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Elastic e-d scattering data and the deuteron wave function
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What range of momentum components in the deuteron wave function are availablee-d elastic scattering
data sensitive to? This question is addressed within the context of a model calculation of the deuteron form
factors, based on realistic interactions and currents. It is shown that the data on theA(q), B(q), andT20(q)
observables atq<6 fm21 essentially probe momentum components up to.4mp .
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I. INTRODUCTION, RESULTS, AND CONCLUSIONS

The present work addresses the following issue: w
range of momentum components in the deuteron wave fu
tion are probed by presently availablee-d elastic scattering
data? The question is answered within the context of a mo
@1#, based on realistic interactions and currents, that pred
quite well the observed deuteronA(q) and B(q) structure
functions andT20(q) tensor polarization up to momentum
transfers q.6 fm21. To this end, the deuteronS- and
D-wave components obtained in the full theory@1# and de-
noted asuL(p), L50, 2, are truncated, in momentum spac
as

ūL~p;n!5
cn

@11exp~p2pn!/a#1/2
uL~p!, ~1.1!

where the cutoff momentumpn5nmp (mp is the pion mass
and n is an integer! and a50.1mp . The constantscn are
fixed through the normalization condition, Eq.~2.6! below.
The wave functionsūL(p;n) corresponding ton51, 2, and 4
along with the referenceuL(p) are shown in Fig. 1. The
truncated wave functions are used only to examine their c
tribution to e-d elastic scattering. They are not associa
with a change in theNN interaction. TheA(q), B(q), and
T20(q) observables are calculated using these truncated w
functions by including one-body only and both one- and tw
body currents. The results are displayed in Figs. 2–4.

Aspects of the present theory@1# pertaining to the input
potential, the boost corrections in the wave functions, the
and two-body charge and current operators, are succin
summarized in Secs. II–IV. Here it suffices to note that
results shown in Figs. 2–4 are obtained within a schem
which these various facets are consistently treated to o
(v/c)2. Thus the present approach improves and extends
adopted in Refs.@2,3#, in which relativistic corrections of
order (v/c)2 were selectively retained. For example, t
(v/c)2 contributions associated with thep-exchange charge
operator were included, while those originating from t
one-pion-exchange potential and from boosting the w
function were ignored. The consistent (v/c)2 scheme em-
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ployed here, however, does not alter quantitatively the p
dictions obtained in Refs.@2,3#, except for theB(q) structure
function as discussed in Sec. V. A detailed analysis of
differences between the two approaches is beyond the s
of this work; it will be presented in Ref.@1#.

We assume that the three-momentum transferq in e-d
elastic scattering is in thez direction. In the Breit frame the
deuteron has initial and final momenta2q/2 and 1q/2 in
this direction, respectively. In the presence of only sing
nucleon currents, the deuteron wave function has to h
components with relative momentap5up12p2u/2 larger than
q/4 in order to produce elastic scattering at momentum tra
fer q. In a limiting case, for example, the nucleons ha
momenta of2q/2 and 0 in the initial state and1q/2 and 0
in the final, all along thez axis. Thus elastic scattering vi
one-body currents probes momentum distributionsuL(p) at
p.q/4. This argument, however, does not establish
maximum value ofp which the observed form factors wit
q<6 fm21 are sensitive to. In addition, there is no kin
matical limit on initial and final relative momenta for sca
tering via pair currents. Therefore, we use a realistic mo
of the deuteron to estimate the maximum value ofp probed
by the available data.

There is growing interest in chiral effective field theori
of nuclear forces and currents@4,5#. In such theories the ef

FIG. 1. The truncated wave functionsūL(p;n), with n51, 2,
and 4, are compared with the referenceuL(p).
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fective Lagrangian is obtained after integrating out sta
with momenta greater than a specified cutoff. They cont
additional pair current terms to include the effect ofNN
states beyond the cutoff, such that the observables do
depend upon the cutoff. In our reference theory there is
explicit cutoff in theNN space, and our pair current operat
does not contain such terms. We hope that the result
calculations with truncated wave functions provide an e
mate of the effect of states with momenta larger thanpn

5nmp to be included via additional pair current terms
effective theories.

The deuteron wave function is dominated by the one-p
exchange potentialvp(k), wherek5p82p is the momentum
transferred by the exchanged pion. The dependence ofvp(k)
@see Eq.~2.2! below# on the magnitudek is primarily given
by thepNN form factor f p(k) for k2@mp

2 . In this limit, the
leading nonrelativistic term ofvp(k) becomes

FIG. 2. TheA(q) structure functions obtained with the truncat

wave functionsūL(p;n) for n51, 2, and 4 are compared with th
referenceA(q) ~thick dashed and solid lines! and data. The results
obtained with one-body only and both one- and two-body operat
labeled, respectively, IA and TOT, are shown.

FIG. 3. Same as in Fig. 2, but for theB(q) structure func-
tion.
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vp~k!52
f pNN

2

mp
2

f p
2 ~k!

mp
2 1k2

s1•ks2•kt1•t2

.2
f pNN

2

mp
2

f p
2 ~k!s1• k̂s2• k̂t1•t2 , ~1.2!

wherek̂ is a unit vector. Thus the deuteron wave function
relative momentump is expected to be sensitive tof p(k) up
to k.p.

The results shown in Figs. 2–4 indicate that the availa
data on deuteron form factors atq<6 fm21 are sensitive to
the wave functions up top.4mp . After including pair-
current contributions, the reference wave function and t
truncated atp54mp do not give significantly different form
factors in thisq range. The reference and truncated wa
functions, respectively, overpredict and underpredict the
served A(q) at q>6 fm21; both underpredict B(q
,7 fm21), and fail to reproduce the data point forT20 at
q.6.8 fm21. The available data onA(q) at larger values of
q can be used to test the deuteron wave function ap
.4mp ; however, improved theoretical understanding a
more accurate data onB(q.6 fm21), and new data on
T20(q.6 fm21) are needed.

II. DEUTERON WAVE FUNCTION

The deuteron rest-frame wave function is obtained
solving the momentum-space Schro¨dinger equation with the
relativistic Hamiltonian@6,7#

Hm52Ap21m21vm, ~2.1!

wherevm consists of a short-range partvR
m parametrized as in

the Argonnev18 potential@3#, and of a relativistic one-pion-
exchange potential~OPEP! given by

vp
m~p18 ,p1!

52
f pNN

2

mp
2

f p
2 ~k!

mp
2 1k2

m

E8

m

E Fs1•ks2•k1m3~E82E!

3S s1•p18s2•p18

E81m
2

s1•p1s2•p1

E1m D Gt1•t2 . ~2.2!

s,

FIG. 4. Same as in Fig. 2, but for theT20(q) tensor polarization.
9-2



-

g
o

d
EP
th

ag
id
en
et
s
i

ed
all

o

t
le
It
th

ng
in
ve

rg
eo
ng
n

av
n
e
e
m
c
te
dr
on

use
e-
are
pli-

ic,

in.
t of

of
ion

-
ce

the
not

ni-

r
ve
th

nd
and

uc-

e-
the
the
is
en
all
rily

of

city

s.

ELASTIC e-d SCATTERING DATA AND THE . . . PHYSICAL REVIEW C 65 064009
Here m is the nucleon mass,f pNN is the pion-nucleon cou
pling constant (f pNN

2 /4p50.075), p1 and p18 are the initial
and final momenta of particle 1 in the center-of-mass fram
k5p182p1 is the momentum transfer,E5Ap1

21m2, andE8

5Ap
1

82
1m2. The monopole form factor

f p~k!5
Lp

2 2mp
2

Lp
2 1k2

, ~2.3!

with Lp51.2 GeV/c is used in this work.
The m-dependent term characterizes possible off-ener

shell extensions of OPEP, and leads to short-range n
localities in configuration space. In particular, the valuem
521 (m51) is predicted by pseudoscalar~pseudovector!
coupling of pions to nucleons, whilem50 corresponds to
the so-called ‘‘minimal nonlocality’’ choice@8#. It has been
known for over two decades@8#, and recently reemphasize
by Forest@7# that these various off-shell extensions of OP
are related to each other by a unitary transformation, in
sense that

e2 imUHm50eimU.Hm501 im@Hm50,U#.Hm, ~2.4!

if terms of 2p range~and shorter-range! are neglected. The
Hermitian operatorU is given explicitly in Ref.@7#. This
unitary equivalence implies that predictions for electrom
netic observables, such as the form factors under cons
ation here, are independent of the particular off-shell ext
sion adopted for OPEP, provided that the electromagn
current operator, specifically its two-body components as
ciated with pion exchange, are constructed consistently w
this off-shell parameter. This point will be further elaborat
in Sec. III. At this stage, however, it is important to rec
that Forest has constructed relativistic HamiltoniansHm with
m561,0, each designed to be phase-equivalent to the n
relativistic H, based on the Argonnev18 potential.

Before moving on to a discussion of boost corrections
the deuteron wave function, it is useful to dwell a litt
longer on the issue of scattering-equivalent interactions.
well known that the two-nucleon scattering data and
bound state energy cannot uniquely determine theNN inter-
action. It is possible to generate nonlocal scatteri
equivalent interactions from any given interaction. These
teractions obviously give different bound state wa
functions, and Polyzou has demonstrated@9# that the radius
of the deuteron wave function can be made arbitrarily la
by applying transformations that make the nucleon-nucl
(NN) interaction nonlocal at greater than one-pion excha
range. One may then question the meaning of a wave fu
tion obtained from an interaction model. Nevertheless, w
functions have proved to be quite useful in studies of grou
and low-energy excited states of quantum systems. For
ample, the wave function of the electron in the hydrog
atom and its Bohr radius are very useful concepts in ato
and condensed matter physics, though Polyzou’s proof
be generalized to show that it is possible to implement in
action transformations so as to make the radius of the hy
gen atom wave function arbitrarily large. One does not c
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sider seriously this freedom in the atomic case beca
transformations which make the Coulomb interaction b
tween slow charges highly nonlocal at large distances
presumably unphysical. They are likely to generate com
cated many-body forces, etc.

While nuclear forces are not as well understood as atom
we believe that OPEP gives the longest-range part of theNN
interaction and that it is local in the nonrelativistic doma
This belief is based on the fact that the pion is the lightes
the strongly interacting bosons, and that thes•¹ coupling is
unique at small momentum transfers. All realistic models
nuclear forces assume this, and describe only the two-p
and shorter-range part of theNN interaction phenomenologi
cally. This constraint severely limits the model dependen
in NN interactions. All the five modern models@3,10,11#
predict rather similar deuteron wave functions@12#. The dif-
ferences in their predictions are predominantly due to
abovementioned relativistic effects in OPEP that are
unique. The Bonn@11# model uses OPEP withm521, while
the Argonne@3# and Nijmegen@10# models usem50, which
gives maximal locality. These models are related by the u
tary transformation exp(2 imU), Eq. ~2.4!, and are expected
to give essentially the same observables.

Because of these considerations, them50 prescription is
adopted for OPEP from now on, and the superscriptm50 is
dropped fromHm in Eq. ~2.1!, for ease of presentation. Ou
main conclusion, however, is not likely to be very sensiti
to m, since the nonnelativistic part of the wave function wi
nucleon momenta less than 4mp appears to dominateed
elastic scattering atq<6 fm21.

The partial-wave local models such as Argonne, Reid a
Nijmegen II also assume that the two-pion exchange
shorter range parts of theNN interaction are local. These
interactions are presumably influenced by the internal str
ture of the nucleon, the coupling of theD and other nucleon
resonances to thepN channel, and exchange of heavier m
sons. They are expected to be local in regions where
potential is much smaller than the nucleon mass, and
Born-Oppenheimer approximation is valid. This condition
typically violated in the region of the repulsive core betwe
nucleons. However, the nuclear wave function is very sm
in that region, and the interaction there is not necessa
nonlocal.

The momentum-space wave function in the rest frame
the deuteron is denoted withcM(p;0) ~here, the argument 0
indicates the rest frame in which the deuteron has velo
v50), and is written as

cM~p;0!5@u0~p!Y 011
M ~ p̂!1u2~p!Y 211

M ~ p̂!#h0
0 , ~2.5!

where p is the relative momentum,M is the angular-
momentum projection along thez axis,h0

0 is the pair isospin

T50 state, andY LSJ
M (p̂) are standard spin-angle function

The normalization is given by

E
0

` dpp2

~2p!3
@u0

2~p!1u2
2~p!#51. ~2.6!
9-3
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The internal wave function in a frame moving with velo
ity v with respect to the rest frame can be written to ord
(v/c)2 as @8#

cM~p;v!.S 12
v2

4 D F12
1

2
~v•p!~v•¹p!

2
i

4m
v•~s12s2!3pGcM~p;0!

.
1

Ag
F12

i

4m
v•~s12s2!3pG

3cM~pi /g,p' ;0!, ~2.7!

whereg51/A12v2, andpi andp' denote the component
of the momentump parallel and perpendicular tov, respec-
tively. Only the kinematical boost corrections, associa
with the Lorentz contraction@term }v•pv•¹p) and Thomas
precession of the spins~term}v•(s12s2)3p# are retained
in Eq. ~2.7!. There are in principle additional, interaction
dependent boost corrections. Those originating from
dominant one-pion-exchange component of the interac
have been constructed explicitly in Ref.@8# to order (v/c)2.
At this order, however, their contribution to the form facto
in Eqs. ~4.5!–~4.7! vanishes, since it involves matrix ele
ments of an odd operator under spin exchange betweeS
51 states. Indeed, this same selection rule also holds fo
Thomas precession term. Therefore the interacti
dependent boost corrections do not contribute to elastic s
tering up to order (v/c)2, and are neglected in the following

It should also be noted that terms of order higher th
(v/c)2 due to Lorentz contraction have in fact been includ
in the second line of Eq.~2.7!. The factor 1/Ag ensures that
the wave function in the moving frame is normalized to on
ignoring corrections of order (v/c)4 from the Thomas pre-
cession term.

It is interesting to study the relation between the Bre
frame matrix elementr̄(q;B) of the point-nucleon density
operator, and the rest framer̄(q;0). Onefinds, again ignor-
ing Thomas precession contributions

r̄M~q;B!5E dp

~2p!3
cM

† ~p1q/4;vB!cM~p2q/4;2vB!

5
1

gB
E dp

~2p!3
cM

† S pi1q/4

gB
,p' ;0D

3cMS pi2q/4

gB
,p' ;0D

5 r̄M~q/gB ;0!, ~2.8!

after rescaling of the integration variables (pi /gB ,p')
→(pi ,p'), in the last integral. HeregB is the Lorentz factor
corresponding tovB5(q/2)ẑ/Aq2/41md

2 in the Breit frame.
This result is consistent with the naive expectation that
density in configuration space is ‘‘squeezed’’ in the directi
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of motion by the Lorentz factorgB or, equivalently, that its
Fourier transform is ‘‘pushed out’’ bygB . For q56 fm21,
vB.0.3, andgB.1.05, corresponding to a 5% Lorentz co
traction.

III. NUCLEAR ELECTROMAGNETIC CURRENT

The electromagnetic charge and current operators inc
one- and two-body terms. Only the isoscalar parts need to
considered, since the deuteron hasT50. The one-body term
is taken as

j 1-body
s ~q!5@r1-body~q!,j1-body~q!#

5 (
i 51,2

1

2
ūi8FF1

S~q!gs1 i
F2

S~q!

2m
sstqtGui ,

~3.1!

whereqs5(0,qẑ) in the Breit frame,ui andui8 are the initial

and final spinors of nucleoni, respectively, withūi[ui
†g0,

and F1
S and F2

S denote the isoscalar combinations of t
nucleon’s Dirac and Pauli form factors, normalized
F1

S(0)51 andF2
S(0)520.12 ~in units of nm!. The Höhler

parametrization@13# of F1 andF2 is used in this work. The
spinoru, or rather its Hermitian conjugate, is given by

u†5S E1m

2E D 1/2S xs
† ,xs

† s•p

E1mD , ~3.2!

wherep andE5Ap21m2 are the nucleon’s momentum an
energy, andxs is its ~two-component! spin state. Note tha
u†u51. In earlier published work on the form factors of th
deuteron@2,3# and A53 –6 nuclei, most recently@14,15#,
boost contributions were neglected, and only terms up
order (v/c)2 were included in the nonrelativistic expansio
of j 1-body

s , namely, the well known Darwin-Foldy and spin
orbit corrections tor(q). In the calculations reported here
however, the full Lorentz structure ofj 1-body

s is retained.
The two-body terms included inj 2-body

s are those associ
ated withp- andr-meson exchanges and therpg transition
mechanism. Thep andr spatial current operators to leadin
order in v/c are isovector, and therefore their contributio
vanish ine-d elastic scattering. Thep-exchange charge op
erator is obtained, consistently with the off-shell parametem
adopted for OPEP, as@8#

rp
m~q!5

~32m!

8m

f pNN
2

mp
2

F1
S~q!

f p~k2!

k2
21mp

2
s1•qs2•k2t1•t2

11
2, ~3.3!

wherek i5pi82pi , f p(k) is thepNN form factor defined in
Sec. II, andF1

S(q) denotes the Ho¨hler parametrization@13#
for the nucleon’s isoscalar Dirac form factor. It is easy
show, to order (v/c)2, that
9-4
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e2 imU~r1-body1rp
m50!eimU.r1-body1rp

m501 im@r1-body,U#

.r1-body1rp
m , ~3.4!

where exp(2 imU) is the unitary transformation of Sec. I
Again, we emphasize that the choicem50 is made forrp

m

~as for OPEP in Sec. II! in the present work.
At this point it is important to recall that thep-exchange

charge operator corresponding tom521 was included in all
our previous studies of light nuclei form factors~for a re-
view, see Ref.@16#!, based on nonrelativistic Hamiltonian
in which the OPEP part ofv was taken to be its leading loca
form, i.e., E85E and E/m→1 in Eq. ~2.2!. While these
calculations are not strictly consistent, since relativistic c
rections are selectively retained inr(q) but ignored in the
potential and kinetic energies, they nevertheless gave fa
accurate results since the corrections to the wave function
rather small@6#.

Vector-meson (r andv) two-body charge operators hav
been found to give contributions, in calculations of light n
clei form factors@16#, that are typically an order of magn
tude smaller than those associated with therp operator. In
the present study, only ther-exchange charge operator
considered:

rr~q!5
grNN

2 ~11krNN!2

8m3
F1

S~q!
f r~k2!

k2
21mr

2

3~s13q!•~s23k2!t1•t211
2, ~3.5!

wheremr , grNN , andkrNN are ther-meson mass, vector
and tensor coupling constants, respectively. Here the va
grNN

2 /(4p)50.84, andkrNN56.1 are used from the Bon
2000 potential@17#, while the rNN monopole form factor
f r(k) hasLr51.2 GeV/c.

Finally, therpg current is obtained from the associat
Feynman amplitude as

j rpg
m ~q!5 igrpg

grNN

mr

f pNN

mp
Grpg~q!

f r~k1!

k1
21mr

2

f p~k2!

k2
21mp

2

3emnstk1,sqt3F ū18S gn1 i
krNN

2m
snak1

aDu1G
3~ ū28gbk2

bg5u2!t1•t211
2, ~3.6!

wheregrpg andGrpg(q) are therpg coupling constant and
form factor, respectively, ande012351. The value grpg
50.56 is obtained from the measured width of the decar
→pg @18#, while the form factor is modeled, using vecto
meson dominance, as

Grpg~q!5
1

11q2/mv
2

, ~3.7!

wheremv is the v-meson mass. Note that in Eq.~3.6! the
term proportional tok1

ak1
b in the r-meson propagator ha

been dropped, since it vanishes if the nucleons are assu
06400
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to be on mass shell. Furthermore, in both meson propaga
retardation effects have been neglected.

The leading terms in a nonrelativistic expansion of E
~3.6! reduce to the familiar expressions for therpg charge
and current operators, as given, for example, in Ref.@2#.
However, it is known that these lowest-order expansio
particularly that forj rpg , are inaccurate. This fact was firs
demonstrated by Hummel and Tjon@19# in the context of
relativistic boson-exchange-model calculations of the d
teron form factors, based on the Blankenbecler-Sugar red
tion of the Bethe-Salpeter equation. It was later confirmed
a calculation of the deuteronB(q) structure function@2#, that
next-to-leading-order terms in the expansion forj rpg , pro-
portional (11krNN)/m2, very substantially reduce the con
tribution of the leading term. This issue will be returned
later in Sec. V. Here, again we stress that the full Lore
structure ofj rpg

s is retained in the present study.

IV. DEUTERON FORM FACTORS

The deuteron structure functionsA andB, and tensor po-
larizationT20 are expressed in terms of the charge (G0 and
G2) and magnetic (G1) form factors as

A~q!5G0
2~q!1

2

3
hG1

2~q!1
8

9
h2G2

2~q!, ~4.1!

B~q!5
4

3
h~11h!G1

2~q!, ~4.2!

T20~q!52A2
x~x12!1y/2

112~x21y!
, ~4.3!

where h5(q/2md)2, x5(2/3)hG2(q)/G0(q), y
5(2/3)h@1/21(11h)tg2u/2#@G1(q)/G0(q)#2, andu is the
electron scattering angle. The expressions above are in
Breit frame, and thereforeq denotes the magnitude of th
three-momentum transfer. The form factors are normali
as

G0~0!51, G1~0!5~md /m!md , G2~0!5md
2Qd,

~4.4!

where md and Qd are the deuteron magnetic moment~in
units of nm! and quadrupole moment, respectively, and
related to Breit-frame matrix elements of the nuclear elec
magnetic charger(q) and currentj (q) operators via

G0~q!5
1

3 (
M561,0

^cM ;vBur~q!ucM ;2vB&, ~4.5!

G1~q!52
1

Ah
^cM51 ;vBu j l51~q!ucM50 ;2vB&,

~4.6!
9-5
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G2~q!5
1

2h
@^cM50 ;vBur~q!ucM50 ;2vB&

2^cM51 ;vBur~q!ucM51 ;2vB&#. ~4.7!

Here j l51 denotes the standard11 spherical component o
the current operator.

The calculations are carried out in momentum space.
wave functionscM(p;6vB) are given in the second line o
Eq. ~2.7!, and the charge and current operators are th
described in Sec. III. The one-body current matrix eleme
involve the evaluation of integrals of the type, in a schema
notation,

E dp

~2p!3
cM8~p1q/4;vB! j 1-body

s ~p18 ,p1!cM~p2q/4;2vB!,

~4.8!

with p185p1q/2 andp15p2q/2, which are performed by
standard Gaussian integrations. The two-body current ma
elements, instead, require integrations of the type

E dp8

~2p!3

dp

~2p!3
cM8~p8;vB! j 2-body

s ~k1 ,k2!cM~p;2vB!,

~4.9!

with k15q/21p82p and k25q/22p81p. These integra-
tions are efficiently done by Monte Carlo techniques by sa
pling configurations (p,p8) according to the Metropolis al
gorithm with a probability densityW(p,p8)5w(p)w(p8),
where w(p)5p2ucM50(p;0)u2. The computer program
have been successfully tested by comparing, in a model
culation which ignored boost corrections and kept only
leading terms in the expansions forj 1-body

s and j 2-body
s , the

present results with those obtained with an earl
configuration-space version of the code@2#.

V. FURTHER RESULTS

In this section we briefly discuss the contribution of t
rpg current to theB(q) structure function. In Fig. 5 the

FIG. 5. TheB(q) structure functions obtained with the relativ
istic and nonrelativistic forms of therpg current of Eqs.~3.6! and
~5.1!, labeled, respectively,rpg-R andrpg-NR.
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results calculated with the current given in Eq.~3.6! ~curve
labeledrpg-R! are compared with those obtained by usi
the leading term in its nonrelativistic expansion~curve la-
beledrpg-NR!,

j rpg
NR ~q!52 igrpg

grNN

mr

f pNN

mp
Grpg~q!

f r~k1!

k1
21mr

2

f p~k2!

k2
21mp

2

3~k13k2!s2•k2t1•t211
2. ~5.1!

Figure 5 demonstrates the inadequacy of the approxima
~5.1!, a fact which, as mentioned already in Sec. III, has be
known for some time@19#. Indeed a more careful analys
shows that the contributions of next-to-leading order ter
are not obviously negligible, since they are proportional
the largerNN tensor coupling constant,krNN56.1 in Ref.
@17#. We sketch the derivation again here for the sake
completeness.

The vector structuree instG
nk1

sqt occurring in Eq.~3.6!,
with Gn5(G0,G) defined as

Gn[ū18S gn1 i
krNN

2m
snak1aDu1 , ~5.2!

can be written in the Breit frame as

e instG
nk1

sqt5G0~q3k1!2k1
0~q3G!, ~5.3!

where the indexi 51,2,3 andq5k11k2. Up to order (v/c)2

included, one finds, in analogy to the nonrelativistic expa
sion of the nucleon electromagnetic current

G0.12~112krNN!F k1
2

8m2
2

i

4m2
s1•~p183p1!G ,

~5.4!

G.
1

2m
~p181p1!1

i

2m
~11krNN!s13k1 . ~5.5!

Retaining only the leading term inGn, namely,Gn.(1,0),
leads to the expression in Eq.~5.1!. Some of the corrections
proportional tokrNN were explicitly calculated in Ref.@2#,
and were found to decrease substantially those from the l
ing term.

We note, in passing, that therpg charge operator,
rrpg(q), is proportional to

e0nstG
nk1

sqt5G•k13q.
i

2m
~11krNN!s1•k13k2 ,

~5.6!

where the nonlocal term proportional top181p1 has been
neglected, since it is suppressed by the factor 1/(11krNN)
relative to the terms13k1 in Eq. ~5.5!. The standard form of
the rrpg(q) commonly used in studies of light nuclei form
factors @14,15# easily follows. In this case too, howeve
9-6
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higher order corrections included inj rpg
0 , Eq. ~3.6!, reduce

the contribution of the leading term, although they do n
change its sign. A more detailed discussion of this issue
be given in Ref.@1#.

We conclude this section with a couple of remarks. T
first is that the destructive interference between the one-b
and rpg currents is also obtained in recent calculations
the B(q) structure function, carried out in the covaria
framework based on the spectator equation@20,21#. The sec-
ond remark is that in all earlier studies of light nuclei for
factors @16# additional two-body currents, originating from
the momentum-dependent terms of the two-nucleon po
tial, were included. Work is in progress@1# on an improved
C

v.

d

06400
t
ill

e
dy
f

n-

treatment of these currents, in an approach similar to
proposed in Ref.@22#.

ACKNOWLEDGMENTS

The work of R.S. was supported by U.S. Department
Energy Contract No. DE-AC05-84ER40150, under whi
the Southeastern Universities Research Association~SURA!
operates the Thomas Jefferson National Accelerator Fac
The work of V.R.P. was supported by the U.S. National S
ence Foundation via Grant No. PHY 00-98353. Finally, m
of the calculations were made possible by grants of comp
ing time from the National Energy Research Supercompu
Center.
C

ys.
@1# R. Schiavilla~unpublished!.
@2# R. Schiavilla and D. O. Riska, Phys. Rev. C43, 437 ~1991!.
@3# R. B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Phys. Rev.

51, 38 ~1995!.
@4# U. van Kolck, Prog. Part. Nucl. Phys.43, 337 ~1999!.
@5# M. Walzl and U.-G. Meissner, Phys. Lett. B513, 37 ~2001!.
@6# J. L. Forest, V. R. Pandharipande, and A. Arriaga, Phys. Re

60, 014002~1999!.
@7# J. L. Forest, Phys. Rev. C61, 034007~2000!.
@8# J. L. Friar, Ann. Phys.~N.Y.! 104, 380 ~1977!.
@9# W. N. Polyzou, Phys. Rev. C58, 91 ~1998!.

@10# V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen, and J. J.
Swart, Phys. Rev. C49, 2950~1994!.

@11# R. Machleidt, F. Sammarruca, and Y. Song, Phys. Rev. C53,
1483 ~1996!.

@12# R. Schiavillaet al., Phys. Rev. C58, 1263~1998!.
C

e
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