form factors of the octet
baryons in lattice QCD at the smallest finite momentum
transfer available on our lattice. From these quantities
we extract magnetic moments, electric radii, magnetic ra-

dii, and magnetic transition moments. A systematic ex-
amination of all the octet baryons reveals the interplay of
quark mass effects and spin-dependent forces which are
expected in an underlying quark description of baryons.
To put our results into perspective, we compare our cal-
culations with experimental measurements where avail-
able, with recent quark and Skyrme-model calculations,
and with QCD sum-rule calculations.

The interpolating fields coupling to the octet baryons
are not unique. The preferred form of the interpolating
field is a question that has received some debate in the
QCD sum-rule approach. We have completed our
analysis using the most general forms of the octet-baryon
interpolating fields. These interpolating fields are dis-
cussed in Sec. II A. The extraction of baryon mass and
electromagnetic form factors proceeds through a calcula-
tion of two- and three-point correlation functions. These
are discussed at the hadronic level in Sec. IIB. The
correlation functions at the quark level, calculated with
the interpolating fields introduced in Sec. II A, are
presented in Sec. II C. Throughout this analysis we em-
ploy the lattice techniques introduced in Ref. 7. The im-
portant features are briefly discussed in Sec. II D. The re-
sults are presented and discussed in Sec. III and summa-
rized in Sec. IV. A detailed tabulation of the results may
be found in the Appendix.

In this paper we follow the notation of Sakurai. ' The
Dirac y matrices are Hermitian and satisfy

[y„,y I
=26„„with cr„=( I/2i) [y, y j.
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II. THEORETICAL FORMALISM interpolating fields with a relative minus sign may be
written

A. Interpolating fields y~(x)=e' '[u' (x)Cy u "(x)]y,y~d'(x), (2.3)
The commonly used interpolating field for the proton

in lattice calculations has the form

yi,'(x) =e'"'[u' (x)Cy, d (x)]u'(x), (2.1)

g~z(x)=e'"'[u' (x)Cd (x)]y,u'(x), (2.2)

which vanishes in the nonrelativistic limit. With the use
of the Fierz relations, the combination of the above two

where C is the charge-conjugation matrix and Dirac in-
dices have been suppressed. In the sum-rule approach it
is common to find linear combinations of this interpolat-
ing field and

giving the proton interpolating field often found in sum-
rule calculations. "

In this analysis we will consider both interpolating
fields introduced in (2.1) and (2.2) and their interference
terms such that any linear combination of these interpo-
lating fields may be investigated. Interpolating fields for
the remaining members of the baryon octet in which
there is a doubly occurring quark may be obtained from
(2.1) and (2.2) by replacing the u- and d-quark fields in
these equations with u-, d-, or s-quark fields appropriate-
ly. For X and A interpolating fields where u, d, and s
quarks each occur once, we consider

=e' '( —,
')' I[u' (x)Cyss (x)]d'(x)+[d' (x)Cyss (x)]u'(x)],

yz (x)=e' '( —,
')'

I [u' (x)Cs (x)]ysd'(x)+[d' (x)Cs (x)]you'(x)],

for X and

y, (x) =e'"'(
—,
' )'~ [2[u' (x)Cy, d (x)]s'(x)+[u' (x)Cy, s "(x)]d'(x)—[d' (x)Cyss (x)]u'(x)],

y~ (x)=e' '( —,
')'~ I2[u' (x)Cd (x)]yes'(x)+ [u' (x)Cs (x)]y5d'(x) —[d' (x)Cs (x)]y,u'(x)],

(2.4a)

(2.5a)

(2.5b)

for the octet A. Note that the leading term in the A interpolating fields changes sign if one uses the transpose of the
quantity in square brackets to exchange the u and d quarks. Hence the isospin antisymmetry of the u-d sector is evi-
dent in this interpolating field. To complete the analysis of low-lying J =

—, baryons we also consider the Aavor-singlet

interpolating field

(x)=e' 'e'„d, [u' (x)Cysd (x)]s'(x) .

Using the transpose of the terms in square brackets, (2.6) may be written

(x)= —2e'"'I —[u' (x)Cysd (x)]s'(x)+ [u' (x)Cy, s "(x)]d'(x)—[d' (x)Cy,s (x)]u '(x)],

(2.6)

(2.7)

which has a structure very similar to the octet interpolating field of (2.5a) with the exception of the coefficient of the
first term. Since SU(3) fiavor is broken it may be interesting to investigate an interpolating field made up of the terms
common to both the octet and singlet interpolating fields. Such an interpolating field would not make any assumptions
on the flavor symmetry of the quarks composing A. We define

(x)=e' '( —,
')'~

I [u' (x)Cyss (x)]d'(x) —[d' (x)Cy5s (x)]u'(x)} . (2.8)

In this interpolating field the antisymmetric isospin symmetry of the u-d sector is evident and corresponds to the sym-
metric interpolating field of X in (2.4a).

B. Correlation functions at the hadronic level

The extraction of baryon mass and electromagnetic form factors proceeds through the calculation of the ensemble
average (denoted ( . ) ) of two- and three-point Careen s functions. The two-point function is defined as

(6"(r;p,r))= ye'~ "r (n~T(y (x)g (0))~Q) . (2.9)

Here 0 represents the QCD vacuum, I is a 4X4 matrix in Dirac space and a,P are Dirac indices. At the hadronic lev-
el we insert a complete set of states ~B,p, s ) and define

(Qiy(0) ~B,p, s ) =Z u (p, s),M
(2.10)

where Z represents the coupling strength of y(0) to baryon B, and E =(p +M )'~ . For large Euclidean time
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2ZB —E I
&G (t;p, I ))= e «trII( —t y'p+M)] .

2E (2.11)

Similarly the three-point Crreen s function for the electromagnetic current, j&(x), is defined as

&G 1 (t2, t, ;p', p;I ))= g e 'e 'I~ &BIT(y (x2)j "(x, )g (0))IO) .
Xp, Xi

(2.12)

For large Euclidean time separations t2 —t, ))1 and t1 )& 1 the three-point function at the hadronic level takes the lim-
it

& G '" (t„t„p',p;r) ) = g e ' ' ' e ' 'r~
& &Iy Ip', s') &p', s' j"p, s ) &p, sIg~IA) .

$~$

The matrix element of the electromagnetic current has the general form

(2.13)

M
E E ~

1/2

u(p', s') F, (q )y" F2(q —)a"' u(p, s), (2.14)

where q =p' —p. To eliminate the time dependence of the three-point functions we construct the ratio
1/2

R (t, t, ;p', p;r, r', ~)= &G '" (t„r„'p',p;r))&G '" (r„t„'—p, —p', r))
& G ( t;p'; I") ) & G ( t; —p; I") )

E +M E.+M
R(p', p;r, r', i ), (2.15)

where we have defined the reduced ratio R(p', p;I, r';p). The Sachs forms for the electromagnetic form factors
2

&F(q') =F&(q') , F2—(q'),
(2M)

&M(q') =Fi(q')+F2(q'),
may be extracted through an appropriate choice of I and I". A straightforward calculation reveals

R(q, o;I ~, 14,4)=9~(q ),
&M(q')

I e;,kq'I

(E +M)

~E(q') I q
"I

R(q, o;r„r„k)= E +M

(2.16a)

(2.16b)

(2.17a)

(2.17b)

(2.17c)

where

I 0
, r=—

2 0 0 ' 4 2 0 0 (2.18)

For large time separations t2 —t2)&1 and t, &)1 these ratios are constant in time and are proportional to the elec-
tromagnetic form factors.

For the magnetic transition moment of X ~Ay the matrix element of the electromagnetic current may be written
1/2

. M' —Mu(p', s') F, (q ) y" i —q" F2(q )o"—, u (p, s),
q

&p', 'I j'Ip, ) = (2.19)

&G J (t„t„pp;1))& G' (t„t„—p, —p';r))
&G (t, ;p', r'))&G (t; —p;r'))

(2.20)R (t, t„p', p;I, r';p) =

satisfying gauge invariance and parity conservation. By selecting this construction of the current matrix element, the
magnetic transition moment has the same form as the Sachs form of Q~(q ) indicated in (2.16b). Similarly, (2.17b) al-
lows the extraction of the magnetic transition moment from the following ratio of lattice correlation functions:

1/2
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C. Correlation functions at the quark level

Calculations at the quark level proceed by inserting the interpolating fields introduced in (2.1) through (2.8) into the
two- and three-point functions defined in (2.9) and (2.12), respectively. For the octet baryons it is convenient to define
the correlation function

V(S~,S~,S~ ) =e' 'e' ' [Sg' (x, O) tr[SJ (x, O)SP (x, O)]+Sf' (x,O)SP (x, O)sg (X,O)] . (2.21)

where S"(x, O) = T [q'(x), q
' (0)] and f i i f2, f3 are flavor labels. For u-quark fields we denote

S„"(x,O)=T[u'(x), u '(0)] and similarly for d- and s-quark fields. For the proton interpolating field y~& of (2.1) the
two-point function may be written

GP(t, p;I )= g e '~ "tr[I V(S„,S„,CS„C ')], (2.22)

where C =Cy5. Similarly the two-point function corresponding to g2 may be written in the form

Gi (t, p;I )= g e ' "tr[I V(y&s„y~, y5s„y~, CSdC ')], (2.23)

The interference contributions of these two interpolating fields are

GP(t, p;I )= g e 'i' "trI —I [V(S„y„S„y,, CS„C ')+ V(y,S„,y,S„,CS„C ')]], (2.24)

The correlation functions of the other five members of the baryon octet in which there is a doubly occurring quark field
may be obtained from the above three equations with the appropriate substitutions of quark fields. For example the re-
placement of all occurrences of u-quark fields with s-quark fields results in the correlation functions for = . For X the
correlation functions correspond to the interpolating fields of (2.4a) and (2.4b) are

G, (t, p;1 )= —,
' g e '~ "trII [V(Sd, S„,CS, C ')+V(S„,Sd, CS, C ')]], (2.25a)

Gz (t, p;I )=—,
' g e ' '"trII [V(y5sdy~, y5S„y~, CS, C ')+F(y&s„y&, y&s~y&, CS, C ')]], (2.25b)

respectively. The isospin symmetry of the u and d quarks is apparent in these equations. On comparing with the corre-
lation functions of X+ and X it becomes clear that (2.5) is an average of the charged X correlation functions. The
correlation function corresponding to the interpolating field of (2.5a) for the octet A denoted A~ is

G, ' '(t, p;I )= —,
' g e '~ "trII [2V(S„Sd,CS„C ')+2V(S„S„,CSdC ')

+2V(sq, S„CS„C ')+2V(S„,S„CSdC ')

—V(s„,s„,cs,c -') —V(s„,s„,cs,c ')]], (2.26)

and similarly for the interpolating field of (2.5b). Note that in the limit of SU(3)-flavor symmetry all correlation func-
tions introduced to this point simplify to the proton two-point functions. The two-point correlation function of A& is
best illustrated with the use of

V(s~, sg, s~ )=e' 'e' ' Is/' (x,O)tr[s~" (x, O)SP (x, O)] —Sg' (x, O)SP (x, O)S~ (x,O)], (2.27)

where the relative sign of the two terms in V has been changed. With this definition the correlation function of Ac is

G (t, p;I )= —,
' pe '~ "tr[I [V(Sd,S„,CS, C ')+V(S„,S„,CS,C ')]] . (2.28)

The fiavor-singlet correlation function is

G ~ ~( r p. I ) y e
—i p xtr

I I [y Saa'CScc TC —lsbb''y +y Saa'CScc'TC —isbb'y +y Saa'CScc TC —ls bb''y

++ gaa'Cgcc'Tc —1gbb' +~ gaa'Cgcc'Tc —1gbb'~ +~ gaa'Cgcc'Tc —lgbb'

Saa'y tr(sbb'CScc TC ) y'Saa'y tr(Sbb'CScc TC i)'
—y5Sd" y, tr(S„CS C ')]] .

The SU(3)-flavor-singlet symmetry of u-, d-, and s-quark fields is displayed in this equation.

(2.29)
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The three-point functions have the same structure as the two-point correlation functions listed in (2.22) through
(2.29). In constructing the three-point functions, each of the three propagators S in the two-point functions is replaced
one at a time by S denoting the propagation of a quark in the presence of the electromagnetic current j". Rather than
write out all of these correlation functions which are three times the length of the two-point correlation functions, we
simply illustrate the three-point function structure by writing out the proton three-point correlation function corre-
sponding to the interpolating field of (2.1) in detail.

I

GJi~ (t2, t, ;p', p; I ) = g e "e' 'e' ' tr(I [S '„' (xz, O;t„q,p)tr[s„(x2, 0)CSd" (x2, 0)C ']
Xz

+S„"(x2,0)tr[S „(xz,O;t, , q, p)Csd' (xz, O)C ']

+S„"(x~,O)tr[S„(x2,0)CS d' (x2,0;t, , q, p)C ']

+S„"(x„O;t, , q, p)Csd' (x2, 0)C

+S„"(xz, O)CS d' (x2,0;t„q,p, )C 'S„" (x2, 0)

+S„"(x„O)Csd' (x„O)C S „(x2,0;ti, q, lM)]) . (2.30)

The t, , q, and p dependence of S has been shown explicitly.
For the X ~Ay transition we require two three-point correlation functions as illustrated in (2.20). For the full octet

A interpolating field of (2.5a) the three-point correlation functions may be written

G, ' (t~, t„p', pI )=( —,', )' g e 'tr[l [2V(S„Sd,CS„C ') 27(S„S„,C—sdC ')

+V(s„,s„,cs,c -') —V(s„,s, , cs,c -')+ ]j (2.318)

and

r'~w
G, '(tz, t„p', p;I )=( —,', )' g e 'trtl [2V(Sd, S„CS„C ') —2V(S„,S„CsdC ')

x2

+P(S„,S,CS,C ') —9'(S,S„,CS, C ')+ . . ]], (2.31b)

where the ellipsis indicates the terms in which u and d quarks interact with the electromagnetic current. For the more
simple interpolating field of A& the three-point correlation functions are

A j~xo
G, (t2, t„p', p;I )=—,

' g e 'trtI [V(Sd,S„,CS,C ') —V(S„,Sd, CS, C ')+ . . ]J (2.328)

x' w I

G, (t2 t„'p'p I )=—,
' g e 'tr[I [V(SdS„,CS C ') —V(S„,SdCS C )+ . ]I . (2.32b)

In the following calculations we assume an SU(2)-isospin symmetry for the quark fields. In this case the two-point func-
tions corresponding to (2.31) and (2.32) vanish as required. Furthermore the strange quark does not participate in the
electromagnetic decay of X; the contribution of the terms of (2.31) and (2.32) in which the strange quark interacts with
the electromagnetic current vanishes under SU(2) symmetry.

D. Lattice techniques

Here we briefly summarize the lattice techniques used in the following calculations. We use Wilson's formulation
for both the gauge SG and fermionic Sz action:

S~( [ U[ ) =/M( I UJ )g
= g f (x)P(x) —g ~f(g (x)(1 y")U"(x)g (x+p)—+f (x+P)(1+y")U" (x)g (x)),

x,f x, p, f
(2.33)
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where f sums over the fiavors of the quarks, and the
quark propagator S=M '. SU(2} isospin symmetry is
enforced by equating the Wilson hopping parameters
K —Kd —K. We select three values of K, which we denote
K, =0.152, K&=0.154, and K3=0.156, and extrapolate the
u-d quark sector to the chiral limit. To account for the
relatively heavy strange quark we fix K —KI, the smallest
of the three values of K considered. This allows the rath-
er acceptable extrapolation of the light quarks to the
chiral limit through values of K less than or equal to K, .
Our calculations of baryon mass indicate that this selec-
tion of K, gives a reasonable description of the strange-
quark dynamics.

The electromagnetic current, conserved on the lattice,
is derived from the fermionic action SF by the Noether
procedure:

j "(x)= g Qf~f(ff(x +p)(1+y")U" (x)P(x)
f

f—f(x)(1 y—")U"(x)P(x +P)),
(2.34)

where Qf is the charge of the quark of fiavor f. In the
1imit of the lattice spacing a —+0, j" reduces to the con-
tinuum current. This current is exactly conserved on the
lattice and therefore no renormalization is required to re-
late the lattice matrix elements to those in the continu-
Um.

The quark propagator coupled with momentum q to j"
is

Sf( xz, Ot, , qp)=Qf pe '
(iS~( zx, x&+P)(1+y")Ui' (xi)S(xi, O) —S(x2,xi)(1—y")U"(xi)S(xi+P,O)), (2.35)

and is calculated using the sequential source tech-
nique. ' '

The two- and three-point correlation functions are
defined as averages over an infinite ensemble of equilibri-
um gauge field configurations, but are approximated by
an average over a finite number of configurations. To
minimize the noise in the results, we exploit the parity of
the correlation functions

G(p', p, q;I )=s~G( —p', —p, —q;I ),sp=+1, (2.36)

and calculate them for both p, p', q and —p, —p', —q.
While this requires an extra matrix inversion to deter-
mine S(x2,0;t„—q, p) the calculation is worthwhile. By
determining the correlation functions with both sets of
momenta, the ratio of (2.15) is determined with a substan-
tial reduction in the statistical uncertainties. '

The link variables [UI and [U*I are gauge field
configurations of equal weight, and therefore we account
for both configurations in calculating the correlation
functi. ons. With the fermion matrix property

M( [ U*I ) =(CM( [ UI )C ')*,
it follows that

(2.37)

S(x,O; [ U*I )=(CS(x,O; [ U) )C ')*,
S(x,O;t, q, p; [ U*] )=(CS(x,O;t, —q, p; [ UI )C '}*,

(2.38a)

I =sc(CI C ')* and sc=sp . (2.39)

These conditions are satisfied with the selections for I in-
dicated in (2.17a), (2.17b) and (2.18). In summary, the in-
clusion of both [ UI and [ U*I configurations in the cal-
culation of the correlation functions allows an unbiased
estimate of the ensemble average properties which has

(2.38b)

and therefore the correlation functions are real provided

significantly smaller Auctuations.
Twenty-eight quenched gauge configurations are gen-

erated by the Cabibbo-Marinari' pseudo-heat-bath
method on a 24X 12X 12X24 periodic lattice at P=5.9.
Dirichlet or fixed boundary conditions are used in the
time direction. Configurations are selected after 5000
thermalization sweeps from a cold start, and every 1000
sweeps thereafter. ' Time slices are labeled from 1 to 24,
with the 6-function source at t=4. A symmetric com-
bination of the current

[j "(x, P)+j "(x, )—]/2
is centered at time slice tl =12. The following calcula-
tions are done in the lab frame p=O, p'=q= ~q~x at
~q~a =2ir/24, the minimum nonzero momentum avail-
able on our lattice. The spatial direction of the elec-
tromagnetic current is chosen in the z direction. Electric
and magnetic form factors are calculated with the ratios
of (2.17a) and (2.17b), respectively.

Statistical errors are calculated in a third-order,
single-elimination jackknife, with bias corrections. ' A
third-order jackknife provides uncertainty estimates for
the correlation functions, fits to the correlation functions,
and quantities extrapolated to the chiral limit.

III. RESULTS

A. Baryon mass and two-point functions

In the standard model, fermion masses are not calcul-
able from first principles Fortunately, the masses of u
and d quarks are small on the scale of QCD and are not
significant in present lattice calculations. We extrapolate
the masses of the light u and d quarks to the chiral limit.
On the other hand, the strange-quark mass is much
1arger, and as we shall see, plays a major role in the un-
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derstanding of the electromagnetic properties of the
baryon octet.

To account for the heavier mass of the strange quark
we fix ~, =~& =0.152, the smallest value of ~ considered.
We need some indication that this choice of K =K, gives
a reasonable description of the strange-quark dynamics.
Figure 1 displays the masses of the octet baryons ob-
tained from the two-point functions of g&. The pion mass
is extrapolated to zero to determine K„. The nucleon
mass is used to set the scale for the lattice results. The
experimental measurements' of the hyperon masses indi-
cate our selection of ~, =~, for the strange quark gives a
reasonable description of the strange-quark dynamics.
The statistics of the lattice results are not sufficient to re-
veal the small experimental splitting of approximately 75
MeV between X and A. However, we do find the mass of
X larger than A on average.

An investigation of the two-point correlation functions
corresponding to the octet interpolating fields g, and g2
in the SU(3) limit reveals that g2 has relatively little over-
lap with the ground state. By time slice 12 the overlap of
g2 with the ground state is approximately 2 orders of
magnitude less than that of g, . Beyond time slice 12 the
correlation functions of g2 become noisy. Similar results
are found for larger values of ~. The interpolating field of
yz vanishes in the nonrelativistic limit and at our values
of ~ the quarks are somewhat heavier than the generally
accepted masses of a few MeV. Since g2 has relatively lit-
tle overlap with the ground state on our lattice, linear
combinations of y, +by~ where b~ ~1 (typically con-
sidered in the sum-rule approach) must yield similar re-
sults. We consider the case for b = —1 in the proton and
present the results for inspection in the tables of the Ap-
pendix. A more important consideration is whether y2
yields the same results as g&. The correlation function of
yz is too noisy to make a firm statement. However, our
results do not provide any evidence to the contrary. In
the following, all results are obtained from consideration
of the interpolating fields of type y, alone.

B. Correlation function ratios

The ratio of (2.15) is calculated on the lattice using the
correlation functions discussed in Sec. II C. Three values
of ~ for the u and d quarks with ~, =K& are investigated.
Figure 2 displays the ratio of (2.15) proportional to the
electric form factor for X+ at ~3=0.156. Fortunately
there is a rather broad plateau away from the lattice
boundary where the electric form factor may be extracted
using (2.17a).

We consider fits of the correlation functions from time
slice 15 through to 21 in intervals including 4 to 7 points.
The results are selected from these 10 fits based on the
flatness of the correlation functions and the statistical un-
certainties. It is found that fits of the 5 points in the time
slice interval 16 to 20 provide the optimum balance be-
tween these systematic and statistical uncertainties. '

The strange-quark contributions are based on a smaller
value of ~ and therefore are less sensitive to fluctuations
in the gauge fields. As a result, the error bars of the
strange-quark contributions are smaller than those of the
u quarks. Properties in which the strange-quark contri-
butions dominate are generally determined with smaller
statistical uncertainties.

Figure 3 illustrates the ratio of correlation functions
proportional to the magnetic form factor for = . The
negative contribution of the u quark to the total magnetic
moment indicates the spin projection of the u quark is
opposite that of the doubly represented s quarks for the
majority of time. It follows that doubly represented
quarks spend most of the time paired with their spins
aligned in a symmetric spin-1 state. It is interesting to
note that, while the magnitude of the combined charge of
the s quarks equals the u-quark charge, the heavier s
quarks make a contribution to the magnetic form factor
roughly double that of the u quark. Of course, this is in
qualitative agreement with the predictions of SU(6) spin-
flavor symmetry.

We have displayed the ratios of three-point correlation
functions for only 2 of the 24 ratios considered. In the
Appendix we summarize these calculations in 11 tables
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FIG. 1. Octet-baryon masses. The nucleon mass is used to
set the scale for the lattice results. The experimental measure-
ments of the hyperon masses indicate our selection of
K =

K& 0.1 52 for the strange quark gives a reasonable descrip-
tion of the strange-quark dynamics.
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FIG. 2. Ratio of three-point correlation functions propor-
tional to the electric form factor of X+. The quark sector con-
tributions are also displayed.
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FIG. 3. Ratio of three-point correlation functions propor-
tional to the magnetic form factor of:- .

C. Electric properties

The electric charge radius of a baryon may be extract-
ed from the electric form factor with the standard small

q expansion of the Fourier transform of a spherical
charge distribution by

q =0
(3.1)

We have two points describing the function Qz(q ),

indicating the electric and magnetic form factors calcu-
lated at the smallest finite value of q available on our lat-
tice. Contributions from the different quark sectors are
also illustrated. The form factors are given for the three
values of ~ considered as well as for the extrapolated re-
sults. Since q varies only slightly with v it is reasonable
to make the extrapolation to the chiral limit.

At a. =lr&, SU(3) symmetry is exact, and the SU(3) pre-
dictions p =X+,

o -o 2&3 o

3

and X =:-, and the SU(2) prediction
X =(X++X )/2 for the electromagnetic form factors
may be checked. Most of these symmetries are apparent
in the correlation functions and are satisfied exactly on
the lattice. For the interpolating field A&, the relations
are not exactly satisfied since the correlation function is
not the full octet form. However, the SU(3) relations
agree within the statistical uncertainties.

Throughout this analysis we calculate many properties
for both interpolating fields Ac and A8. In every case the
results corresponding to these two interpolating fields

agree within uncertainty. Calculations of splitting be-
tween the results also reveal splittings in agreement with
zero. For example, the difference of the electric form fac-
tors calculated with A8 and Ac is 0.005(16). The
difference of the magnetic form factor is 0.003(65). This
confirms the independence of the results from the form of
the interpolating field.

(r'& 12
&E(0) q'

&~(0)

&E(q')
(3.3)

To assess the sensitivity of our results on the dipole ap-
proximation we also consider the monopole form which
gives

(r~& 6 Q~(0)

& (0)
(3.4)

In the tables of the Appendix we have quoted the quanti-
ty V (r'&/Q~(0), which gives the radius of baryons and
quark distributions with unit charge. In all cases the sign
of ( r & is the same as the charge of the baryon or quark.
The difference of the radii extracted in the dipole and
monopole approximations is small relative to the statisti-
cal uncertainties in the radii ~ We refer to the dipole re-
sults in the following discussion and figures.

Of the four charged baryons only the charge radius of
the proton has been experimentally measured. The lat-
tice spacing a may be determined using the experimental
nucleon mass M&, setting M&a=0.61(5). This yields
a=0.128(11) fm. Hence the lattice prediction of the pro-
ton radius is 0.65(8) fm, which is somewhat smaller than
the experimental measurement ' of 0.862(12) fm. It is in-
teresting to note that the lattice proton radius is roughly
the same as that for the pion.

Finite lattice size effects may be the cause of the
discrepancy between the lattice and experimental radii.
At ~=~3 the proton diameter is approximately 9 lattice
units (LU) and therefore largely fills the lattice in the y
and z directions which are 12 LU in length. Since we
have used periodic boundary conditions in the spatial
directions, our baryon under study is actually surrounded
by six identical baryons. Overlap of the wave functions
may cause the size of the baryon to be reduced.

Figure 4 displays the lattice predictions of the electric
charge radii for the charged members of the baryon octet.
We have included the results of two recent model calcula-
tions for comparison with the lattice results. The quark
model and Skyrme model results have been scaled to
agree with the lattice proton result and are indicated by
the dashed lines in Fig. 4. The same pattern of relative
sizes of the baryons is observed in each calculation. The
only significant difference is the rather small Skyrme
model radius for "

It should be noted that although the uncertainty re-

namely Qz(0), the total charge of the baryon, and QE(q )

evaluated at the smallest finite value of q available on
our lattice. To evaluate the derivative of (3.1) we need an
analytical form for the function Qz(q ). It is well known

that the experimental electric form factor of the proton
may be fit in a dipole approximation:

&~(0)
(3.2)

(1+q /I )

We will use this form to describe the q dependence of
the electric form factors of the charged baryons. The di-
pole mass I is determined by the two known values of
QE yielding the dipole result



43 ELECTROMAGNETIC STRUCTURE OF OCTET BARYONS 1667

o 5

~ 4 I////////3

~ M
~ W

~™3
X
o 2

~ A

o 1
Q

+ 1—

0
6.2 6.3

I

6.4
K

6.5

FIG. 4. Electric charge radii of the charged octet baryons.
The short-dashed lines correspond to the quark-model results
and the long-dashed lines correspond to the Skyrme-model re-
sults. ' The model results are scaled to the proton lattice ra-
dius.

FIG. 5. Extrapolation of the electric charge distributions of
quarks within X . While K, is fixed, the radius of the s-quark
distribution is seen to decrease in the extrapolation.

gions of the radii for different baryons overlap it does not
necessarily mean that the proton, for example, may be
larger than X+. The uncertainties are highly correlated
between the two results and a calculation of the difference
of the radii indicates X+ is larger by 0.60+o» LU. Simi-
lar results hold for the other baryons.

To gain some understanding of this pattern we must
look at the underlying dynamics of the quarks in the
baryons. By coupling the electromagnetic field to only u

quarks, for example, we can examine the role of the u
quark and how it differs within various baryons. There
are two effects that cause the charge radius of X+ to be
larger than that of the proton. Figure 5 displays the radii
of u- and s-quark distributions within X as the u quarks
are extrapolated to K„. The radius of the u quark distri-
bution increases as the u quark becomes lighter (smaller

'), as expected. However, note that the radius of the
s-quark distribution decreases as the u quarks become
lighter. A calculation of the change in the s-quark distri-
bution radius confirms that the radius is strictly decreas-
ing. Recall that the strange quark was fixed at K =K&.
This effect is due to the shifting of the center of mass of
the u-s system towards the strange quark which becomes
relatively heavier as the u quarks become lighter. With
the center of mass closer to the s quark, the u quarks are
pushed out to larger radii than in the proton. Of course
there is a reduced mass effect that reduces the average
distance between the u and s quarks in X+ relative to u

and d quarks in p. Therefore, the overall effect is not
large. A calculation of the u-quark radius difference be-
tween X and p indicates the u-quark distribution is
larger in X+ by 0.20+o

&&
LU. A similar but more pro-

nounced effect may be seen by comparing the u quark
distribution in n and in = . Here the two d quarks in n

are replaced by two s quarks in " The center of mass is
shifted towards the strange quarks in the = system and
causes the u-quark radius to be increased by 0.50+0 &5

LU over the u-quark radius in n. The effect is roughly
double that in the p-X+ case as one might expect.

The main dynamics causing X+ to appear larger is the
reduced s-quark contributions in the charge radius rela-
tive to the d quark in the proton. Since the d quark is
lighter, its distribution is broader at 4.4(8) LU in the pro-
ton compared to 3.3(4) LU for the s quark in X+. Hence
the d quark makes a larger reduction of the u-quark con-
tributions in the proton charge radius than the s quark in
$+

X appears smaller than X since the total charge at
large radius (the two d-quarks) is half that in X+. How-
ever, the s quark acts to increase the charge radius in X
increasing the charge radius to well over half that of X+.
Similarly = appears smaller than X since one of the d
quarks at large radius in X has been replaced by an s
quark at smaller radius, reducing the total charge radius.

It is well known that the charge radius of the neutron
is particularly sensitive to the curvature of the form fac-
tor at q =0. At our value of q =4 fm we do not have
the information necessary to reliably determine the elec-
tric charge radius. However, through the relation of
(3.1), it is fair to assume some scaling of the electric form
factor and the corresponding charge radius. Figure 6
displays the electric form factors, of the neutral members
of the baryon octet. The lattice results suggest a negative
value for the squared charge radius in the neutron, and
positive squared charge radii for the hyperons.

The negative squared charge radius of the neutron in-
dicates the two d quarks have a larger charge radius than
the u quark within the neutron. A calculation of the
d —u quark radius difference indicates the d-quark distri-
bution is larger by 0.45+040 LU. These results are in
agreement with a quark model where the spin-
dependent interaction splitting the nucleon and 6 states
is more repulsive for the doubly represented d quarks,
which are more likely to be in a spin-1 state than are the
u-d pairs.

The total charge of the light quarks in A and X is +
3

and makes a larger contribution to the charge radii than
the oppositely charged more massive s quarks. Hence,
the squared charge radius is positive and the electric
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FIG. 6 Electric form factors of the neutral charge baryons.

The lattice results suggest a negative charge radius for the neu-

tron, and positive charge radii for the hyperons.

FIG. 7. Extrapolation of the electric charge distributions of
quarks within " . The mass eFect of the strange quark is seen
to dominate quickly in the radii of the quark distributions.

form factor at our value of q is negative.
The electric form factor of:- is interesting since the

repulsive spin effect acts between the two s quarks. How-
ever this effect is small compared to the mass effects of
the u-s-quark system. Here the total charge of the light u

quark is +—', and makes a larger contribution to the
charge radius than the oppositely charged s quarks at
smaller radii. Hence, the squared charge radius is posi-
tive and the electric form factor at our value of q is neg-
ative. Furthermore the charges involved are double that
in the case of A or X . Correspondingly the electric form
factor is roughly double that of A or X . Figure 7 shows
the distributions of the u and s quarks within = as the u

quarks are extrapolated to ~„. Note that at K K& the
SU(3)-Aavor-symmetry limit, the two s quarks have a
larger radius than the u quark, similar to the 8 quarks in
the neutron. However, away from the SU(3) limit, the
mass effects are seen to dominate quickly.

D. Magnetic moments

&M(0) &~(0)
(3.5)

for proton form factors. For the neutral members of the
baryon octet, the procedure is not as clear. The magnetic
form factor of n scales as the electric form factor of p al-

Our calculation of magnetic form factors is done at the
smallest finite value of q available on our lattice. On the
other hand, the magnetic moment is defined at q =0 as
p/(e/2M&) = QM(0) and therefore we must scale our re-
sults from QM(q ) to QM(0). Note that QM(0) gives the
magnetic moment p in units of natural magnetons

pz =e/2M& where the mass of the baryon M~ appears in
the definition of the magneton. Lattice extrapolations in

q to q =0 suffer from large statistical errors. To make
contact with the experimental magnetic moments, we as-
sume a scaling of electric and magnetic form factors in

q . This is suggested by the experimentally measured re-
lation

lowing a calculation of the neutron magnetic moment.
However, the electric form factors of X+ and X are
different and therefore it is not clear how to scale the re-
sults for X to q =0.

The solution lies in the understanding of the differences
in the electric form factors of X+ and X . We have seen
that there are two effects which govern the electric prop-
erties. In cases of equal-mass quarks we have seen evi-
dence of a spin-dependent force which acts differently on
the doubly represented quarks. However when the
strange quark is involved the effects are dominated by the
heavier strange-quark mass. These differing sectors do
not scale in the same manner and therefore (3.5) may not
be appropriate for hyperons. Instead we use (3.5) to scale
the individual quark sectors to q =0. For example, the
strange-quark contributions are scaled by

&M(q') &'F(q')

&~(0) &~(0)
(3.6)

and similarly for the light quarks, such that the magnetic
moment of a hyperon is given by

Q~(0) = QM(0)+ P~(0), (3.7)

where l labels the light quarks. Similarly, in p and n the
u and d sectors are scaled separately. In the X ~A tran-
sition moment, the strange quark does not contribute. In
this case the electric properties of the light quarks in X
are used to scale the transition moment to q =0. The
tables of the Appendix list the magnetic moments of the
baryons as well as the quark sector contributions in units
of natural magnetons pz. In the proton for example,
QM(0) gives the combined magnetic moment contribu-
tions of both u quarks. Note that the magnetic moment
of A is largely determined by the s-quark contributions as
in the simple quark model.

With the magnetic moments of the baryons completely
defined, we may now consider the SU(6) predictions for
the ratios of magnetic moments. We have selected the ra-
tios n/p, 2 /2+, and:- /:- . These ratios, in conjunc-
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tion with the SU(3) relations, allow a calculation of all the
SU(6) ratios. The results are summarized in Table I.
While there is qualitative agreement with the SU(6) pre-
dictions, the lattice results indicate some deviation in the
hyperon ratios.

To gain a deeper understanding of these deviations, it
is useful to consider the individual quark sector contribu-
tions to the magnetic moments. In the simple quark
model, the magnetic moment of the proton is given by

(3.8)

In the SU(2) limit where p"= —2p, the ratio of the
quark sector contributions in the simple quark model is

3 p / 3
p"= 8 . The 1attice resu its differ significant 1y

from this prediction of SU(6) spin-fiavor symmetry. At
~, this ratio of quark sector contributions is 10.3(7). The
fact that the ratio is larger indicates an enhancement of
the doubly represented u-quark contributions relative to
the d quark. Similar results hold for the other baryons of
the octet. Although the lattice results reproduce the
SU(6) ratios for hadrons considered in Table I reasonably
well, the ratio of different quark sector contributions
shows the underlying quark dynamics are really quite
different.

The same effect may be seen by comparing the effective
moment of the u quark in the proton with the eff'ective
moment of the u quark in the neutron. We define the
effective moment of the lattice u quark in the proton by
equating the lattice u-quark sector contribution to 3p",
the corresponding u-quark sector contribution in the sim-
ple quark model. Similarly, in the neutron the lattice u-
quark contribution is equated with —

—,
' p". One can

define effective moments for quarks in other baryons in a
similar manner. In the proton we find p"=1.48(8) p&,
while in the neutron p"=1.14(9) p&, at v&, the SU(3) lim-
it. A careful examination of the simple-quark-model ra-
tios of magnetic moments indicates this eff'ect is responsi-
ble for the lattice deviations from SU(6) symmetry indi-
cated in Table I.

Away from the SU(3)-fiavor limit, one can search for
quark mass effects analogous to those seen in the electric
properties. Of course, the effective moment of the
strange quark is smaller than the light quarks as expect-
ed. However, there are more subtle effects seen in the
effective magnetic moments of the quarks which are due
to the shifting of the center of mass. For example, con-
sider the u-quark contribution to the magnetic moments
of n and:- . In the SU(3)-fiavor limit, the effective mo-
ments of the u quark in these two baryons are found to be

TABLE I. Magnetic-moment ratios in SU(3)-flavor symme-
try.

the same. However, with the light quarks extrapolated to
~„we find the u-quark contribution to the neutron mag-
netic moment is —0.25(17) pz, while the u-quark contri-
bution in = is larger at —0.36(5) p~. This effect, due to
unequal quark masses, is not accounted for in a constitu-
ent quark picture.

Figure 8 displays the lattice predictions of magnetic
moments in units of natural magnetons. Experimental
moments' are shown in solid black. The magnetic mo-
ments of the baryons in nuclear magnetons p& are indi-
cated in Table II along with ratios of the proton magnetic
moment. While the signs of the moments are correctly
determined, the moments appear to be underestimated by
an amount that appears to be constant in magnitude for
most baryons. The only notable exception is that of A.

It is dificult to determine the origin of this discrepan-
cy. At our value of @=5.9 there may be some deviations
from asymptotic scaling. Nonquenched corrections may
provide additional contributions. However, there are
other interesting candidates. One possible factor in the
discrepancy is the contribution of disconnected quark
loops to the magnetic moments. We have not included
the case where a photon interacts with a quark loop in
the vacuum which in turn interacts via gluons with the
valence quarks of the baryons.

These loop contributions are expected to be similar for
the proton and neutron and therefore cannot provide the
complete solution. However, the importance of the loop
effects may be estimated by comparing the predictions of
the isoscalar magnetic moment with the isovector mag-
netic moment. On the lattice we have enforced isospin
symmetry by equating ~„=~d and therefore loop effects
do not contribute to the isovector magnetic moment.
The lattice/experimental ratio of magnetic moments in
the isoscalar channel is 1.1(3), while in the isovector
channel we find 0.8(2). Hence loop corrections may im-
prove the agreement in the isoscalar channel; however,
there may be larger unaccounted corrections in the iso-
vector channel.

Perhaps the most compelling candidate causing the un-
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FIG. 8. Magnetic moments of the baryon octet in natural
magnetons. Experimental moments and uncertainties are indi-
cated in solid black. While the signs of all moments are correct-
ly determined, the magnitudes of the moments are underes-
timated.
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TABLE II. Magnetic moments in nuclear magnetons (pz).

Baryon
Lattice results

Experimental measurements
(Ref. 18)

A
y+
yo

2.3(3)
—1.3(2)
—0.40(7)

1.9(2)
0.54(9)

—0.87(9)
—0.95(8)
—0.41(6)
—1.15(16)

1
—0.57(8)
—0.18(3)

0.85(6)
0.23(2)

—0.38(4)
—0.42(4)
—0.18(2)
—0.51(8)

2.793
—1.913
—0.613(4)

2.42(5)

—1.157(25)
—1.250(14)
—0.69(4)
—1.61(8)

1
—0.685
—0.219(2)

0.866(18)

—0.414(9)
—0.448(5)
—0.25(2)
—0.58(3)

derestimation of the magnetic moments is finite-volume
effects. In the discussion of electric charge radii we ar-
gued that overlap of the surrounding baryons may cause
the size of the baryon under study to be restricted. In a
similar fashion, the magnitude of the magnetic moments
may be reduced. Such an effect also accounts for the
smaller discrepancy in the magnetic moment of A. Here
the origin of the magnetic moment is largely from the s
quark. Strange quark distributions are more localized
and therefore finite-volume effects are expected to be less
important.

In Table II we have also included the ratios of the mag-
netic moments with the proton magnetic moment. This
allows a more detailed comparison with the experimental
measurements. Most ratios agree with the experimental
ratios at the 1 o. level; however, all the lattice ratios are
small in magnitude. Only the ratios of n and:" fail to
agree at the 1 o. level. The underestimation of the magni-
tude of the ratios is most likely due to the underestima-
tion of the magnetic moments themselves. Adding a con-
stant amount to the magnitudes of the numerator and
denominator of the ratios acts to increase the magnitude
of the ratios.

with the exception of:"
The small magnetic radius of A is consistent with the

fact that the strange quark dominates in the quark contri-
butions to the magnetic moment. The magnetic radius of
X is interesting since it is the largest of the octet
baryons including X+, which has the largest electric
charge radius. The magnetic radius is larger for X due
to cancellation between the d- and s-quark contributions
to the magnetic moment. In X the s quark acts to de-
crease the magnitude of the magnetic moment. As the
resolution of the interaction increases, information on the
broadly distributed d quarks is lost at a faster rate than
the s quark. This results in a large decrease in the magni-
tude of the total magnetic moment and corresponds to a
large magnetic radius.

The magnetic properties of:- are particularly in-
teresting. Of the octet baryons, = is really the only can-
didate for a negative magnetic radius (r )/Q~(0). To
have (r )/g~(0) &0 requires g~(0)~ & ~QM(q )~ as indi-
cated in (3.3) and (3.4). That is, as the resolution of the
interaction is increased, the magnitude of the magnetic
form factor increases. Hence we require a baryon in

E. Magnetic radii

Magnetic radii may be determined in exactly the same
fashion as that for electric radii indicated in (3.3) and
(3.4). The lattice prediction of the proton magnetic ra-
dius of 0.60(9) fm is small compared to the experimental
measurement ' of 0.858(56) fm. Similarly the lattice pre-
diction of the neutron magnetic radius of 0.58(9) fm is
small compared to the experimental measurement of
0.876(70) fm. The lattice results suggest the magnetic ra-
dius of the proton may be larger than that of the neutron
by 0.02+o o, fm and smaller than the electric radius of
the proton by 0.05(5) fm. Unfortunately, the uncertain-
ties in the experimental results are too large to make a
statement on these estimates.

In Fig. 9 we have plotted Q ~
(r ) /QM(0) ~

for each
baryon of the octet. Both lattice and Skyrme model re-
sults are shown. All values of (r ) /Q~(0) are positive in
the lattice results; however, (r )/QM(0) for " is nega-
tive in the Skyrme model. Generally speaking the two
calculations reproduce the same pattern of magnetic radii
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FIG. 9. Magnetic radii of the baryon octet. Dashed lines in-

dicate Skyrme model results which are scaled to agree with the
proton magnetic lattice radius. The pattern of the radii appear
quite similar in the two calculations. A11 values of (r ) /QM(0)
are positive in the lattice results, however, (r ) IQM(0) for = is

negative in the Skyrme model.
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which the contributions of a relatively light quark act to
decrease the magnitude of the baryon magnetic moment.
In A the light quarks do not make sufficient contributions
to have any significant effect on the magnetic radius. The
two s quarks of:- contribute a magnetic moment of
—0.83(7) p~ while the d quark acts to reduce the magnet-
ic moment by 0.25(4) p~ to the lattice prediction of
—0.58(8) pz. It is possible that as the resolution of the
interaction increases, the reducing inAuence of the d
quark is lost at a sufficient rate relative to the s quark,
such that the magnitude of the magnetic moment in-
creases. However, this is not the case in the lattice re-
sults. In any event, the magnetic properties of:- are a
sensitive probe of the relative dynamics of s and d quarks.

To further examine the roles of the light and heavy
quarks we have taken the ratio of:" and A magnetic mo-
ments. In the simple quark model the magnetic moment
ratio for " and A is

=1
3

d

4 p
p

(3.9)

and similarly for = with d —+ u. Clearly this ratio reAects
the relative roles of strange and light quarks. If the con-
tribution of the d quark (u quark) is overestimated rela-
tive to the s quark then the magnetic moment of:- (:- )

is underestimated (overestimated) and the magnetic ra-
dius of:- may appear negative.

Table III displays these ratios for a number of different
calculations. Note that the simple quark model ratio of
(3.9) cannot reproduce the experimental ratio of:- /A
with a strange quark heavier than the d quark. The sim-
ple quark model fails because the intrinsic magnetic mo-
ments of the constituent quarks are not dependent upon
spin dynamics or the baryon in which the quarks reside.
Consider, for example, the ratio of the s-quark sector
contributions to the magnetic moments of:- and A.
Equation (3.9) indicates this ratio is 4/3 in the simple-
quark mode1. In contrast, the ratio of the s-quark contri-
butions is 1.6(2) on the lattice. This leads to closer agree-
ment between the lattice and experimental:- /A mag-
netic moment ratio.

The sum-rule results are particularly poor for the
/A ratio. In the sum-rule approach it is possible to

estimate the importance of excited-state approximations,
nonperturbative contributions, and strange-quark-mass
effects. This is done by comparing the sum-rule predic-
tion of the magnetic moment with a zeroth-order calcula-
tion where only the leading order perturbative contribu-
tions of massless quarks are included in the operator-
product expansion. Similarly, contributions of excited
state baryons are not included at the hadronic level. Of

the octet baryons, " has the largest correction to the
zeroth-order result.

Although the Skyrme model is restricted to mesonic
degrees of freedom, it bears a behavior very similar to the
discussion of (3.9). The fact that the lattice results repro-
duce the experimental ratio for = /A better than the
Skyrme model lends credence to our prediction of a posi-
tive value of (r )/Q~(0) for =

F. Magnetic moment ratios

Explaining the magnetic moments of baryons has been
a long-standing problem of hadronic physics. In Fig. 10
we have collected together recent results of the best-
known approaches to QCD. We have included the re-
sults of SU(6) symmetry, the QCD sum-rule (SR) ap-
proach, lattice (Latt. ) calculations, quark-model (QM)
results and Skyrme (Skyr. ) model results . Note that
the experimental result, and sum-rule result for X is ob-
tained using the SU(2) relationship pzp=(p&~+@& —)/2.

Four parameters in the quark mode1 were determined
with reference to hadronic ground-state masses. These
quark-model results are very similar to those of the sim-
plest quark model' where the p, n, and A magnetic mo-
ments are used as inputs to determine the intrinsic quark
moments. The quark model does not reproduce the mag-
netic moment ratios as well as the lattice or sum-rule re-
sults.

Two parameters in the Skyrme model are determined
with the n and 6 masses. The Skyrme model reverses the
order of many of the SU(6) partners including p and X+,
A and:-, as well as = and n.

Vacuum susceptibility parameters in the sum-rule ap-
proach are optimized to give the best agreement with
the experimental magnetic moments. The sum-rule and
lattice results appear very similar with the exception of

where the correction to the zeroth-order sum-rule es-
timate is largest in the sum-rule approach.

Once the quark masses are fixed, our calculation of the
magnetic moments is parameter-free. With the exception
of the neutron, the lattice results are a significant im-
provement over the SU(6) symmetry ratios and predict
the experimental ratios reasonably well. The lattice re-
sults outperform the model calculations in reproducing
the experimental magnetic moment ratios. As previously
discussed the discrepancies in the neutron lattice results
may be due to finite-volume effects.

TABLE III. :-/A magnetic moment ratios.

Baryon
SU(6)

symmetry

2.0
1.0

Sum
rules

(Ref. 26)

2.64
1.86

Lattice
results

2.4(5)
1.0(2)

Quark
model

(Ref. 22)

2.32
0.87

Skyrme
model

(Ref. 23)

2.40
0.676

Experimental
measurements

(Ref. 18)

2.04(3)
1.13(7)
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G. Flavor-singlet interpolating Aeld IV. SUMMARY

The results from the Aavor-singlet interpolating field
are interesting only in the SU(3) limit of I~, . If SU(3) sym-
metry is broken then one must expect some mixing of the
ground state A in the correlation functions. Unfortunate-
ly, the correlation functions of the singlet interpolating
field suffer from large statistical uncertainties, and there-
fore it is not possible to subtract the contributions of the
ground state in a reliable manner.

In many cases the uncertainties in the SU(3) limit are
too large to discern any difference in the results from
those of the other A interpolating fields. However a few
differences are clear. In a fiavor singlet system, the elec-
tromagnetic moments vanish. Furthermore, although the
electric properties of the quarks are similar, the magnetic
properties appear quite different from those of A8 or Ac.
Further details may be found in the tables of the Appen-
dix.

M0
& 0.8—

06
0
X 0.4—

'+ 0.2—
tg)

X 00

y0

SU(6) S R Latt. Empt. . Q M Skyr.

~ —0.1
b

—O.B—

~ —0.3

~ —0.4
Q

g —0.6
C

O
—0.6

~ W

Q
g —0.7
cd

08

4
~ ~

I

I ~

'~

SU(6) S R Latt. Expt. Q M Skyr.

FIG. 10. A comparison of positive (a) and negative (b) mag-
netic moment ratio calculations. The SU(6) symmetry, QCD
sum rule (SR), lattice (Latt. ), quark model (QM) and Skyrme
(Skyr. ) model ' calculations are compared with experimental
measurements' (Expt. ). The experimental result and sum-rule
result for X is obtained using the SU(2) relationship
p 0=(p ++p )/2. Uncertainties in the experimental and lat-
tice results are indicated in Table II.

We have investigated the electromagnetic properties of
the baryon octet in a numerical simulation of quenched
QCD on a 24X12X12X241attice at P=5.9. The electric
and magnetic form factors were calculated at the smallest
finite value of q available on our lattice. From these
form factors, magnetic moments, electric radii, magnetic
radii, and magnetic transition moments were extracted.

The lattice results suggest there are three effects re-
sponsible for the details of the distribution of electric
charge within baryons. In the case of equal mass quarks
the important effect may be described as a spin-
dependent force that acts repulsively between doubly
represented quarks. These quarks have larger electric
charge distributions, which results in a negative squared
charge radius for the neutron. The electric properties of
baryons involving strange quarks are a1tered in two ways.
The dominant effect is the standard reduction of the
charge radius due to the relatively large mass of the
strange quark. However there is a more interesting and
subtle effect. As the u- and d-quark masses become
lighter the electric charge radius of the strange-quark dis-
tribution is seen to decrease indicating a shifting of the
center of mass towards the strange quark. As a result,
the electric radius of the light-quark distribution is in-
creased.

The qualitative structure of the baryon magnetic mo-
ment predictions of SU(6) spin-Aavor symmetry is repro-
duced on the lattice. However closer inspection of the
lattice results shows that the way in which the different
quark sectors make up the baryon magnetic moments is
not as simple as in a constituent quark-model picture.
The different quark sector magnetic moment contribu-
tions cannot be reproduced in a constituent quark model
where the intrinsic moments of the quarks are indepen-
dent of spin dynamics and center-of-mass effects. In con-
trast, the lattice-effective quark magnetic moments show
a mass and spin dependence which rejects elements such
as relativistic motion and gluon dynamics not contained
in the simple quark-mode1 picture.

The pattern of electromagnetic radii in the lattice re-
sults is seen to be generally reproduced in the model cal-
culations that are considered. The only exception is that
of:" which proves to be a sensitive probe of the quark
dynamics. In = the light d quark makes a contribution
to the magnetic properties opposite that of the relatively
heavy strange quarks. The d-quark contribution is
enhanced by the shift in the center-of-mass towards the
two strange quarks. Hence the magnetic moment and
magnetic radius of:- is unusually sensitive to the bal-
ance of the light and strange sectors of the theory. The
lattice results predict a positive magnetic radius
(r )/Q~(0)&0 for = which contrasts the Skyrme
model prediction.

Calculations of baryon radii and magnetic moments
underestimate the magnitude of the experimental mea-
surements. Ratios of the magnetic moments are calculat-
ed to aHow a more detailed comparison with the experi-
mental measurements. Our results are put into perspec-
tive by including the results of quark and Skyrme-model
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calculations as well as QCD sum-rule calculations. The
lattice calculations outperform the model calculations in
reproducing the experimental ratios.

Baryon interpolating fields vanishing in the nonrela-
tivistic limit have little overlap with ground-state baryons
on our lattice. The correlation functions corresponding
to these interpolating fields are reduced by approximately
2 orders of magnitude relative to the standard interpolat-
ing fields used in lattice calculations. In most cases in-
clusion of this interpolating field with the standard lattice
interpolating field in the analysis acts to increase the
noise in the correlation functions as illustrated in Table
XIV of the Appendix.

Calculations of the electromagnetic properties of had-
rons may ultimately provide one of the best quantitative
tests of QCD. As a result, it is important to assess the
magnitude of vacuum quark loop contributions. Further-
more, there is some indication that the present volume of
the lattice restricts the radii and magnetic moments of
the baryons. Increasing the lattice volume should be a
focus of future calculations. With the approach of ex-
tracting the electromagnetic properties of hadrons from
lattice QCD firmly established, a study of the electromag-
netic structure of other hadrons may be interesting. A
method for extracting the four electromagnetic form fac-
tors of the spin- —,

' system on the lattice has been estab-
lished. With recent attempts to measure the 0 mag-
netic moment, a lattice investigation of the electromag-
netic properties of the low-lying spin- —,

' baryons seems

very timely, and such an analysis is currently in progress.
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APPENDIX

Throughout our discussion we have highlighted
specific examples to illustrate the manner in which the
lattice QCD dynamics manifest themselves in the elec-
tromagnetic properties of baryons. Of course these
features are seen throughout the baryons of the octet. To
allow the reader to pursue further investigation of these
properties we have collected together the results of the
lattice calculations in the following tables, numbered IV
through XIV. We include calculations of the mass and
momentum transfer in terms of the lattice spacing a.
Electric and magnetic form factors at finite-momentum
transfer, and the magnetic form factor at q =0 in natural
magnetons (p~ ) are given for the baryon under investiga-
tion and for the quark sectors composing the baryon.

Normalized electric and magnetic radii +(r )/Q(0) of
the baryon and normalized electric radii of the quark dis-
tributions in lattice units are quoted for both dipole and
monopole approximations. These quantities are given for
each of the three values of ~ considered as well as the ex-
trapolation to the chiral limit at ~„. Statistical uncertain-
ties in the last digits are indicated in parentheses.

TABLE IV. Proton electromagnetic form factors and radii.

vl =0.152 ~2 =0.154 ~3 =0.156 ~„=0.159 8(2)

Mass a

q a
GE(q')

GEd{q2)

GE(q )

G~(0)
rE dipole

~M dipole
d

~E dipole
9

~E dipole

~E monopo]e

~M monopo]e
d

~E monopole
Q

~E monopole

1.09(3)
0.067 58(6)
0.862(8)
1.86(11)
2.16(12)

—0.289(3)
0.165(12)
0.191(13)
1.151(11)
1.70(10)
1.97(11)
3.70{13)
3.71(13)
3.63(14)
3.69(12)
3.77(13)
3.78{13)
3.70(14)
3.75(13)

0.96(3)
0.067 31(7)
0.839{12)
1.83(15)
2.17(16)

—0.284(5)
0.15(2)
0.18(2)
1.12(2)
1.68(14)
2.00(15)
4.04(18)
3.99(17)
3.9(2)
4.00(18)
4.31(19)
4.07(18)
3.9(3)
4.09(19)

0.84(3)
0.066 95( 10)
0.82(3)
1.83(18)
2.22(19)

—0.281(15)
0.12(5)
0.15(7)
1.10(4)
1.70(16)
2.07(16)
4.4(3)
4.2{4)
4.0(7)
4.3(4)
4.5(4)
4.3(5)
4.1(7)
4 4(4)

0.61(5)
0.066 1(11)
0.78(4)
1.8(2)
2.3(2)

—0.27(2)
0.10(7)
0.12(8)
1.04(6)
1.7(2)
2.1(2)
5.1(5)
4.7(6)
4.4(8)
4.9(6)
5.1(6)
4.8(8)
4.5(8)
5.0(6)
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TABLE V. Neutron electromagnetic form factors and radii.

Mass a
q a
Gg(q')
GM(q')
G (0)

G" (0)
GE(q')
GM{q')
G" (0)
~M dipole

d
E dipole

~E dipole

~M monopole
d

~F. monopole

~F. monopole

v) =0.152

1.09(3)
0.067 58(6)
0.002(3)

—1.18(6)
—1.37(7)
—0.575(6)
—0.85(5)
—0.99(5)

0.578(5)
—0.33(2)
—0.38(3)

3.72(13)
3.69(12)
3.63(14)
3.79(13)
3.75(13)
3.70(14)

v2 =0.154

0.96(3)
0.067 31(7)
0.006(7)

—1.14(10)
—1.36(11)
—0.561(8)
—0.84(7)
—1.00(7)

0.568(10)
—0.30(4)
—0.35(5)

3.95(19)
4.00(18)
3.9(2)
4.0(2)
4.09(19)
3.9(3)

a3 =0.156

0.84(3)
0.066 95( 10)
0.014(16)

—1.10(15)
—1.33{18)
—0.548(18)
—0.85(8)
—1.03(8)

0.56(3)
—0.25(11)
—0.29{14)

4.1(8)
4.3(4)
4.0(7)
4.2(9)
4.4(4)
4.1(7)

~„=0.159 8(2)

0.61(5)
0.066 1( 11)
0.02(2)

—1.1(2)
—1.3(2)
—0.52(2)
—0.85(13)
—1.07(12)

0.54(4)
—0.20{15)
—0.25(17)

4.6(6)
4.9(6)
4.4(8)
4.6(7)
5.0(6)
4.5(8)

TABLE VI. A octet electromagnetic form factors and radii.

Mass a
q a
G, (q')
GM(q')
GM(0)

G, (q')
G.'(q )

Gz' (0)
G&(q )

GM

~M dipole
S

~E dipole
1

~E dipole

~M monopole
S

~E monopo/e
IrE monopole

X ~A transition
GM(q')
GM (0)

K) =0.152

1.09{3)
0.067 58(6)
0.001 0( 14)

—0.59(3)
—0.68{4)
—0.287(3)
—0.62(4)
—0.72(4)

0.288(3)
0.033(10)
0.038(14)
3.72(13)
3.70(13)
3.65(13)
3.79(13)
3.77(13)
3.72(14)

—1.03(5)
—1.19(6)

sc2 =0.154

1.00(3)
0.067 41(7)

—0.006(3)
—0.54(4)
—0.63(4)
—0.288(3)
—0.58(4)
—0.67(5)

0.282(4)
0.034(16)
0.040(19)
3.7(2)
3.66(15)
3.94(18)
3.8(3)
3.72(15)
4.0(2)

—1.06(6)
—1.26(7)

~3 =0.156

0.92(3)
0.0672 0(7)

—0.013(13)
—0.50(5)
—0.57(7)
—0.290(4)
—0.54(4)
—0.62(5)

0.277(13)
0.03(3)
0.04(3)
3.7(3)
3.6(2)
4.2(4)
3.8(s)
3.7(2)
4.3(6)

—1.08(10)
—1.33(13)

~„=0.159 8(2)

0.76(5)
0.067 2( 16)

—0.027(17)
—0.42(8)
—0.48(8)
—0.292(8)
—0.46(7)
—0.52(7)

0.27(2)
0.04(4)
0.05(5)
3.6(5)
3.s(3)
4.7(7)
3.7(5)
3.6(3)
4.8(7)

—1.12(15)
—1.4(2)

TABLE VII. A common electromagnetic form factors and radii.

Mass a
q a'
G~(q')
GM(q')
GM(0)

GF. (q')

GM(0)
Gl (q2)

v) =0.152

1.09(3)
0.067 58(6)
0.000 1(13)

—0.57(6)
—0.67(6)—0.289(3)—0.61(5)—0.71(6)

0.288(3)

vq =0.154

1.01(3)
0.067 42(6)

—0.008(3)
—0.54(7)
—0.62(8)
—0.290(4)—0.57(7)
—0.66(7)

0.282(4)

sc3 =0.156

0.92(3)
0.067 22( 8)—0.018(7)

—0.50(9)
—0.57(10)
—0.293(5)
—0.54{7)
—0.61(9)

0.275{8)

v„=0.159 8(2)

0.77(4)
0.066 7( 14)

—0.032(10)
—0.44(13)
—0.48(15)
—0.295(10)
—0.47(11)
—0.52(9)

0.263(18)
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TABLE VI. (Continued).

GM (q')
GM{0)
~M dipole

S
E dipole
1

~E dipole

~M monopole
S

~E monopole
I

~E monopole

X —+A transition
GM{q')
G (0)

~, =0.152

0.037(14)
0.043(16)
3.69(18)
3.64(15)
3.64(13)
3.76(19)
3.71(15)
3.72(14)

—1.07{4)
—1.24(5)

~2 =0.154

0.033(17)
0.04(2)
3.7(3)
3.58(18)
3.95(15)
3.7(3)
3.64(16)
4.04(19)

—1.09(5)
—1.30(6)

~3 =0.156

0.03(2)
0.04(2)
3.4(8)
3.5(2)
4.2(3)
3.4(9)
3.5(2)
4.3(4)

—1.07(9)
—1.32(11)

~„=0.159 8(2)

0.03(4)
0.04(4)
3.4(8)
3.3(3)
4.8(5)
3.4{10)
3.4(3)
4.9(7)

—1.10(15)
—1.4(2)

TABLE VIII. X+ electromagnetic form factors and radii.

Mass a
q a
GE(q )

G (0)
G, (q )

GM(q')
GM{0)
GE(q')

G" (o)
E dipole

~M dipole
S

~E dipole

E dipole

~E monopole

~M monopole
SrE monopole

~E monopole

el =0.152

1.09(3)
0.067 58(6)
0.862(8)
1.86(11)
2.16(12)

—0.289(3)
0.165(12)
0.191(13)
1.151(11)
1.70(10)
1.97(11)
3.70{13)
3.71(13)
3.63(14)
3.69(12)
3.77(13)
3.78(13)
3.70(14)
3.75(13)

v2 =0.154

1.01(3)
0.067 42(7)
0.830(12)
1.89(15)
2.24(17)

—0.290(3)
0.141(19)
0.16(2)
1.120(15)
1.74(14)
2.08(16)
4.17(17)
4.00(17)
3.57(17)
4.03(16)
4.27(18)
4.09(18)
3.63(18)
4.12(17)

~3 =0.156

O.92(3)
0.067 21(8)
0.791(18)
1.90(18)
2.3(2)

—O.293(5)
0.12(4)
0.13(3)
1.08(3)
1.76(17)
2.2(2)
4.7(2)
4.4(2)
3.4(2)
4.4(2)
4.9(3)
4.5(3)
3.5(2)
4.5(2)

~„=0.159 8(2)

0.76(4)
0.067 31(14)
0.73(3)
1.9(3)
2.4(3)

—0.296(9)
0.07(5)
0.08(6)
1.03(4)
1.8(3)
2.4(3)
5.7(4)
5.0(4)
3.3(4)
5.0(4)
5.8(5)
5.1(5)
3.4(4)
5.2(4)

TABLE IX. X electromagnetic form factors and radii.

Mass a
a

GE(q')

GM (0)
GE(q')

GM(0)
Gl (q2)
GM(q')

~M dipole
S
E dipole
I

~E dipole

~M monopole
S

~E monopole
yl~E monopole

vl =0.152

1.09(3)
0.067 58(6)

—0.001 2( 14)
0.59(3)
0.68(4)

—0.289(3)
0.165(12)
0.191(13}
0.288(2)
0.42(3)
0.49(3)
3.72(13)
3.63(14)
3.69(12)
3.79(13)
3.70(14)
3.75(13)

v2 =0.154

1.01(3)
0.067 42(7)

—0.0104(17)
0.58(4)
0.68(5)

—0.290(3)
0.141(19)
0.16(2)
0.280(3)
0.44(3)
0.52(4)
3.92(18)
3.57(17)
4.03(16)
4.01(19)
3.63(18)
4.12(17)

K3 =0.156

0.92(3)
0.067 21(8)

—o.o22(3)
0.56{7)
0.68(7)

—0.293(5)
0.12(4)
0.13(3)
0.271(5)
0.44(4)
0.54(5)
4.2(3)
3.4(2)
4.4(2)
4.3(3)
3.5(2)
4.5(2)

~„=0.159 8(2)

0.76(4)
0.066 74( 13 )

—0.039(4)
0.54(9)
0.68(11)

—0.296(10)
0.07(5)
0.08(6)
0.258{11)
o.45(6)
0.59(7)
4.6(4)
3.3(4)
5.0(4)
4.8(5)
3.4(4)
5.2(4)
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TABLE X. X electromagnetic form factors and radii.

Mass a
q'a
GE(q )

GM(q')

GE(q )

GM(0)

GM(q )

GM(0)
~E dipole

~M dipole
S

~E dipole
d

~E dipole

~E monopole

~M monopole
S

~E monopole
d

~E monopole

Kl =0.152

1.09(3)
0.067 58(6)

—0.864(8)
—0.69(4)
—0.79(5)
—0.289(3)

0.165(12)
0.191(13)

—0.575(6)
—0.85(5)
—0.99(5)

3.67(13)
3.67(12)
3.63(14)
3.69(12)
3.74(13)
3.74(15)
3.70(14)
3.75(13)

K2 =0.154

1.01(3)
0.067 42(7)

—0.850(11)
—0.73(6)
—0.88(6)
—0.290(3)

0.141(19)
0.16(2)

—0.560(7)
—0.87(7)
—1.04(8)

3.88(16)
4.14(16)
3.57(17)
4.03(16)
3.96(17)
4.24(17)
3.63(18)
4.12(17)

K3 =0.156

0.92(3)
0.067 21(8)

—0.835(15)
—0.76(7)
—0.95(8)
—0.293(5)

0.12(4)
0.13(3)

—0.542(11}
—0.88(9)
—1.09(10)

4.1(2)
4.6(2)
3.4(2)
4.4(2)
4.2(2)
4.7(2)
3.5(2)
4.5(2)

K„=0.159 8(2)

0.76{4)
0.067 31(14)

—0.81(3)
—0.84(10)
—1.11(11)
—0.296(9)

0.07(5)
0.08(6)

—0.51(2)
—0.92(12)
—1.18(15)

4.5(3)
5.4(3)
3.3(4)
5.0(4)
4.6(3)
5.6(3)
3.4(4)
5.2(4)

TABLE XI. :- electromagnetic form factors and radii.

Mass a
q a
GE(q')

GM(0)
GE(q')

G' (0)
G"(q )

GM(0)
~M dipole

SrE dipole

PE dipole

~M monopole
SrE monopole
lCI"E monopole

Kl =0.152

1.09(3)
0.067 58(6)
0.002(3)

—1.18(6)
—1.37(7)
—0.575(6)
—0.85(5)
—0.99(5)

0.578(5)
—0.33(2)
—0.38(3)

3.72(13)
3.69(12)
3.63(14)
3.79(13)
3.75(13)
3.70(14)

K2 =0.154

1.05(3)
0.067 50(6)

—0.012(5)
—1.17(7)
—1 ~ 36(8)
—0.576(6)
—0.82(5)
—0.95(6)

0.564(8)
—0.35{3)
—0.42(3)

3.78(15)
3.67(13)
3.94{19)
3.85(16)
3.74(14)
4.02(18)

K3 =0.156

1.00(3)
0.067 40( 6)

—0.029(14)
—1.1S(8)
—1.35(8)
—0.578(5)
—0.78(6)
—0.90(6)

0.548(13)
—0.37(4)
—0.45(5)

3.84(18)
3.64(14)
4.3(3)
3.9(2)
3.70(15)
4.4(3)

Ke~ Oo 159 8(2)

0.91(4)
0.067 2( 14)

—0.06(2)
—1.13(10)
—1.33(11)
—0.579(12)
—0.72(6)
—0.83(7)

0.52(3)
—0.40{6)
—0.51(7)

3.9(3)
3.57(18)
4.9(5)
4.1(4)
3.63(19)
5.0(6)

TABLE XII. :- electromagnetic form factors and radii.

Mass a
q

2
Q

2

GE{q')

GE(q')

GM(0)

K, =0.152

1.09(3)
0.067 58(6)

—0.864(8)
—0.69(4)
—0.79(5)
—0.575(6)
—0.85(5)
—0.99(5)

K2 =0.154

1.05(3)
0.067 50( 6)

—0.858(9)
—0.64(5)
—0.74(5)
—0.576(6)
—0.82(5)
—0.95(6)

K3 =0.156

1.00(3)
0.067 40( 6)

—0.852(12)
—0.60{6)
—0.68(6)
—0.578(5)
—0.78(6)
—0.90(6)

K„=0.159 8(2)

0.91(4)
0.067 2( 14)

—0.844(17}
—0.53(6)
—0.58(8)
—0.579(12)
—0.72(6)
—0.83(7)
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TABLE XII. (Continued).

GE(q2)
GM{q')
G" (0)
~E dipole

~M dipole
S

~E dipole
Q

~E dipole

~E monopole

~M monopole
S
E monopole
d

~E monopole

~l =0.152

—0.289(3)
0.165(12)
0.191(13)
3.67(13)
3.67(12)
3.69(12)
3.63(14)
3.74(13)
3.74(15)
3.75(13)
3.70(14)

~2 =0.154

—0.282(4)
0.175(14)
0.208(16)
3.76(14)
3.55(18)
3.67(13)
3.94(19)
3.84(15)
3.61{19)
3.74(14)
4.02(18)

&3 =0.156
—0.274(8)

0.18(2)
0.22(3)
3.86(18)
3.4(3)
3.64(14)
4.3(3)
3.93(19)
3.5(4)
3.70(15)
4.4(3)

~„=0.159 8(2)
—0.262(13)

0.20{3)
0.25(4)
4.0(2)
3.2(3)
3.57(18)
4.9(5)
4.1(3)
3.3(4)
3.63(19)
5.0(6)

TABLE XIII. A singlet electromagnetic form factors and radii.

Mass a
a

GE(q )

GM{q )

G'(q )

GM {q')
GM{0)
Gl (q2)

G' (0)
~E dipole

~M dipole
S

~E dipole
I

~E dipole

~E monopole

M monopole
S

~E monopole
I

~E monopole

vl =0.152

1.14(20)
0.067 7(3)
0
0
0

—0.298(11)
—0.17(12)
—0.19(13)

0.298(11)
0.17(12)
0.19(13)
0
0
3.2(5)
3.2(5)
0
0
3.2(5)
3.2(5)

x2 =0.154

0.98(21)
0.067 4(4)

—0.005(3)
0.04(5)
0.05(6)

—0.296(13)
—0.15(12)
—0.16(13)

0.292(15)
0.19(14)
0.22(16)
0.68(15)
7(5)
3.3(6)
3.5(7)
0.68(15)
8(3)
3.3(7)
3.6(7)

v3 =0.156

0.80(24)
0.066 8( 8)

—0.010(8)
0.07(10)
0.10(13)

—0.293(16)
—0.12(12)
—0.13(14)

0.28(2)
0.19(19)
0.2(2)
1.0(3)
7{9)
3.4(8)
3.9(9)
1.0(3)
7(10)
3.5(8)
4.0(1)

~„=0.159 8(2)

0.5(2)
0.066 3( 11)

—0.017(11)
0.14(18)
0.2(2)

—0.29(2)
—0.08(14)
—0.09(16)

0.27(3)
0.2(3)
0.3(3)
1.3(3)'
7(3)'
3.6(10)
4.4(13)
1.3(3)'
7(3)'
3.7(11)
4.5(14)

'Values obtained using extrapolated electric and magnetic moments.

TABLE XIV. Proton interpolating field e' '(u' Cy u )ysy d'.

Mass a
q a
GE(q')

GM{0)
G d( q

2
)

GM(0)
GQ(q2)
GM(q')
GM{0)
~E dipole

~M dipole
d

~E dipole
tt

~E dipole

rE monopole

~M monopole
drE monopole
tl

~E monopole

~l =0.152

1.09(3)
0.067 58(6)
0.863(11)
1.92(11)
2.23(11)

—0.289(3)
0.176(19)
0.20(2)
1.151(13)
1.74(10)
2.03(10)
3.68(16)
3.73(15)
3.63(15)
3.68(15)
3.75(17)
3.81(16)
3.70(16)
3.74(16)

v2 =0.154

0.96(3)
0.067 31(8)
0.838(14)
1.89(13)
2.25(13)

—0.283(6)
0.16(3)
0.19(3)
1.12(2)
1.72(11)
2.07(12)
4.1(2)
4.1(2)
3.9(3)
4.0(2)
4.2(3)
4.2(2)
4.0(3)
4.1(2)

~3 =0.156

0.82{3)
0.066 87( 12)
0.80(3)
1.79(16)
2.20(15)

—0.281(17)
0.13(7)
0.15(8)
1.08(4)
1.65(12)
2.04(12)
4.6(5)
4.4(5)
4.0(7)
4 4(4)
4.7(5)
4.5(6)
4.1(8)
4.6(5)

v„=0.159 8(2)

0.57(6)
0.066 1( 12)
0.75(4)
1.7(2)
2.2(3)

—0.27(2)
0.10(10)
0.13(11)
1.03(7)
1.6(2)
2.1(2)
5.3(6)
5.0(7)
4.4(10)
5.0(6)
5.4(7)
5.1(8)
4.5(11)
5.2(6)
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