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Meson-exchange current (MEC) contributions to the parity-violating (PV) asymmetry for elastic
scattering of polarized electrons from *He are calculated over a range of momentum transfer us-
ing Monte Carlo methods and a variational *He ground state wave function. The results indicate
that MEC’s generate a negligible contribution to the asymmetry at low |q|, where a determination
of the nucleon’s mean square strangeness radius could be carried out at CEBAF. At larger val-
ues of momentum transfer—beyond the first diffraction minimum—two-body corrections from the
p-7 “strangeness charge” operator enter the asymmetry at a potentially observable level, even in
the limit of vanishing strange-quark matrix elements of the nucleon. For purposes of constraining
the nucleon’s strangeness electric form factor, theoretical uncertainties associated with these MEC
contributions do not appear to impose serious limitations.

PACS number(s): 24.85.+p, 25.30.Bf, 24.80.Dc, 14.20.Dh

I. INTRODUCTION

One objective of the CEBAF physics program is to
probe the strange-quark “content” of the nucleon with
parity-violating (PV) electron scattering. As discussed
elsewhere in the literature [1-7], PV electron scattering at
low-to-intermediate energies is particularly suited to the
study of strange-quark vector current matrix elements,
(H|3v,s|H), where H is a hadron. In the case where the
target is a nucleon (|H) = |p) or |n)), this matrix ele-

ment can be parametrized by two form factors, Gg)(Qz)

and G’g}) (Q?), the strangeness electric and magnetic form
factors, respectively. Extractions of (N|3s|N), the nu-
cleon’s strange-quark scalar density, from n-NN scatter-
ing [8,9], as well as determinations of the strange-quark
axial vector matrix element, (N|3v,vss|N), from elastic
v,p/P,p scattering [10-12] and measurements of the g;
sum [13-15], suggest that the strange-quark “sea” plays
a more important role in the low-energy properties of
the nucleon than one might expect based on the success
of valence quark models. Measurements of (N|3v,s|N)
would provide an additional window on the sea-quark

structure of the nucleon. Model estimates of Gg) and

Gg‘}) at low |Q?| span a wide spectrum in both magnitude
and sign [16-21]. It is therefore of interest to extract the
strangeness form factors at a level needed to distinguish
the model calculations and their attendant physical pic-
tures.

To this end, use of a proton target would not be suf-
ficient. The presence of several poorly constrained form
factors in the PV elastic 'H(€,e) asymmetry, as well as
theoretical uncertainties associated with axial vector ra-
diative corrections, limit the precision with which G’g
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and Gsfl) could be determined from the proton alone [1,2].
The use of A > 1 targets in conjunction with the proton
offers the possibility of imposing more stringent limits
on the nucleon’s s-quark vector current matrix elements
[1,2,22] than could be obtained with a proton target only.
In this regard, the (J™,T) = (0%,0) nuclei, such as *He,
constitute an attractive case, since the ground states
of such nuclei can support matrix elements of only one
operator—the isoscalar Coulomb operator [1,2,22,23]. In
the one-body approximation to this operator, the nuclear
wave-function dependence of the Coulomb matrix ele-
ments effectively cancels out from the PV asymmetry for
such nuclei, leaving only a sensitivity to standard model

couplings and single nucleon form factors (e.g., GS)).
Two approved CEBAF experiments rely on this feature
of ALr(0%,0), the PV left-right asymmetry [24,25]. The
proper interpretation of Apg (07, 0) requires that one un-
derstand the importance of many-body corrections to the
one-body asymmetry. Meson-exchange currents (MEC’s)
constitute one class of such many-body effects. In pre-
vious work [26], we computed MEC contributions to the
4He mean-square “strangeness radius,” which generates
the leading s-quark contribution to Apr(*He) at low |q|.
The results of that calculation, performed with a sim-
ple “*He shell model wave function and phenomenologi-
cal two-body correlation function, indicate that the *He
strangeness radius is dominated by strange quarks inside
the nucleon.

In the present work, we extend the calculation of
Ref. [26] using a *He variational wave function obtained
from realistic interactions and computing the asymme-
try over the full range of momentum transfer germane
to the future CEBAF experiments. Our results indicate
that the *He strangeness radius is 2 orders of magnitude
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more sensitive to the nucleon’s strangeness radius than
to two-body contributions. At the higher |q| of exper-
iment [24], the situation is more complex. Even if the
nucleon matrix element (N|5vy,s|N) were to vanish, the
PV asymmetry would still receive a non-negligible con-
tribution from non-nucleonic s-quark matrix elements.
In particular, the p-7 strangeness transition charge op-
erator generates nearly a 15% contribution to the asym-
metry at the kinematics of the experiment [24]. In this
case, an experiment like that of Ref. [24] would be sig-
nificant in two respects. First, it would be interesting to
measure a non-negligible strange-quark matrix element
in a strongly interacting, nonstrange system, regardless
of the dynamical origin of that matrix element. Second,
the only other observable with significant sensitivity to
the p-m MEC is the B form factor of the deuteron [27].

If, however, G(E?) and Gg\fi) are nonzero, the level of the-
oretical uncertainty associated with the present MEC
calculation does not appear to be large enough to signif-
icantly weaken the possible constraints on Gg) which a
measurement of ALR(4He) could provide.

In the remainder of the paper we provide details of
the calculations leading to these conclusions. Section II
gives our formalism, including expressions for the oper-
ators used. In Sec. III, we treat the computation of the
4He matrix elements of these operators, considering first
the simple case of a shell model ground state and subse-
quently turning to the variational Monte Carlo (VMC)
approach. In Sec. IV we discuss our results, including im-
plications for the interpretation of ALgr(*He) and studies
of nucleonic strangeness. Technical details may be found
in the Appendix.

II. FORMALISM

The PV left-right asymmetry for scattering of polar-
ized electrons from a nuclear target depends on the inter-
ference of the electromagnetic (EM) and PV weak neutral
current (NC) amplitudes, Mgy and MISX’ as

2Re My MEY

s 1

ALR ~

where |Mgym| > IMEX | at low energies. The amplitude
MEY is proportional to the sum of two terms,

Ihcdps + e (2)

where lﬁ((;’) is the electron’s vector (axial vector) neutral
current and J}fg) is the nucleon or nuclear matrix element

of the hadronic vector (axial vector) NC. One may rewrite
ArRr in terms of quantities which set the scale of the
asymmetry and a ratio of nuclear response functions [1,2]

_ GuQ2 WPV
B 2v2ra F? ’

where G, is the Fermi constant measured in muon decay,
a is the EM fine structure constant, and Q? = w? — ¢?

ALr

3)
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with w and ¢ = |q| being the energy and magnitude of
three-momentum transfer to the target. The response
functions appearing in the ratio of Eq. (3) may be written
as

F? = v Ry + vr R, (48.)
WP = o, WE, + vpWh + v Wi, | (4b)

where vy, v, and vy are leptonic kinematic factors; Ry,
and Ry are the usual longitudinal and transverse EM
response functions; and Wi‘\’,T and W-?,X are analogous
PV response functions involving products of the hadronic
EM and vector NC (AV) or axial vector NC (VA) [1,2].

In this work, we follow the approach taken in
Refs. [1-7] and keep only the three lightest quarks in
the hadronic current. In this case, one has for the two
vector currents

JEPM = JEM(T = 1) + JPM(T = 0), (5a)

TNC = FEUEM(T = 1) + VAT =EM(T = 0)
+£05y,s, (5b)

where the JEM(T) are the isovector (T = 1) and isoscalar

(T = 0) EM currents and the 531) are couplings deter-
mined by the standard model [1,2,22]. A decomposition
of J‘I:ISC analogous to that of Eq. (5b) but involving the
SU(3) octet of axial currents and 5v,7yss may also be
made [1,2,7]. Since the *He ground state supports no ax-
ial vector matrix element, however, we do not consider
JNC further in this work.

In the limit that the *He ground state is an eigenstate
of isospin, the “hadronic ratio” for this target is

wEV. 1 r=0 , +© Foo(a)
F_‘i{ﬁfv °+¢&y @;% . (6)

Here, \/36;";20 = —4sin®0y and E&,O) = —1 at tree level in
the standard model [1,2,22]. The form factors are given
by

F&d(g) = (010|M) (9)[070) (7a)
M (@) = [ dziolaz) Yoo 200 (0 (7b)

= 11; fquYoo(Qq)ﬁ(“)(QL (7c)

where ¢ = |x| and p(x) [p(®)(q)] denotes the

coordinate-space (momentum-space) charge (u = 0)
component of either the isoscalar EM current [(a) = T =
0] or strange quark current [(a) — (s)]. Matrix elements
of the Coulomb operator are simply related to the elastic
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charge form factor as wave function.! The reasons are that (i) in the absence
of strangeness, the hadronic isoscalar EM and isoscalar
NC currents are identical, up to the overall electroweak
coupling, v/3¢L=°, (ii) isovector matrix elements vanish
if the “He ground state is assumed to be a pure T = 0
state, and (iii) a spin-0 ground state cannot support axial

vector matrix elements.

F$(q) = (0705(a)[070) = 2v/7F 52 (q) -

One observes from Eq. (6) that were the nuclear ma-

(7d)

trix elements of Mé;) (g) to vanish, the asymmetry would
be nominally independent of the details of the nuclear

A. One-body operators

Expressions for the one-body charge operators may be obtained starting from Lorentz-covariant forms of the single-
nucleon vector current matrix element:

NV OIVE) = 06 i@+ 228,00 | utr), )

where F; and F, are the standard Dirac and Pauli form factors of the nucleon, U(p) and U(p') are nucleon spinors
corresponding to nucleon states [N (p)) and |N(p’)), respectively, and V,(x) is any one of the vector currents of interest
(isoscalar EM or strangeness). Expanding the right side of Eq. (8) in powers of p/my, transforming to coordinate
space, and summing over all nucleons gives for the 1 = 0 component,

*(a)( )[1] XA: iq- Xk G(b‘?l)('r) i
= e —_— L
pq P Vi+r 8m%
where 7 = —Q?/4m?%, = ¢%/4m?%, for elastic scattering in
the Breit frame, Pj = pi + p}, and
G = F — R, (10a)
Gy = F® + F{®, (10b)

are the Sachs electric (10a) and magnetic (10b) form fac-
tors [28]. In arriving at the expression in Eq. (9), we
have used the spinor normalization of Ref. [29]. Had we
followed the convention of Ref. [30], the charge operator
would have contained an additional term Aj inside the
square brackets given by

A Pk + ) 1+ 1)

= 2
4am%;

x 68 () + 76 (7)] . (11)

Following the convention in Refs. [1-4], we parametrize
the momentum dependence of the one-body form factors
as

G%(r) = GB(7), (12a)
Gh(7) = upGR(7), (12b)
GH(r) = —paTGER(T)en(7) (12¢)
G3(1) = paGB(7), (12d)
GP (1) = pTGE(1)E4 (1), (12)
G () = uGR(r), (12f)

with

(G (1) - 265 (T)}ow -ax Py, 9)

Ge('r) =1+ /\‘[,’T)“z (13a)
&n=(1+ A7) (13b)
Eo=(1+ 221 (13c)
and
T=0 1 14 n
Ggm= §[GE,M + GE mls (14a)
GT:l _ 1 GP n
EM = 5[ B.m— GE Ml (14b)
Numerically, one has Hp = 2.79, p, = —1.91, /\e =
4.97, and A, = 5.6. The rationale for adopting this

parametrization is discussed more fully in Refs. [1,2].
The parameters u, and p,, which define the strangeness
magnetic moment and strangeness radius, respectively,
as well as z\g) which governs the next-to-leading Q2 be-

havior of Gg), are presently unknown. One goal of the
SAMPLE experiment [6] and upcoming CEBAF experi-
ments [24,25,31] is to place limits on these parameters.
The one-body contribution to the Coulomb multipole
operator, obtained by substituting the expression for the

!Apart from contributions from nuclear dispersion correc-
tions; see, e.g., Refs. [1,2,22].
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charge operator of Eq. (9) into Eq. (7b), is

(a)
M (@) = MZ{G D jo gz

q Ji1(qzx)
2my myTg

+ 65 () — 265 (n)]
XOp - Lk} N (15)

where we have assumed go = 0 so that ¢> = 4m% 7 and
where Ly is the orbital angular momentum of the kth
nucleon. Note that in the limit that the “He ground
state consists of nucleons in S states only, the spin-orbit
operator in Még)( ) will not contribute to F( )( ). In
this case, the Coulomb matrix elements for the isoscalar
EM and strangeness charge operators are identical, apart
from the single nucleon form factors, rendering their ratio
independent of nuclear structure:

Féo ()" Gy (7) (16)
FZ5°(q) GE(r)”

S waves

However, the presence of a significant D-wave component
(the associated probability is about 16% for the varia-
tional *He wave function discussed below) implies some
level of structure dependence in the one-body form factor
ratio of Eq. (16). For most values of momentum transfer,
the magnitude of this structure dependence is negligible
[see the spin-orbit contributions in Figs. 2(b) and 3(b)].

B. Two-body operators

In the one boson-exchange (OBE) approximation, the
leading two-body MEC corrections to the one-body result
of Eq. (16) are generated by the processes in Fig. 1. The
m-exchange and vector meson-exchange “pair currents”
[Figs. 1(a),(b)] are familiar from previous work on MEC’s
[32-36], as is the pseudoscalar-vector meson “transition

current” of Fig. 1(c). In each case, the isoscalar EM and

(a) ) ©

FIG. 1. Two-nucleon (N and N') meson exchange cur-
rent (MEC) contributions to nuclear matrix elements of the
isoscalar EM and strange-quark vector currents. “Pair cur-
rent” processes, shown in (a) and (b), arise from the negative
energy pole in the intermediate-state, single nucleon propa-
gator. “Transition current” contributions (c) are generated
by matrix element of the current operators (indicated by the
®) between mesonic states (M’ and M). As explained in the
text, mesonic matrix elements of J,; EM(T = 0) and 57,s vanish
when M’ = M.
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strangeness two-body currents have the same structure,
apart from the form factors appearing at the NN cre-
ation/annihilation vertex and V-7 transition vertex. The
4He elastic from factors receive no contribution from pro-
cesses in which a virtual v or Z° couples to an exchanged
pseudoscalar or vector meson. The reason is that matrix
elements of the form (M|V,,(0)|M’) must vanish in order
to respect G-parity invariance when |[M’) and |M) are
identical meson states (apart from momenta) and when
V.. is either JEM (T = 0) or 3y,s. Moreover, one has
no contribution from an w-7 transition current since cur-
rents which are strong isoscalar operators cannot induce
such an isospin-changing transition. We have not in-
cluded contributions from isobar currents, since the light-
est nucleon resonance accessible with an isoscalar current
is the N(1440). We assume contributions from the asso-
ciated current are suppressed by the large mass difference
between this state and the nucleon.

We derive two-body charge operators by computing
the covariant momentum-space Feynman amplitudes as-
sociated with the diagrams in Fig. 1, performing the stan-
dard nonrelativistic reduction, and transforming to coor-
dinate space. We take the meson-nucleon couplings from
the conventional low-energy effective Lagrangians:

Lane = TN fn(z) Pre(z) - Ton (2)

i (17a)

— K
CNNp = gpNN"/’N(z) [7” + 2 - o'wjau} pu . T"/)N(a:) 3
my

(17b)
- Ko v
LNNw = ngN¢N(x) |V’Y“ + 2 ot av] UJ#'II)N(z) )
mN
(17¢)
and
D* = 8* + ieQpmA* + igQw Z* , (174)

where ¥ is a nucleon field, 7%, pf;, and w,, are the pion,
p-meson, and w-meson fields, respectively; a is an isospin
index, g is the semi-weak coupling, Qgm and Qw are
the EM and weak NC charge operators, and A* and
Z* are the photon and Z° fields, respectively. We take
the couplings appearing in Eq. (17) to have the values
grNN = 13.6, gonnv = 2.6, gonN = 14.6, K, = 6.6,
and k., = —0.12 [37]. Momentum-space matrix elements
of the operators in Eq. (17) have the same structure as
the effective Lagrangians, but with the nucleon fields re-
placed by plane wave spinors, the derivatives replaced by
ik#*, where k* is the momentum of the outgoing meson,
and the vector boson fields replaced by the corresponding
polarization vectors, €,. For the p-m transition current
matrix element one has

v ka eﬂ

(m° (k2) ViV (0) p° (K1, €)) Obcuvapky k3

_ a@)
~ -2
(18)

where as usual a denotes either the EM or strange-quark
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current [38]. In the case of the former, the value of the
transntion form factor at the photon point is known to be
957%(Q? = 0) = gpny = 0.56 [39], while the Q* depen-
dence may be modeled using w-pole dominance:

gp-tr O(Qz) = gP""Y(l - Qz/mw)- (19)

In the case where V,,(") = 37Y,s, one may follow a simi-
lar approach and assume ¢-meson dominance, which is
reasonable since the ¢ is almost pure s3:

g(Q?) = goms (1 = Q% /m3) ™" (20)

The measured rates for ¢ — pm and ¢ — ITl~ (I is a
charged lepton) can be used to estimate the value of this
form factor at Q% = 0 to be |g,rs| = 0.26 [40].

Before proceeding, we touch on one issue associated
with the vector meson pair current operators. These op-
erators are derived by keeping only the negative-energy
pole of the nucleon propagator, as shown in Fig. 1. The
resulting two-body nuclear matrix element is thus dis-
tinct from the matrix element containing the positive en-
ergy pole, which contributes via the full nuclear Green’s
function in time-ordered perturbation theory:

R it i 1
p(ph p’lv p2’p,2; )][;)210mc (27[')3(5(1(1 + k2 - q) [g NN] FIF )( ) 72{ k2 + m2
2 ™

where k; = p} — p;, 1 = 1,2, and

~ 2
A(P1, P}, P2, Py @), =

2177

(flHyuc|n)(n|J,li)

(£1Juln) (n| Hnucli)
DB - ot E. —E, +ic

E; —FE, +ic

. (21)

Here, Hyyc is the full nuclear Hamiltonian and (i, f,n)
denote initial, final, and intermediate nuclear states, re-
spectively. Following this prescription leads one to a
two-body pair-current operator having the same form as
given in Ref. [36]. It has been argued, however, that
one must include an additional retardation contribution
arising from the positive-energy pole in the nucleon prop-
agator whose residue contains a dependence on the en-
ergy transfer between the two nucleons. Inclusion of this
additional term results in the form for the pair-current
charge operator given in Refs. [32,33]. Rather than at-
tempting to choose between these two approaches, we
compute Fgo) in two ways—once using each of these two
prescriptions—in order to determine the impact of this
choice. As we note in Sec. IV, the vector-meson ex-
change contributions to the “*He form factors are suffi-
ciently small in comparison with other contributions that
the impact of this choice in the value for FC(,'EO) is insignif-
icant.

The momentum-space charge operators for the pair
currents are

Ul'qdz'k2+(1(—)2)}, (223)

(2m)?3(ks + k3 — q) [gV””} G (r)Ty (1,2)

{kz . [(1+~u)(q ky +o01xq-02 xky) —i0; xq- (p2+p2]+(1<—>2)} (22b)

excluding the retardation correction or

A(p1, By 2o o )2, = (2m)%5 (ks + k2 — @) [

gVNN} T (1, 2)

my

(v : A [+ PFO ) + 1+ e (7)]os x @ 02 x Ko

+GP (M1 + sv)a- ks —ioy X q- (p2 + Py)]} + (1 & 2))

including the retardation term, with

Tv(l,Z) = { Il-‘l'z, V=p

(22¢)

Vew (23)

and where () indicates either the isoscalar EM or strange-quark charge operators. We have not included the isovector
parts of the charge operators. For the transition operators, one has

A(p1,P1, P?, Py Q) = i(2m)38(ky + k2 — q) [

IrNNGoNNIS (Q2) oy
4mpm & 2

{ (k2 + m2

2)(kF +m3)

o1 -ki[(p1 + p1) - (k1 x k)

—’L(l + Kp)(kl X kz) . (kz X 0’2)] + (1 <« 2)} . (24)
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Expressions for the coordinate space forms of the two-
body charge operators, p(x1,X},X2,%5;q)2, as well as
for their Coulomb multipole projections, Mgg(q) (2 are
somewhat involved and may be found in the Appendix.
For purposes of discussion, it is useful to consider the
leading-q behavior of the two-body Coulomb operators
[shown in Egs. (A10) of the Appendix], since their matrix
elements contribute to the “He EM and strangeness radii.
From the low-q expressions for the two-body Coulomb
operators, we observe that they vanish at least as rapidly
as g2 for small . The operators must vanish at ¢ = 0,
since the two-body operators cannot change the overall
charge (EM or strangeness) of the “He nucleus. In the

case of strangeness, the entire nuclear form factor Féso)

must vanish at g¢2 0, since the nucleus has no net
strangeness. Thus, in analogy with the single nucleon
case, we define a nuclear strangeness radius as

dF(s)
ps[nuc] = 2¢/7—<C
=

4 (25)

=0

Under this definition, p,[nuc] = Ap, in the one-body
limit neglecting the spin-orbit contribution. From the
expressions in Eq. (A10), we note that the pionic opera-
tor [Eq. (A10a)] contributes to FC(.SO) at O(q*), since this
operator is proportional to qul(a) and since Fl(a) van-
ishes as g2 for small q. Consequently, the longest-range
MEC does not contribute to the nuclear strangeness ra-
dius. For the same reason, the retardation correction
to the vector meson pair current operator (Eq. (22c)
and Ref. [33]) also does not contribute to ps[nuc], since
this correction is proportional to TFl(s)(T). As a result,
the low-¢ behavior of the vector meson contribution to
Féso) is independent of the choice of approach discussed
above. This choice takes on relevance only at larger val-
ues of momentum transfer, where the terms proportional

to TFI(S)(T) are non-negligible.

III. CALCULATION OF “He MATRIX
ELEMENTS

Although the object of this paper is to report on a cal-
culation of FZ5° and F((:.so) using state of the art wave
functions, we first summarize a simpler calculation of
the “He strangeness radius using a shell model ground
state with harmonic oscillator wave functions. This sim-
pler treatment allows for an analytical computation and
serves to guide one’s intuition when interpreting results
obtained with more sophisticated methods. The results
of the shell model calculation were reported previously

+0(¢*) =

q
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[26], and we provide more details in the Appendix of the
present paper.

A. Shell model calculation

In the simplest shell model description of “He, the
ground state consists of a single configuration: four nu-
cleons in the 1s, /, state. Numerical results using more re-
alistic wave functions, such as the variational wave func-
tion described below, suggest that the level of configura-
tion mixing is at least 15%. Within the S-state approxi-
mation, we compute the leading-g behavior of F, ((;0) using
harmonic oscillator single-particle wave functions with an
oscillator parameter b = 1.2 fm, obtained from fits to the
data on FZ5° [2]. Analytic expressions for the nuclear
matrix elements appear in the Appendix, and our results
give

—LTps [*He]

2y

= T(/\lpa + ’\ZaV's + ’\2bgp1re) )

Fgo)(T —0)=
(26)

where the terms containing A; and Az, give the one-
and two-body contributions, respectively. The one-body
term is nuclear structure-independent, since the leading
q dependence of the one-body strangeness Coulomb oper-

ator is given by GS) times an operator which counts the
number of nucleons [see Eq. (15)]. The two-body term
A2alts arises from the vector meson pair currents, while
the term A2pgpns is generated by the p-m transition cur-
rent. Numerically, in the limit of point meson-nucleon
vertices [Apy — oo in Eq. (35)], we obtain A\; =~ 1.13,
A2a &~ —0.05, and g —0.02 after including a phe-
nomenological NN anticorrelation function in the two-
body matrix elements. We expect that the values of the
Azq,b for finite Aps should be smaller in magnitude than
those quoted, which we take to give an upper bound on
the scale of two-body contributions. These results imply,
then, that p,[*He] is at least a factor of 20 more sensi-
tive to the nucleon’s strangeness radius than to two-body
strangeness currents.

We note in passing that had we not accounted for
short-range NN repulsion, the vector meson contribu-
tion would have been a factor 2 larger in magnitude and
the p-7 term matrix element would have been a factor of
10 larger. The reason for the large suppression of the p-7
term due to short-range repulsion can be seen from the
structure of the momentum-space p-7 charge operator in
Eq. (24). At leading order in g, the Coulomb projection
of this operator has the form

~
~

1 1

q’0

(k} +m3) (k] +m3)

(m3 —m3)

+ 0(q%),

- 2
Kim: Kiml (27)
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where O is an operator dependent on o; 2 and k;. Nu-
clear matrix elements of the full operator in Eq. (27) thus
depend on the difference of matrix elements of two opera-
tors, A(m,) and A(m,), whose ranges are set by m, and
mp, respectxvely In the absence of short- -range anticorre-
lations, one has 2(g.s. ||A(m,,)||g s.) = (g.s. ||A(mp)l|g s.).
The impact of short-range repulsion is to reduce the p-
meson term (g.s.||A(m,)||g.s.) by about a factor of 2,
while leaving the matrix element of the pionic opera-
tor, whose range is much larger than the radius of the
repulsive core, relatively unchanged. Consequently, the
degree of cancellation between the two pieces is greatly
enhanced, leading to the factor of 10 reduction in Az, as
compared with the less significant impact on the magni-
tude of the purely vector meson matrix elements, Azq.

B. Variational Monte Carlo calculation

The 4He variational wave function used in the present
work is obtained by minimizing a realistic Hamiltonian
with the Argonne vy4 two-nucleon [41] and Urbana-VIII
three-nucleon [42] interaction models. It has the sym-
metrized product form given by [42]:

9= (1+ 5 o) (sTlo w00 ) e o

i<j<k i<j

Here S is the symmetrizer, and |¥;) is a Jastrow wave
function

|¥s) = (ch(rij)>Al Tplptnln), (29)

where A is the antisymmetrizer acting on the spin-isospin
states of the four nucleons. The two-body correlation
operator Uj; is taken to be

U;; = E

pP=T,0,0T,t,tT

uP (r,-j)ij 3 (30)

with

p —s . 4 - . Y . . . .
Oj; =Ti " Tj, 0i-0j, 05 -0;Ti-T;,8:5,8;Ti " Tj;

p=r71,0,0T,t,tr. (31)
The three-body correlation operator U; INT is simply re-
lated to the three-nucleon 1nteract10n present in the
Hamiltonian, and has a correspondingly complex oper-
ator dependence. The correlation functions f°(r) and
up(l‘) as well as the additional parameters present in

Uik T are determined variationally with the methods dis-
cussed in detail in Ref. [42].

The “He binding energy and charge radius calculated
with the above wave function have errors of ~ 4%
when compared to exact Green’s function Monte Carlo
(GFMC) results for the same Hamiltonian [42,43] (we
note that the GFMC results reproduce the empirical val-
ues). This wave function also produces a charge form
factor that is in good agreement with the exact GFMC
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predictions and the experimental data over a wide range
of momentum transfers [42]. Because of the relatively
strong tensor component in the Argonne v14 the D-state
probability has the rather large value of 16%.

The charge and strangeness form factors are given by
the expectation values

FY) =2y7F$)(a) = (¥;d/6 (q)|),

where |¥; q) denotes the ground state wave function re-
coiling with momentum q, and j(®)(q) are the r-space
representations of the charge and strangeness operators
listed in the Appendix. The above expectation value is
computed, without any approximation, by Monte Carlo
integration. The wave function is written as a vector in
the spin-isospin space of the A-nucleons for any given
spatial configuration R = (r1,...,r4). For the given R,
we calculate the state vector 5(*)(q)|¥) by performing
exactly the spin-isospin algebra with the methods devel-
oped in Refs. [32,44]. The momentum-dependent terms
in 5(®) are calculated numerically; for example,

(32)

V.a¥(R) = [I(R+d;q) TR -64)], (33)

where §; o is a small increment in the r; o, component of
R. The R integration is carried out with Monte Carlo
techniques by sampling a large set of R configurations
with the Metropolis algorithm:

The two-body pion and p-meson operators have been
constructed from the Argonne v;4 following the method
outlined in Ref. [44]. This implies replacing the propaga-
tors in Egs. (22a)—(22c) by the Fourier transforms v°7 (k)
and v*7 (k) of the isospin-dependent spin-spin and tensor
components of the interaction model as

912rNN 1

— tr 0T
4m3, K+ m2 = Ve (k) = 20" (k) —v7"(k), (34a)
2 2
gpNN(l + K‘P) 1 ,
4m?v k2 +mf, - “p(k)
=" (k) +v°7 (k). (34Db)

The replacements Eq. (34) are the ones required for the
construction of a two-body electromagnetic current op-
erator that satisfies the continuity equation with the in-
teraction model [44]. We here apply this replacement to
the pair current EM and strangeness charge operators as
the generalized propagators constructed in this way are
then consistent with the short-range behavior of the cor-
responding interaction components. This short-range be-
havior is determined phenomenologically by fitting NIV
elastic scattering data. An additional justification for us-
ing the construction Eq. (34) is that it has been shown to
lead to predictions for the charge and magnetic form fac-
tors of the trinucleons [32,42,44], and threshold electro-
disintegration of the deuteron [45] that are in reasonably
good agreement with the empirical data. The w-meson
propagator in the corresponding pair current, Egs. (22b)
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and (22c), and the p- and w-meson propagators in the
transition current, Eq. (23), and modified by the inclu-
sion of monopole meson-nucleon form factors

2 2
Ay —my

Fnnm(k?) = )
k2 + A3,

(35)

where M is the exchanged meson of mass mps and Ay is
a cutoff parameter. We use the values Axny, = Ann, =
Ann» = 2 GeV, as obtained in boson-exchange inter-
action models [46]. It should be emphasized that the
contributions due to the vector meson pair currents are
not significant in the momentum transfer range of inter-
est here. Furthermore, we note that in evaluating the
contributions due to the vector meson pair currents that
include the retardation correction, the nonlocal terms in
Eq. (22c), namely those proportional to p+p’, have been
neglected. This is justified for the p-meson pair current,
since the nonlocal contribution is suppressed by a fac-
tor (14 &,)? (k, = 6.6) with respect to the leading term

proportional to Fl(s) (7). This approximation, however, is
questionable for the w-meson pair current, since in this
case the tensor coupling is small, k, = —0.12.

IV. RESULTS AND DISCUSSION

The results of our VMC calculation are displayed in
Figs. 2-6. In computing various contributions to FZ5°

and FC(;O), we have employed a value of /\g) =X, = 5.6

to serve as a point of comparison, although /\g) is essen-
tially a free parameter characterizing the next-to-leading
Q?%-dependence of Gg) and is to be constrained by ex-
periment.

Assuming the values p, = —2.12 and p, = —0.2 for the
strangeness radius and magnetic moment of the nucleon,
we find that the relativistic Darwin-Foldy and spin-orbit
corrections to the single nucleon operator, and the two-
body contributions associated with pseudoscalar and vec-
tor meson exchanges as well as the pr transition current,
lead to about 0.5% decrease (increase in magnitude) of
ps[*He], a negligible effect.

Results for F£=° = 2\/nFZ5° and F$) = 2xF%)
over a range of momentum transfer are shown in Figs. 2
and 3. Figures 2(a) and 3(a) give the full form factor
resulting from the one- and two-body currents as well
as in the impulse approximation (IA) for comparison.
Figures 2(b) and 3(b) display individual contributions
from the various one- and two-body terms. As indicated
by the plot in Fig. 2(a) and as noted in previous work
[32], the inclusion of MEC’s significantly improves the
degree of agreement with the data on FZ=° over a wide
range of ¢ as compared with the IA form factor. The
difference in behavior between FZ=° and F((f) at low
q is dictated by the different values of the correspond-
ing nuclear charges: FZ=°(0) = AGL~°(0) = 2 and
F((;)(O) = AG’S)(O) = 0. At larger values of g, the nu-
clear EM and strangeness form factors manifest similar
structures, having their first diffraction minima and sub-
sequent maxima at essentially the same values of momen-
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tum transfer. Since the various contributions to F£=0(q)

are discussed elsewhere [32], we focus on Fg)(q). At low
momentum transfer, the nuclear strangeness form factor
is dominated by a single nucleon contribution propor-
tional to Gg). In this regime, the largest corrections
arise from the spin-orbit and p-7 transition currents. At
moderate values of momentum transfer (¢ > 2 fm), the
largest corrections are due to the pionic pair and p-m
transition currents. In arriving at the results shown in
this figure, we have assumed essentially the Jaffe value for
the nucleon’s strangeness radius (p, & —2) and a value

10 T
(a)
10" | E
Q
o 10® L IA+MEC 4
w’ ]
-3
107 F 4 B
b He
1 1 | .
0 1 2 3 4 5 6
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10° T r .
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« 10 F E
m = (-)
3 -2 La—® O .o
< 10% | - - 1A () 4
> »~
E_J e p()
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8 '/, /:/’*—f"‘._'t‘_::_t
g - /,’/’;/;o’ (+)
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i DN
‘ 1 ! 1 L \ 71
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FIG. 2. *He elastic charge form factor, FZ=%(q). (a) gives
the absolute value of the form factor. Circles indicate ex-
perimental values. Dashed curve gives theoretical prediction
in the impulse approximation (IA) while the solid curve re-
sults from the inclusion of two-body currents (IA+MEC).
(b) shows individual one- and two-body contributions to
FZ=°(q). One-body contribution is indicated by solid curve
(IA). Dashed curves give contributions from the pionic (cir-
cles), p-meson (squares), and w-meson (asterisks) pair cur-
rents as well as the p-m “transition current” (triangles). Short
dashed curve indicates the spin-orbit contribution. Only the
absolute value of each contribution is plotted, and the signs
are indicated in parentheses. Vector meson pair current con-
tributions are computed including the retardation correction
to the charge operator [Egs. (22c) and (A2b)].
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IF, (q)l

ABSOLUTE VALUE
)

FIG. 3. Same as Fig. 2, but for the elastic strangeness
charge form factor of *He, Fg)(q). In this case, only the-
oretical predictions are shown, since no measurements have
as yet been made. Computations were carried out us-
ing (ps,ps) = (—2.0,—0.2), which correspond roughly to
the pole model predictions for these parameters [16], and
a Galster-type parametrization for the ¢ dependence of the
one-body strangeness form factors. A positive sign for gons
was also assumed.

of ps = —0.2. Under this assumption of what would be
a large magnitude for p,, the one-body, pionic, and p-7
transition contributions are of the same order of magni-
tude at the kinematics of the approved CEBAF experi-
ment [24] (g = 3.93 fm™!). At this point, the p-7 contri-

bution makes up about 20% of the total Fg). Were we to
employ, instead, the results of the kaon-loop estimates of
the strangeness parameters, p, = 0.4 and p, ~ —0.3 [20],

the magnitude of F((;) would be an order of magnitude
smaller and would be dominated by the p-m contribution.

We emphasize that the relative importance of the pio-
nic operator is highly dependent on one’s model for the
one-body strangeness form factor, Fl(’), which enters the
two-body operator multiplicatively. In this case, the scale
of the two-body operator is set by the Dirac one-body
strangeness radius,

v dF(-’)
p?l c _ d:—— — pfachs + L - (36)
=0

2181

In arriving at the results displayed in Fig. 3, we used
essentially the pole model value [16] for pDirac ~ —2.4,

but not the Q2 dependence for Fl('), since the latter is
unrealistically gentle in light of simple quark counting
arguments. Had we used, instead, the results of the kaon
loop estimate of Ref. [20], the magnitude of the pionic
contribution would have been a factor of 20 smaller than
the contribution shown in Fig. 3, and the sign would have
been opposite. Similarly, the one-body IA contribution
would be reduced by at least a factor of 4 in magnitude
and its sign would also have been opposite than what
appears in Fig. 3. In this case, the p-7 transition cur-
rent would generate the dominant contribution to Fé’)
at the kinematics of the approved CEBAF experiment
[24], while the single nucleon strangeness radius would
still govern the low-g behavior of the nuclear strangeness
form factor.

By way of comparison, we note that the vector meson
pair current contribution to Fg) is negligible at moder-
ate values of q. Although the precise numerical values of

their contributions depends on one’s model for chl) and

Gg), as well as on one’s choice as to the treatment of
the retardation term, the overall magnitude of the vec-
tor meson pair current contribution is sufficiently small
so as to render the impact of these model dependences
negligible.

In Figs. 4 and 5, we plot the ratio R, =
F&)(q)/FE°(q) = F&(a)/FE=°(q), which character-
izes the s-quark corrections to the nonstrange PV asym-
metry [Egs. (3) and (6)]. Assuming |Gg)/G%| ~ 1 and
Gg}) /G%7°| ~ 1, which essentially corresponds to assum-
ing the Jaffe values for p, and p, but a more realistic mo-
mentum dependence in the strange form factors, we ex-
pect a 35% correction to the nonstrange asymmetry [the
first term on the right side of Eq. (6)] at the kinematics
of the CEBAF PV “He experiment. Figure 4 shows the
dependence of this correction on the value of u, which,
under our form factor parametrization [Egs. (12)-(13)],

sets the scale of contributions generated by Gf,:!). For pur-
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FIG. 4. Elastic strangeness to EM charge form factor ratio,
Fé’)(q)/Fg =0(q) for different values of nucleon strangeness
magnetic momentum g, and fixed strangeness radius p,.
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FIG. 5. Same as Fig. 4, but for fixed p, and variable

ps- In each case, results using the impulse approximation for
Fé.s) are shown along with results including two-body currents
for two different choices of sign on g,~s. (a) assumes a large
negative value for p,, while (b) gives the ratio for vanishing
nucleon strangeness radius.

poses of illustration, we have assumed magnitudes and
relative signs GS)/G% ~ —1 and Gg‘?/G%ZO ~ —1 and
have taken a position sign for g,rs. The results at low
g imply a negligible dependence of F((;O) on u, in this
regime. For momentum transfers in the vicinity of those
suggested for the approved CEBAF “He experiment, the
ratio changes by < 15% as p, is varied over a range of
values suggested by model calculations [16-21]. Had we
assumed the kaon loop values for p, and u,, the overall
size of the ratio R, would have been nearly ten times
smaller, so that in this case the relative impact of any
uncertainty in p, would be correspondingly enhanced.
Figure 5 displays the impact on R, made by the
choice of sign of g,»s, which one cannot determine
from ¢-decay data and symmetry arguments. We il-
lustrate this sensitivity for two different models of nu-
cleon strangeness: (A) (ps,us) = (—2.0,—0.2) and (B)
(ps,ts) = (0.0,—0.2). For low momentum transfer, the
impact of this uncertainty in sign is negligible, whereas at
g ~ 4 fm™? (the kinematics of Ref. [24]), it corresponds
to roughly a +15% uncertainty in the asymmetry. To
put the point somewhat differently, even if the strange-
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quark vector current matrix elements of the nucleon van-
ished identically, we would expect non-nucleonic strange
quarks in the nuclear medium to generate a 15% correc-
tion to the non-strange PV asymmetry at the kinematics
of Ref. [24]. The scale of this effect is well below the
40% statistical error projected for the approved CEBAF
experiment, assuming 50% beam polarization (the error
is reduced to 28% for 70% beam polarization). Thus, for

a measurement of Arr(*He) to be sensitive to g,(,:,) (Q?),
a significantly longer running time and/or higher beam
polarization would be required.

In Fig. 6, we present the significance of a moderate-
g ALr(*He) measurement from a somewhat different
perspective. If one wishes to constrain the various
strangeness parameters p,, ps, and /\g) at a level neces-
sary to test model predictions in detail, then a combina-
tion of experiments using proton and A > 1 targets would
be required [1,2,22]. As noted in Refs. [1,2,22], a combi-
nation of low- and moderate-qg PV experiments with He
could potentially constrain (ps,/\g)) more tightly than
could a sequence of Apg(€p) measurements alone. This
conclusion was based on a one-body (IA) calculation and

8A /A l=10%

4
5 F Q*=-06 (GeVic) He i
6 1 1 ) ! "
1.0 06 0.2 0.2 0.6 1.0
K,
0 T T T T

ps
w

EI8A/ALI=10%

5 F Q°=-0.6 (GeV/c)’

FIG. 6. Prospective constraints on single nucleon
strangeness parameters from a 10% measurement of the *He
elastic, PV asymmetry at Q> = —0.6 (GeV/c)®.. Solid
(dashed) lines give the band of allowed values for positive
(negative) sign on gprs. In (a), ’\(z;) is assumed fixed, while
in (b), ps is held constant. In both panels, central values of
(ps,us,/\g)) = (—2.0,—-0.2,5.6) are assumed for purposes of
illustration.
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the ideal assumption of 100% beam polarization with ex-
perimental errors being statistics-dominated. The inclu-
sion of two-body currents does not alter our previous
conclusion about the possible constraints attainable from
a low-g measurement, since the two-body contribution is
negligible in this regime. In Fig. 6, we display the impact
of two-body currents on constraints attainable at moder-
ate g. Figure 6(a) shows the joint constraints on (ps, p5)
that a 10% measurement of Arg(*He) could produce, as-
suming the parametrization of Egs. (12)~(13) and central
values for these parameters given by model (A) discussed

above. A similar plot for (p,, /\g)) constraints is given in

Fig. 6(b), where a central value for (p,, /\S)) =(-2,A,)is
assumed. The solid and dashed lines give the constraints
corresponding to different choices as to the sign of gons.
We take the difference between these two sets of lines
as one measure of the theoretical uncertainty associated
with our calculation.

From Fig. 6(a), we note that the correlation between
ps and pu, is weak. This feature follows from the rela-
tively small magnitudes of the vector meson pair current
and spin-orbit contributions, which carry the strongest
dependences on p,. In the case of Fig. 6(b), we observe
that the moderate-q constraints are modified only slightly
from the IA expectation, even though many-body cur-
rents generate significant contributions to F, ((;0) and FZ5°.
The reason for the insensitivity of these constraints to the
two-body currents can be explained in the following man-
ner. First, the pionic corrections are proportional to the
Dirac form factor

FY = 1+7)76Y + 6, (37)

where a denotes either the isoscalar EM current or
strange quark current. At the kinematics of the
moderate-¢g CEBAF PV experiment, one has 7 =~ 0.17, so
that 7G37°/GE=° ~ 0.15. In this case, F{=° ~ GL=°.
Similarly, TGgfI)/Gg) = ps/ps =~ 0.15, assuming the Jaffe
values for the strangeness parameters, so that Fl(') ~

Gg). Under these assumptions, the pionic pair currents
give the dominant correction to the IA nuclear form fac-
tors, so that at 7 = 0.17 [¢? = 0.6 (GeV/c)?] one has

FES0 (@)= (gs.|IMT=(q)") + MT=()1% clle-s-)
~ G °(1)(gs.||0(@M + O(9)®||gs.), (38a)

FS)(a)~ (gs|M (@)™ + 32 ()2 iclle-s.)

~ Gy (1)(es 100" + O(9)lgs),  (38b)
where O(q)!!) and O(g)[? are nuclear operators [see, e.g.,
Egs. (15) and (A1)]. Hence, the ratio R, = gO)/FgO:O
is essentially independent of nuclear matrix elements and
is governed by the ratio of single nucleon form factors as
in the TA case. Thus, the inclusion of two-body currents
does not seriously change the joint constraints on p, and
/\g). Some changes from the IA results do appear, since

neither GSCI) nor the p-m contributions are completely neg-

ligible. In the event that |u,/ps| > 0.15, however, this
argument would break down, and our conclusions would
have to be modified.

We also point out that the uncertainty in the sign of
the p-m transition current contribution does not seriously

affect the (ps, )«g)) constraints, even though the magni-
tude of this contribution is as large as the experimen-
tal uncertainty in Apr assumed in obtaining the plots
of Fig. 6. To understand why this is the case, consider
the following argument. If one assumes that all of §Apgr
translates into an uncertainty d R, in the extracted value
of R,, and if one further assumes that p, and /\g) can be
varied in a manner consistent with this uncertainty é R,
[as we’ve done in obtaining the lines in Fig. 6(b)], then
one has

SAr _ OR,

= 39
ALr 4sin29w + R, (39)
or
. 2 JALR
R, = (4sin“6w + R,)
ALr
~ 0.1+ 0.1R, (40)

for ALr/ALr = 0.1. Since R, changes by only +0.1 for
different choices for the sign of g ., the impact of this
choice on the magnitude of d R,—and, therefore on the
joint constraints on (ps, /\g))—is an order of magnitude
smaller than the impact of the experimental error in Ay g.

Finally, in Fig. 7 we show the p-meson pair current
contribution to F((f) under the two different assumptions
for the inclusion of the retardation correction. The curve
labeled by py was calculated without the retardation cor-
rection (Gari-Hyuga convention [36]), while the curve la-
beled p includes it (Riska convention [32,33]). The dif-
ference between the two should be taken as an estimate
of the theoretical uncertainty in the treatment of these
short-range currents. Fortunately, the scale of the vector
meson contributions is sufficiently small that the choice

of convention has a negligible impact on the value of F((;) .
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FIG. 7. p-meson pair current contribution to Fé’)(q) com-
puted including the retardation correction and omitting it (#
subscript). Only absolute value is plotted, while sign is indi-
cated in parentheses.
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V. CONCLUSIONS

We have computed MEC contributions to the *He
strange quark elastic form factor, Fg) = ZﬁFc(fg (9),
using Monte Carlo methods and an accurate variational
ground state wave function. Our results indicate that
the nuclear strangeness radius, p,[nuc], which governs

F((;) (g) at low momentum transfer, is (1) dominated by
the single nucleon strangeness radius, (2) 2 orders of mag-
nitude less sensitive to many-body strangeness currents,
and (3) independent of pionic MEC’s—results which es-
sentially confirm our previous conclusions based on the
shell model calculation. At moderate values of ¢, such
as those corresponding to the approved CEBAF elas-
tic PV *He experiment [24], we find that Fg) generates
a 35% correction to the PV asymmetry, assuming that
IG) /G2 ~ 1 and |G)/GZ7°| ~ 1 in this regime and
that g,(,‘:r)(Qz) is correctly given by ¢-meson dominance.
The magnitude of this correction is smaller than the sta-
tistical error projected for the CEBAF experiment under
the most conservative assumptions about beam polar-
ization. In the absence of nucleonic strangeness, non-
nucleonic s§ pairs would generate roughly a 15% cor-
rection to the nonstrange asymmetry at these kinemat-
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ics. Thus, the scale of the strange-quark contribution to
Apr(*He) is still sensitive to the nucleon’s strangeness
electric form factor. In the event that |Gg) /GEl € 1,
a more precise ‘He PV measurement could probe the
p-m strangeness charge operator. Such a measurement
would be interesting since only a p-7 transition three-
current operator has been probed in other experiments
performed to date [27]. Finally, inclusion of MEC con-
tributions to Fg) and FE=° does not appear to affect
noticeably the constraints on the leading and next-to-
leading Q2-dependence of Gg) attainable with a medium-
g measurement of the “He PV asymmetry.
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APPENDIX

In this Appendix, we provide complete expressions for the two-body charge operators, expressions for the low-¢
forms of the corresponding Coulomb projections, and additional details of our shell model calculation of the nuclear

strangeness radius.

1. Two-body charge operators

Expressions for the coordinate space charge operators can be obtained by Fourier transforming the momentum-space
operators in Egs. (22) and (24) and summing over all nucleon pairs. The resulting formulas are

2
D e = =i | 22| FL(r) 3 8

167m3;

e~ ™MnTij
X —_————
,,.2

i

i<j

for the pionic current,

167rm:1’v

= x;)0(x; — xj)Ti - T;

2 ~
pa)P) = [M} G (1) S Ty (4, 4)8(x: — x4)d(x; — x5)

i<j

Tij

) e~ ™MV Tij

i

(1 + m,rTij)[eiq'xiO'i - qo; - ’I'Aij — 6iq.xj0’j - qo; - rAij] (A].)
e~mvrii | L o . o
X{ [ ; ] [e*¥™ (0 x q) - V; + €'V (0; x q) - V]
} (1+ myry)[e9% (q - fiy + 05 X q- 05 X Fy5)
(A2a)

—e'VXi(q i + 0y X q- 05 X fia‘)J }

for the vector meson pair current in the absence of the retardation term, and
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@I6) _ a2l | gvmv F© 7 x)6(x; — %) | St | (1 4 myrij)
(q)V pair — (q)V pair + '“CV(I + I‘CV) 167 m T) (Z J X;j J 2 VTij
i<j g
x[eM%ig; x q- 0 X Fij — €%, x q - 0 X Tij] (A2b)
with the retardation term included. The p-7 transition current operator is given by
(a)
o grNNIVNNGpr (T) iq-R;
pla) = —[ S2mmdm, ] D 8(xi — x})d(x; — x;)7i - T VRGT(, 5), (A3)
i<j
where
. . . e ~ e ~
L'(s,5) = i[Fi(ri;)V; - (fij x @)oi - q — F1(—13;)V; - (735 X Q)0 - q]
© e n ~
+F2(ri;)V; - (fij x @)fij - 0 + Fa(—r135) Vi - (Fij X Q)5 - 0
hd x4
+F3(ri;)V; - (0 X q) + F3(—ry5) Vi - (0 X q)
+(1 + Kp){0oi - 0 [i{G1(rij) + G1(—ri;)} + q - #i;{H1(ri;) — Hi(—ri;)}]
+q- 0iq- 0;[i{G2(ri;) + Ga(—1i;)} + @ 7o {Ha(rij) — Ha(-rij)}]
+#ij - ity - 05[i{Ga(rij) + Gs(—rij)} + @ - Fij{Hs(ri;) — Hs(—ri;)}]
+7ij - 0:q - 05[{Ga(ri;) — Gs(—ri5)} + iq - 7i;{Ha(ri;) + Hs(—ry5)}]
+fij - 054 - 0i[{Gs(rij) — Ga(—ri;)} +iq - #i;{Hs(ri;) + Ha(—r35)}]}, (A4)
where and where
9o 1/2
F=(n3). ot
1(x) nty gn(r,q) = / BB explifq -t — Lr],
] -1/2
Fg(r) =h0+7, 1/2 [ L ]
g h,(r,q =/ dBp" Lexp[iBq-r — Lr],
F3(l') = —70 5 (A5a) ( ) _1/2
1/2
kn(r,q) = / dBp™L%expliBq-r — Lr], (A6)
Gi(r) = —= (91—9—0) 7 /2
2 ’ b
2 h wit
Ga(r) = 22 _py - ?" ,
h =—m +m2) + B(m2 —m2) + (1/4 - B*)q*. (AT)
s = [ (o= ) + (- ). st o
h
Ga(r) = ko — To , We define
o « =
Gs(r) = = +¢* ( 2 — %) , (A5b) V;=V;-V,, (A8)
Hi(r) = 1 ( o+ 50 ) where ‘{7,- and ?7,~ are gradients acting to the left and right,
r \° ’ respectively, on the coordinate of the ith nucleon in the
Hay(r) = 9 _ g wave function (and not on the coordinates appearing in
’ the operators). The isospin tensor Tv(i, j) is defined in
3ho 390 Eq. (23), the quantities x; and x} are the coordinates of
Hs(r) = - (ko +t —2) ) the ith nucleon in the initial and final state wave func-
tion, respectively, and the coordinates r;;, etc. are de-
fined in Eq. (A11) below. As elsewhere, the superscript
ko 1 % a denotes either the 7 = 0 EM current or strangeness
H,(r) hy — > + - ( 11— E) s current operators.
T Expressions for the pair current operators with
1 A hadronic form factors included (finite Aps) may be ob-
Hs(r) = - (91 + go) (h,1 + 0) (A5c) tained from the above formulas by making the replace-
r 2 2 ment
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@(mM) - @(mM) - @(AM) @(mwamp) — O(mramp) + A(AﬂaAp)
2 _ 2 . . .
LAy —miy) d O(Anr), (A9) ~O(ma,A,) — O(Ar,m,), (A10)
2A s dA

where @(mM) is any one of the pair current operators
in Egs. (Al) or (A2) associated with the exchange of
a meson having mass mps. Similarly, for the p-7 tran-
sition current, the Coulomb operator in the presence of
hadronic form factors arises from making the replacement

pionic

where O(m,, m,) is the operator appearing in Eq. (A3).

Substituting the above expressions for the charge op-
erators into Eq. (7c) and expanding the exponentials in
powers of q leads to the following expressions for the
leading g dependence of the Coulomb operators:

2
orl2] _ 9xNN (a)
Mg, (9) =T [m] F™(7) 25(&' = x;)6(x; —x5)Ti - T;
q—0 i<j
e~ MR 1 8t .
X m—— (1 + m,rrij) 50'1' coOj+ ?[Yz(rij) ® [O'i ® O'j]z]o
R;;\ - .
+ - (Rij x 735) - (s x &) |, (A10a)
ij
V pair
Y —myTij
M@ = el [Za ]S s =) [ |
oo 2473/2m ; 7 myr;;
2 87 .
X\ A+ sv)(L+myry) |1+ 20005 — 4/ = [Ya(fi5) @ [0 @ 75]2]o
R\ ,. . y g
+ (7’1) (Tij X Rij) . (0’,’ X O'j)] + 2,']' . (Lé — ZL:,])
ij
. . = [ Ry ~ .
—’LAij . (T','j X VR 2R,J X V,.‘]) T— (1 + mVT‘,;]')A,'j . (R,'j X ’I‘i]') s (AlOb)
ij

M)

pT
— . (a) grNNYpNN
Tgp1r( )[ 2473/2 ] Z&
g—0 i<

1 1

X
(mprij)? — (Mmarij)?

mpTij

1 .. R = . ..
—5iiZa(1,7)Aij - (Fij X VR,;) +i24(i,5) 25 -

Ri' JNN 2~ ii . .. A A ij
-2t ( - J) Zz(Z,])T’,’j . Ain,'j . L:,J - 1Zg(l,j)2ij VLAY I L}‘;} ,
i

where

Fij = Tij/Tij (Alla)
1

R,‘j E(Xi + x])

R;; = |Ry;] (A11b)

{(1""%)
—\/gzz(i,j)m(ﬁj) ® [0i ® oj]2]0 + (1,%

'—X‘Ii)Ti'Tj

Z,(i,j)oi - o;

iJ

) Z3(1,5) (Fij % RU) (oi x UJ)}

—

(L¥ + LY) — 2Ri; Z4(3,5) Asj - (Rij x V)

(Al0c)
I
Lij = ——ir,-_,,- X 6,.[.]. ,
LY = —iRy; x Vg, , (Allc)
21']' =0;+0j,
A;j=o0;—0j, (Al1d)

and where
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Z1(i,5) = (Mgriz)2e™ ™ — (m,,rij)ze_m""" , (Al12a)
Z5(3,5) = [3+ 3(mpri) + (mprij)?le™ ™" — [3 4 3(marij) + (Marij)*le ™", (A12b)
Z5(i,3) = [2 + 2(mprij) + (mp"ij)2 + (mp’ij)a]eﬂm’n’-
—[2 4 2(mgri;) + (marii)? + (Mgrii)3le ™ T (A12¢)
Z4(3,7) = [1 + mprizle™ ™6™ — [1 4 mgrijle” ™ " . (A124d)

We note in passing that the overall normalization of the
p-m operator appearing in Eq. (A10c) differs by a factor
of 4 from that appearing in Eq. (7) of Ref. [26]. The

latter, as well as the terms involving gf,:r) in Egs. (10)
and (14) of that work, should be multiplied by 1/4.

2. Shell model calculation

Use of a simple shell model “He ground state allows one
to obtain analytic expressions for the nuclear strangeness
radius, p,[nuc], which are useful in the interpretation of
the numerical results obtained with variational ground
state wave functions. To that end, we compute matrix
elements of the one- and two-body Coulomb operators
in the low-g limit. From the expressions in Egs. (A10)
and as noted in the main text of the paper, the vector
meson pair current and p-7 transition current Coulomb
operators go as g2 for low-q. The two-body pionic op-
erator, in contrast, vanishes as g* since Fl(“) ~ g% and
since the operator carries an additional, explicit factor of
q?. Similarly, the vector meson pair current retardation
term also enters at O(g?). Thus, for purposes of com-
puting two-body contributions to p,[nuc], we need only
compute matrix elements of the operators in Egs. (A10b)
and (A10c). In the limit that the *He ground state is a
pure S state, the leading ¢2 dependence of the one-body
matrix element [Eq. (15)] is given by the one-body form
factor times the number of nucleons and is independent
of details of the nuclear wave function. The two-body
matrix elements, on the other hand, are structure depen-
dent. An important consideration in this respect is the
short-range repulsion between nucleons. Since the ranges
of the p- and w-mesons are commensurate with the ra-
dius of the repulsive core in the N-N potential, matrix
elements of the vector meson-exchange operators ought
to be suppressed. To account for this effect, we compute
the two-body shell model matrix elements by including a

phenomenological correlation function, g(r), in the inte-
gral over relative coordinates:

/oo rzdru"‘(r)@u(r) - /00 r2drg(r)u* (r)@u(r) ,
0 0
(A13)

where u(r) is the radial wave function for the relative
motion of two nucleons, r = |x; — X2| is the relative co-
ordinate, and O is an r-dependent two-body operator.
Following the approach of Ref. [34], we take the correla-
tion function to have the form
g(r) =CL—e"/"], (A14)

where the constant C is determined by the requirement
that the wave function be normalized. A fit to the nuclear
matter correlation function of Ref. [47] gives d = 0.84
fm. With this form for g(r), the uncorrelated two-body
matrix elements are modified as

M(b) - C[M(b) — M (bert)], (A15)
where M (b) is the uncorrelated two-body matrix element
computed using an oscillator parameter b, where the ef-
fective oscillator parameter is given by

()b
and where
e= - (%) (axr

In the limit of no short-range repulsion (beg — 0), one

has for the leading ¢ dependence of F((;O) the expression
given in Eq. (26). The nuclear A, ; are given by

=2 (A18a)
2
Aza = — Vz;w(l + kv) (—\/Z?JN) (2—;) (xb) {1 — (myb)? + /m/2(myb)3exp[} (myb)?|erfc (T\/V_i_b) }
\/igz my Ny 5
- —V;p,w(l + Kv) (_____87‘:2NN> (m—N) RO [1 ~ by + } ) (A18b)
A2p = (1 +Kp) (ﬂgﬂllg:prN) (n-’:izb) [(m,,b)2 i (m,,.b)z] [(Mrb)I(mb) — (m,b)2I(m,b)], (A180)
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where 3
(mpb)?I(mpb) =1 — ——<5 +---. (A20)
I(mb) = 1 — /T (mb)exp[2 (mb)?erfc ( ™2 A met)
= 5 p[5 (mb)?lerfc _ﬁ , (A19)

and where ANy, are spin-isospin matrix elements, and
gvnN is the vector meson-nucleon coupling. For b = 1.2
fm, one has m,b >> 1, so that the function in Eq. (A18c)
may be expanded as

A similar expansion in powers of 1/(myb) has been used
in arriving at the expression in Eq. (A18b), where the
ellipses indicate contributions from terms higher order in
1 / (mvb) .
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