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Elastic electron deuteron scattering with consistent meson exchange
and relativistic contributions of leading order

Hartmuth Arenho¨vel, Frank Ritz, and Thomas Wilbois*
Institut für Kernphysik, Johannes Gutenberg-Universita¨t, D-55099 Mainz, Germany

~Received 5 October 1999; published 11 February 2000!

The influence of relativistic contributions to elastic electron deuteron scattering is studied systematically at
low and intermediate momentum transfers (Q2<30 fm22). In a (p/M ) expansion, all leading-order relativistic
p-exchange contributions consistent with the Bonn OBEPQ models are included. In addition, static heavy
meson exchange currents including boost terms and lowest orderrpg currents are considered. Sizable effects
from the various relativistic two-body contributions, mainly fromp exchange, have been found in form
factors, structure functions, and the tensor polarizationT20. Furthermore, static properties, viz. magnetic dipole
and charge quadrupole moments and the mean square charge radius are evaluated.

PACS number~s!: 21.45.1v, 13.40.Gp, 13.60.Fz, 25.30.Bf
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I. INTRODUCTION

Recently, we had studied systematically for photo- a
electrodisintegration of the deuteron, the influence of rela
istic contributions of leading order in ap/M expansion@1,2#.
In order to have a consistent framework of all one- and tw
body current and boost contributions, we had chosen a
interaction model the various Bonn OBEPQ versions@3,4#.
In particular, we were interested in the role of heavy mes
exchange. As a general result we found that in electrodi
tegration ther meson gives the most important heavy mes
contribution whereas the influence ofh, v, s, d, and
(r/v)pg is much smaller, in some observables complet
negligible, in particular, near the quasifree kinematics. Th
findings were also valid for photodisintegration with som
modifications, for example, in contrast to electrodisinteg
tion the boost effects were almost negligible in photodisin
gration for the energies considered because of the m
smaller momentum transfers involved.

As a further step in these investigations it is natural
study elastic electron scattering off the deuteron. On the
hand, one would expect larger interaction effects, beca
also the nucleons in the final state are always off-shell, on
other hand, the leading-order nonrelativistic meson excha
currents~MEC! from pion exchange will be absent due
their isovector character. Thus relativistic contributions
the MEC are expected to be more important. For this rea
it appears mandatory to include all leading-order relativis
contributions from pion exchange to one- and two-bo
charge and current densities including also wave-func
boost terms in a consistent framework. This is the main m
tivation for the present work in which we have used the sa
theoretical approach as in our previous investigations of d
teron photo- and electrodisintegration for the evaluation
the invariant form factors for elastic electron deuteron sc
tering.

Quite a few studies of this process exist in the literat
which can be divided into two classes:~i! nonrelativistic ap-
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proaches with relativistic contributions of leading order i
cluded, and~ii ! covariant approaches. For a review of th
status of the latter approaches see, e.g., more recent su
in @5,6#, and references therein. Furthermore, we would l
to mention the most recent work by Phillipset al. @7# using a
genuine three-dimensional relativistic framework. With r
spect to the first class of approaches, very few have ado
a consistent framework. Early developments may be foun
@8# and in the reviews@9,10#. More recently, relativistic two-
body currents from static pion and heavy meson excha
have been studied in@11–18#. Mosconi and Ricci@11# have
studied the dependence ofA(Q2) on the parametrization o
the elementary nucleon form factors in the regionQ2

<20 fm22. Their calculation is based on the Paris potent
and as current contributions they have included leading-o
relativistic one-body terms with boost,p and r exchange
and rpg current, but no other heavier mesons. Within
quark model approach for theNN interaction and the MEC,
Buchmanet al. @12# have studied this process with the incl
sion of leading-order relativistic contributions to the cu
rents, but without boost of the wave functions. Schiavilla a
Riska @13# have calculated form factors and observables
ing a current operator constructed consistently with the
gonnev14 potential including relativistic contributions, bu
again boost contributions have been left out completely. T
same approach has been used by Wiringaet al. @16# for the
newly developed charge-independence breaking Argonnev18
potential. In this work also static properties of the deuter
are reported. Within a pure one-pion-exchange model,
role of unitary equivalence of relativistic contributions to th
charge-density operator has been studied by Adamet al. @15#
using a consistent approach for all leading-order contri
tions to the charge-density operator including boost ter
Essentially the same approach but using the realistic P
and Bonn OBEPQ-B potentials has been applied to
charge and quadrupole form factors by Henninget al. @17#,
but the magnetic form factor has not been considered. P
saset al. @18# have studied the influence of different param
etrizations of the nucleon form factors on the observab
For the realistic Nijmegen and various Bonn potential mo
els, they have included the pion pair and retardation curre
the usual relativistic one-body currents, and probably a
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the one-body boost. But the contributions from heavier m
son exchange have been left out except for therpg current.

The most extensive treatment of all leading-order ter
including boost has been presented by Tamuraet al. @14# for
elastic and inelastic electron deuteron scattering based
one-boson-exchange~OBE! model for theNN interaction
which they had constructed specifically for this purpose a
it is difficult to assess the general quality of this potential.
addition, they have also considered as a realisticNN poten-
tial the Paris potential. Since this is a phenomenological
tential and not a genuine OBE potential, they had taken
pirical values for meson-nucleon coupling constants a
cutoff parameters. In view of the fact that probably th
OBEP has not reached the sophistication of the reali
Bonn OBEPQ models, the present work appears approp
and justified in evaluating elastic electron deuteron scatte
within a consistent approach based on a realistic gen
OBE potential.

In the next section we will give a brief review of th
relevant formalism for elastic electron deuteron scatter
where the definition of form factors and structure functio
are given. In Sec. III we sketch shortly the calculation
framework on which our evaluation is based. Then the
sults on static electromagnetic properties, on form fact
and structure functions will be presented and discussed.

II. BRIEF REVIEW OF FORMALISM

We will start with the general expression for the elas
electron scattering cross section off a deuteron in the lab
tory system in the one-photon-exchange approximation
unpolarized beam and target

ds lab

dVe
lab

5sMott
lab F ~11h!22

qW lab
2

qW c
2

WL
(c)~Q2!

1S 1

2
~11h!211tan2

ue
lab

2 DWT
(c)~Q2!G , ~1!

where

sMott
lab 5

a2 cos2
ue

lab

2

4 sin4
ue

lab

2

klab8

klab
3

~2!

denotes the Mott cross section in the laboratory system w
initial and final electron four momentakm and km8 , respec-
tively, a is the fine-structure constant, and the Lorentz sca
h is given by

h5
Q2

4Md
2

. ~3!

Here we have definedQ252qm
2 , where qm5km2km8

5(v,qW ) denotes the four momentum transfer withqm
2 ,0
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andMd is the deuteron mass. We further note the followi
relations, expressing the lab energy and three-momen
transfers byh:

qW lab
2 54Md

2h~11h!, q0,lab52Mdh. ~4!

The longitudinal and transverse structure functionsWL
(c)

and WT
(c) , respectively, are related to the deuteron curr

matrix elements by

WL
(c)~Q2!5

1

12Md
2 (

m8m

u^d8m8uJ0~0!udm& (c)u2, ~5!

WT
(c)~Q2!5

1

12Md
2 (

l561
(
m8m

u^d8m8uJl~0!udm& (c)u2,

~6!

whered and d8 denote the four momenta of the initial an
final deuteron states which are covariantly normalized as

^d8m8udm&5~2p!32Eddm8md~dW 82dW !, ~7!

whereEd5AMd
21dW 2. Here,J61 denote the components o

the current density operator transverse to the momen
transferqW , andJ0 is the following combination of the charg
density and the longitudinal current density component:

J052
uqW u2

qm
2 S r2

v

uqW u2
qW •JW D 5r2

v

qm
2 ~vr2qW •JW !, ~8!

which reduces to the charge densityr for a conserved cur-
rent.

The superscript~c! in Eqs. ~5! and ~6! indicates that the
matrix elements and thus the structure functions in Eq.~1!

are evaluated in a frame of reference ‘‘c’’ collinear to qW .
Usually one chooses either the laboratory, the Breit or
antilab system. WhileWT

(c)(Q2) is invariant for boosts col-
linear to the momentum transfer, the boost transformation
WL

(c)(Q2) from the system ‘‘c’’ to the lab system is take

care of in Eq.~1! by the factorqW lab
2 /qW c

2 . Here,qW c denotes the
three-momentum transfer in thec system. The boost propert
of WL

(c) arises from the fact thatJ0 /uqW u is invariant under
collinear boosts. We note in passing that for elastic scatte
the lab and antilab systems are equivalent for the evalua
since in this case one hasqW lab5qW antilab.

Now we switch to noncovariant normalization and elim
nate the c.m. motion by introducing the internal deuteron r
frame wave functionu1m& writing

udm&5A2EdudW &U~dW !u1m&. ~9!

Furthermore,udW & denotes the plane wave of the c.m. moti
andU(dW ) is the unitary operator of the boost from the de
teron rest system to the moving frame. The current ma
element is then reduced to the evaluation of the Fourier c
ponent J̃l of the current density including boost contribu
tions between intrinsic deuteron states

^d8m8uJl~0!udm&52AEd8Ed^1m8uJ̃l~qW !u1m&, ~10!
2-2
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ELASTIC ELECTRON DEUTERON SCATTERING WITH . . . PHYSICAL REVIEW C61 034002
where

J̃l~qW ,PW !5E d3RU†~dW 8!Jl~0!U~dW !e2 iqW •RW , ~11!

with qW 5dW 82dW andPW 5dW 81dW . For frames collinear toqW , PW

will be proportional toqW . Since such frames will be consid
ered exclusively, we can dropPW as an argument inJ̃l . In-
troducing the multipole decomposition

^1m8uJ̃l~qW !u1m&5~2 !lA2p~11dl0!

3(
LM

i LL̂^1m8u@dl0CLM

1d ulu1~TLM
(e) 1lTLM

(m)!#u1m&, ~12!

one defines the invariant charge monopole and quadrup
and magnetic dipole form factorsGC

(c)(Q2), GQ
(c)(Q2), and

GM
(c)(Q2), respectively, in terms of the reduced matrix e

ments of the corresponding operators by

GC
(c)~Q2!5A4pEd8

(c)Ed
(c)

3Md
2

1

11h

uqW labu

uqW cu
^1iC0~Q2!i1& (c),

~13!

GQ
(c)~Q2!5A3pEd8

(c)Ed
(c)

2Md
2

1

h~11h!

uqW labu

uqW cu

3^1iC2~Q2!i1& (c), ~14!

GM
(c)~Q2!52ApEd8

(c)Ed
(c)

Md
2

i

Ah~11h!

3^1iM1~Q2!i1& (c), ~15!

where we have introduced the notationM1(Q2) instead of
T1

(m)(Q2) for the magnetic dipole operator. Then one fin
for the longitudinal and transverse structure functions
well-known expressions

WL
(c)~Q2!5~11h!2

qW c
2

qW lab
2 S GC

(c)~Q2!21
8

9
h2GQ

(c)~Q2!2D ,

~16!

WT
(c)~Q2!5

4

3
h~11h!GM

(c)~Q2!2. ~17!

The various multipole operators are evaluated between
trinsic deuteron wave functions in the chosen frame of r
erencec.

With respect to the interpretation of the form factors, t
following remark is in order. Since in the Breit frame on
has the relation Q25(qW Breit)

2, one usually interprets
GC

(Breit)(Q2) as the Fourier transform of the charge density
the target. However, this interpretation is misleading, sin
each Fourier component refers to a different reference fra
because the Breit frame depends on the momentum tran
Indeed,C0 in Eq. ~13! contains according to Eq.~11! the
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effect of the boost of initial and final target states on its r
frame. In other words, the Fourier inversion of the form fa
tor GC

(Breit)(Q2) will not result in the rest frame charge den
sity of the target, because the latter does not contain
boost effects.

In principle, the superscript~c! at the form factors is re-
dundent because the form factors themselves are inva
quantities, independent from the chosen reference fram
they are evaluated in a genuine covariant theory. Howe
in a nonrelativistic or semirelativistic treatment, where on
lowest order relativistic contributions are included, they w
in general be frame dependent, and for this reason we h
kept the superscript~c! on them. In fact, it would be quite
instructive to study the frame dependence in such a case
electrodisintegration this has been done in@19#. There we
had introduced a so-calledz frame allowing a continuous
variation of the reference frame between lab and antilab s
tems by variation of a parameterz between zero and on
which corresponds to the antilab and lab frames, resp
tively. The Breit frame is described byz51/2.

In the z frame one has the following kinematic relation

dW z52~12z!qW z , Edz
5Md

112h~12z!

A114hz~12z!
, ~18!

dW z85zqW z , Ed
z8
5Md

112hz

A114hz~12z!
,

with

qW z5
qW lab

A114hz~12z!
. ~19!

Thus in thez frame the form factors become

GC
(z)~Q2!5A4p

3

cz~h!

11h
^1iC0~Q2!i1& (z), ~20!

GQ
(z)~Q2!5A3p

2

cz~h!

h~11h!
^1iC2~Q2!i1& (z), ~21!

GM
(z)~Q2!52 iA p

h~11h!

cz~h!

A114hz~12z!

3^1iM1~Q2!i1& (z), ~22!

where

cz~h!5AEdEd8

Md
2

uqW labu

uqW zu

5A@112h~12z!#~112hz!

5A112h14h2z~12z! ~23!

takes into account the noncovariant normalization and
boost from thez to the lab frame. These expressions a
symmetric with respect to the interchangez↔(12z), which
reflects the fact that thez frame is equivalent to the (12z)
frame. In particular, this means that lab and antilab fram
2-3
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are equivalent as has been noted before@20#. Thus for a
check of the frame dependence one needs to consider
eitherz between 0 and 1/2 or between 1/2 and one.

In the lab or antilab frames one hasc0(h)5c1(h)
5A112h and thus

GC
(lab/antilab)~Q2!5A4p

3

A112h

11h
^1iC0~Q2!i1& (lab/antilab),

~24!

GQ
(lab/antilab)~Q2!5A3p

2

A112h

h~11h!
^1iC2~Q2!i1& (lab/antilab),

~25!

GM
(lab/antilab)~Q2!52 iAp~112h!

h~11h!
^1iM1~Q2!i1& (lab/antilab),

~26!

whereas in the Breit frame withc1/2(h)511h one finds

GC
(Breit)~Q2!5A4p

3
^1iC0~Q2!i1& (Breit), ~27!

GQ
(Breit)~Q2!5A3p

2

1

h
^1iC2~Q2!i1& (Breit), ~28!

GM
(Breit)~Q2!52 iAp

h
^1iM1~Q2!i1& (Breit). ~29!

In the present work, however, we will adopt the antil
frame for the numerical evaluation.

The form factors are normalized as

GC~0!51, ~30!

GQ~0!5Md
2Qd , ~31!

GM~0!5
Md

M p
md , ~32!

wheremd ~in units of nuclear magnetonsmN) andQd denote
the static deuteron magnetic dipole and charge quadru
moments, respectively, andM p is the proton mass. Further
more, the mean-square charge radiusr d

ch of the deuteron is
defined by

~r d
ch!2526

dGC~Q2!

dQ2 U
Q250

. ~33!

In the Breit frame it is usually interpreted as the mean-squ
radius of the charge density@see Eq.~27!#. One should keep
in mind that r d

ch includes the effect of finite nucleon an
meson sizes.

Instead of the representation of the differential cross s
tion in terms of the structure functionsWL/T , one usually
introduces two other invariant structure functionsA(Q2) and
B(Q2) by defining
03400
nly
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A~Q2!5~11h!22
qW lab

2

qW c
2

WL
(c)~Q2!1

1

2
~11h!21WT

(c)~Q2!

5GC
(c)~Q2!21

8

9
h2GQ

(c)~Q2!21
2

3
hGM

(c)~Q2!2,

~34!

B~Q2!5WT
(c)~Q2!5

4

3
h~11h!GM

(c)~Q2!2, ~35!

and the cross section becomes

ds lab

dVe
lab

5sMott
lab FA~Q2!1B~Q2!tan2

ue
lab

2 G . ~36!

A polarization observable of considerable interest is the t
sor recoil polarizationT20 because it is sensitive to the qua
rupole form factor@21–23# according to

T20~Q2,ue
lab!52

4A2h

3S~Q2,ue
lab!

3FGC~Q2!GQ
(c)~Q2!1

h

3
GQ

(c)~Q2!2

1
1

8 S 112~11h!tan2
ue

lab

2 DGM
(c)~Q2!2G ,

~37!

where

S~Q2,u!5A~Q2!1B~Q2!tan2
u

2
. ~38!

Thus the measurement ofT20 in conjunction with the struc-
ture functionsA(Q2) and B(Q2) allows one to disentangle
the charge monopole and quadrupole form factors.

III. RESULTS AND DISCUSSION

The various current contributions including relativist
terms of leading order beyond the nonrelativistic theory
one- and two-body charge and current density operators h
been evaluated for the elastic form factors, the struct
functions, and the tensor polarizationT20. We have limited
our evaluation to the region of momentum transfersQ2

<30 fm22, the reason being that in a previous study of ele
trodisintegration the limit of the nonrelativistic approach pl
leading-order relativistic contributions had been found to
roughlyQ2;25 fm22 @19#. Therefore, results for higher mo
mentum transfers obtained within such a limited framewo
may not be reliable, and there any agreement with exp
mental data may be accidental and misleading.

Our theoretical approach is based on the equation
motion method, and has been outlined in detail in@24#. Start-
ing from a system of coupled nucleon and meson fields,
eliminates the explicit meson degrees of freedom by
Fukada-Sawada-Taketani method@25# and introduces instead
effective operators in pure nucleonic space for both theNN
2-4
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TABLE I. Explanation of the notation used in the tables and figure captions.

Notation Explanation

n Nonrelativistic nucleon current
n(r ) Relativistic nucleon current
n(r ,x0) Relativistic nucleon current including kinematic boost currents

p(r ) Static relativisticp-MEC
p(r ,t) p(r ) 1 retardation contributions
p(r ,t,x0 ,xV) p(r ,t) 1 kinematic and potential-dependent boost currents

r(x0) Full r-MEC 1 kinematic boost currents

h(x0) Heavy meson exchange currents (h,v,s,d) 1 kinematic boost currents
d rpg current

Total n(r ,x0)p(r ,t,x0 ,xV)r(x0)h(x0)d
de
on
g

n

d
ar

tro
th
s

rd
o
e
th
ra
ne
ic
c-

tri
ed

tic
tric

la-
tic

t

-
n

nce-
re-
f
ns
e
he

ut
of
interaction and the electromagnetic charge and current
sities. By means of the Foldy-Wouthuysen transformati
one obtains the nonrelativistic reduction including leadin
order relativistic contributions. Whereas in@24# only pion
degrees of freedom have been considered, the extensio
the three realistic Bonn OBEPQ versions A, B, and C@4#
with application to electrodisintegration has been reporte
@1#. All the relevant details can be found there. In particul
all explicit expressions are listed in the Appendix of@1# for
the various one- and two-body contributions to the elec
magnetic charge and current density operators used in
work, including consistently leading-order relativistic term
boost and vertex parts, and, furthermore, the lowest o
dissociationrpg current, which is purely transverse and n
fixed by the potential model. If not mentioned explicitly, th
potental version OBEPQ-B is used. Each version fixes
masses, coupling strengths, and vertex regularization pa
eters for the various exchanged mesons. As electromag
nucleon form factors, we have taken the phenomenolog
dipole fit including a nonvanishing electric neutron form fa
tor in the Galster parametrization@26#. For the following
discussion of the effects from the various relativistic con
butions, we use the same notational scheme as introduc
@1# which we list for convenience in Table I.
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We will start the discussion by considering first the sta
electromagnetic properties, viz., magnetic dipole and elec
quadrupole momentsmd and Qd , respectively, and the
mean-square charge radiusr d

ch. In Table II the various cur-
rent contributions are listed for the OBEPQ-B model. Re
tivistic one-body contributions reduce slightly the magne
moment of the nonrelativistic impulse approximation~IA ! by
0.7%, in good agreement with@14#. The same magnitude bu
of opposite sign has been found in@30# using a covariant
light-front approach and ap/M expansion as well. The rea
son for this difference is not clear to us. Relativistic pio
exchange currents including boost then lead to an enha
ment by about 1.8% which, however, is again weakly
duced by retardation (20.6%). Further contributions o
1.7% from r exchange, of 0.8% from other heavy meso
and of 0.5% from therpg-current result in a total increas
over the IA by 4.2%. This is considerably larger than t
2.6% which has been found in@16# with the Argonne poten-
tial v18. It is also larger than the results found in@14#. Com-
paring with the individual contributions of@14#, we find the
only sizable difference in the ones ofp- and r-MEC, for
which we obtain a total contribution which is larger by abo
a factor of 2. The total theoretical magnetic moment
t
TABLE II. Static properties of the deuteron~magnetic dipole momentmd , electric quadrupole momen
Qd , and mean-square charge radiusr d

ch) in various approximations for the Bonn OBEPQ-B model.

Ingredient md (mN) Qd (fm2) r d
ch (fm)

n 0.8515 0.2780 2.1016
n(r ,x0) 0.8457 0.2762 2.1073
n(r ,x0)p(r ) 0.8673 0.2899 2.1120
n(r ,x0)p(r ,t,x0 ,xV) 0.8624 0.2888 2.1122
n(r ,x0)p(r ,t,x0 ,xV)r(x0) 0.8767 0.2888 2.1122
n(r ,x0)p(r ,t,x0 ,xV)r(x0)h(x0) 0.8833 0.2886 2.1121
total 0.8875 0.2886 2.1121

Experiment 0.857438230~24! @27# 0.2860~15! @28# 2.116~6! @29#

2.127~7!a

aFrom isotope shift experiment, for the reference see text.
2-5
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TABLE III. Static properties of the deuteron~magnetic dipole momentmd , electric quadrupole momen
Qd , mean-square charge radiusr d

ch) including all leading-order relativistic contributions, and theD-wave
percentagePd for the various Bonn OBEPQ models.

Potential model md (mN) Qd (fm2) r d
ch (fm) Pd ~%!

OBEPQ-A 0.8841 0.2850 2.1120 4.38
OBEPQ-B 0.8875 0.2886 2.1121 4.99
OBEPQ-C 0.8917 0.2917 2.1112 5.61

Experiment 0.857438230~24! @27# 0.2860~15! @28# 2.116~6! @29#

2.127~7!a

aFrom isotope shift experiment, for the reference see text.
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0.8875mN is by 3.5% higher than the experimental value
0.8574mN @27#.

The quadrupole moment is mainly affected by contrib
tions from the pion exchange charge contribution giving
sizable increase ~4.9%!, while relativistic one-body
(20.7%) and pion retardation (20.4%) contributions yield
a smaller decrease. The relativistic one-body part is in ag
ment with the results of@14,15#. With respect to the tota
pion contribution, we notice a nice agreement with@15# but
again our result is considerably larger than what has b
found in @14#. Heavy meson exchange is almost negligib
The total effect is an enhancement by 3.8% over the
twice as large than found in@14# and @16#, and the total
theoretical value is in satisfactory agreement with the exp
mental value ofQd

exp50.2860(15) fm2 @28#. Finally, com-
paring the one-body part with the findings of@30#, one no-
tices again the puzzling situation that the relativistic on
body contributions lead to an enhancement in the covar
approach while thep/M expansion results in a small de
crease. Whether this hints at a failure of thep/M expansion
as interpreted in@30# needs further study.

The charge radius is much less sensitive to relativistic
meson exchange contributions due to the suppression o
short-range part by the additionalr 2 weighting. We find a
total enhancement of only 0.5%, mainly from relativis
one-body and pion exchange terms, all other effects be
negligible here. The relativistic one-body part is somew
smaller than reported in@31#, while the MEC part is of the
same size than found in@14# and@31# but slightly larger than
in @32#. The total theoretical value of 2.1121 fm is in exce
lent agreement with the earlier experimental value
2.116~6! from @29# and still quite close to the recent expe
mental one of 2.127~7! fm, the difference being only abou
1%. The latter value is based on an isotope shift experim
@33# resulting inr IS

2 5(r d
ch)22(r p

ch)253.795(19) fm2 includ-
ing first-order nuclear structure effects. If one includes,
addition, second-order nuclear structure effects from@34#
one findsr IS

2 5(r d
ch)22(r p

ch)253.782(21) fm2 as cited in a
review by Wong@35#. We have taken the latter value and f
the protonr p

ch50.862(12) fm from@29# to evaluate the ex-
perimental deuteron charge radius listed in Tables II and

The potential model dependence of the static e.m. d
teron properties is shown in Table III. The largest relat
variation is found for the quadrupole moment of about 1.2
increase going from model A to B and to C which is corr
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lated with the increase of the tensor force as is indicated
the D-state percentagePd listed also in Table III. Similarly,
one finds a steady increase of the magnetic moment w
increasingPd , each time of about 0.5% going from model
and B to C. Only the charge radius is almost independ
from the potential model.

Next we will discuss the results for the form factors. T
influence of various contributions are shown in Fig. 1 for t
charge and quadrupole form factors and in Fig. 2 for
magnetic dipole form factor. In the left panels we show se
rately the effects of the relativistic one-body currents, of t
one-body boost, and of the relativisticp-MEC. The addi-
tional effects from retardation and two-body boost for t
p-MEC, from heavy meson exchange and from t
rpg-current are exhibited separately in the right pane
Looking first at the upper left panel of Fig. 1, one read
notices that the relativistic one-body contributions to t
charge density show only a very tiny effect onGC(Q2),

FIG. 1. Various current contributions to charge monopole a
quadrupole form factorsGC(Q2) andGQ(Q2), respectively, for the
Bonn OBEPQ-B potential model as function ofQ2. Notation of the
curves in the left panels: dotted isn; short-dash-dot isn(r ); long-
dash-dot isn(r ,x0); short dashed isn(r ,x0)p(r ); in the right pan-
els: short dashed isn(r ,x0)p(r ); long dashed isn(r ,x0)p(r ,t);
wide dotted isn(r ,x0)p(r ,t,x0 ,xV); solid is the total.
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ELASTIC ELECTRON DEUTERON SCATTERING WITH . . . PHYSICAL REVIEW C61 034002
while the corresponding one-body boost results in quite
enhancement and a sizable shift of the zero towards hig
momentum transfer. The significance of the one-body bo
has already been observed before in@14,15# and and our
results are in qualitative agreement with those findings.
would like to emphasize that neglect of this boost part as
the calculations of@13,16# leads to a significant overestima
tion.

Adding now the relativisticp-MEC, yields a strong re-
duction. In fact, it is by far the largest effect which revers
the upshift of the zero by relativistic one-body contributio
and shifts it down beyond the nonrelativistic one. This i
portant effect of thep-MEC is in accordance with earlie
findings in, e.g.,@11,13,16,36# and in particular with@17# and
@18#. All other additional contributions, as shown in the u
per right panel of Fig. 1, fromp retardation, two-body boost
and heavy meson exchange are very small in this regio
Q2. The rpg current does not contribute, because we ha
considered its lowest order contribution only which is pure
transverse. The situation forGQ(Q2) in the lower left panel
of Fig. 1 is different with respect to the relative importan
of the various contributions. Here all relativistic one-bo
terms show much less effects compared toGC(Q2), only
p-MEC gives a sizable increase of the form factor in acc
dance with the results in@17#. Again all other further contri-
butions have an almost negligible influence onGQ , as is
seen in the lower right panel of Fig. 1.

For the magnetic dipole form factorGM(Q2) the role of
the various contributions is markably different as can be s
in Fig. 2. In the left panel one notices that already the re
tivistic one-body currents lead to a significant decrease of
nonrelativistic IA. However, the one-body boost contrib
tions are sizable too, but act in the opposite direction so
the total result is very close to the original IA. Again th
remark is in order that leaving out the one-body boost c
tributions leads to an underestimation. The inclusion of
relativistic p-MEC yields then a drastic increase with in
creasing momentum transfer. Adding retardation and bo
for p exchange, shown in the right panel, results in a sli
reduction which is more than compensated byr-MEC. Fur-
ther slight increases come from the additional contributio

FIG. 2. Various current contributions to magnetic dipo
form factor GM(Q2) for the Bonn OBEPQ-B potential mode
as a function ofQ2. Notation of the curves in the left pane
dotted is n; short-dash-dot isn(r ); long-dash-dot isn(r ,x0);
short dashed isn(r ,x0)p(r ); in the right panel: short dashed
n(r ,x0)p(r ); long dashed is n(r ,x0)p(r ,t,x0 ,xV); wide
dash-dot is n(r ,x0)p(r ,t,x0 ,xV)r; wide dotted is
n(r ,x0)p(r ,t,x0 ,xV)r(x0)h(x0); solid is the total.
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of other heavy meson exchanges and from the dissocia
rpg current.

The observables, i.e., the structure functionsA(Q2) and
B(Q2), and the tensor polarizationT20(Q

2,70°) are dis-
played in Fig. 3, again with separate contributions shown
the left and right panels as for the form factors in the pre
ous figures. ForA(Q2), shown in the upper left panel, th
relativistic one-body current gives a lowering of the I
above Q2;10 fm22, which is counteracted by the corre
sponding boost terms so that the net result is only a t
enhancement of the IA. A stronger increase is generated
the relativisticp-MEC, again aboveQ2;10 fm22. All other
additional contributions from retardation, two-body boo
heavy meson exchange andrpg current, shown in the uppe
right panel, are very small. Compared to the experimen
data, also displayed in Fig. 3, one notices a satisfact

FIG. 3. Various current contributions to the structure functio
A(Q2), B(Q2), and the tensor polarizationT20(Q

2,70°) for the
Bonn OBEPQ-B potential model as function ofQ2. Notation of the
curves in the left panels: dotted isn; short-dash-dot isn(r ); long-
dash-dot isn(r ,x0); short dashed isn(r ,x0)p(r ); in the right pan-
els: short dashed isn(r ,x0)p(r ); long dashed isn(r ,x0)p(r ,t);
wide dotted isn(r ,x0)p(r ,t,x0 ,xV); solid is the total. Experimen-
tal data forA(Q2) and B(Q2): open stars are@37#; full diamonds
are@26#; open circles are@29#; open squares are@38#; open triangles
are@39#; open diamonds are@40#; full circles are@41#; full triangles
are @42#; Experimental: data forT20(Q

2,70°): full triangles are
@43#; open triangles are@44#; open squares are@45#; full squares are
@46#; open diamond is@47#; full circles are@48# ~preliminary!; open
circles are@49#.
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agreement for momentum transfersQ2<10 fm22. For
higher Q2 the IA including relativistic one-body contribu
tions lies systematically below the data, while addition
relativistic p-MEC results in a systematic overshootin
which is not compensated enough by the slight reduc
from the heavy meson andrpg currents. This overshooting
has also been observed in@18#.

The behavior ofB(Q2), shown in the middle left and
right panels, reflects the one ofGM(Q2) in Fig. 2 and thus
we do not need to discuss the various relativistic contri
tions again in detail. With respect to experiment, already
rather low momentum transfers, the IA plus relativistic on
body contributions lies below the experimental data. H
the inclusion of the relativisticp-MEC leads to quite a sat
isfactory agreement although the theory lies systematic
slightly higher than the data. It corresponds to what has b
noted above for the static magnetic momentmd . However,
the further contributions from the heavy meson andrpg
currents spoil this nice agreement and lead to a sizable o
estimation, considerably larger than forA(Q2). Such a sys-
tematic overprediction has also been observed by Ple
et al. @18# as well as by Wiringaet al. @16# although in the
latter case of a somewhat smaller size, but they had left
the boost contributions which would have shifted further
their results. The origin of this systematic disagreement is
open question and it needs further detailed studies to cla
it. Obviously, it appears that the magnetic properties of h
ronic systems are more sensitive to the finer details of
dynamic interaction effects than charge ones, for wh
charge conservation constitutes a stringent condition. I
interesting to note that the recent relativistic calculation
Phillips et al. @7# results in a systematic underestimation
the data for both structure functions in this region of mom
tum transfers.

The two lower panels of Fig. 3 show the influence of t
various current contributions on the tensor polarizat
T20(Q

2,70°). Since the minimum is determined by the ze
of GC(Q2), one readily notices that the shift of the minimu
by the different current contributions follows the shift of th
zero ofGC(Q2), i.e., the largest effects come from the on
body boost shifting the minimum to higherQ2 and from the
p-exchange resulting in an even larger downshift of
minimum and of the zero crossing ofT20(Q

2,70°). With
respect to the experimental data, the one-body currents a
yield a drastic disagreement for momentum transfers ab
the minimum, whereas inclusion of the relativisticp-MEC
gives an almost satisfactory description although the d
seem to rise slightly steeper at higher momentum transf
All other further contributions show almost no influence
all.

Finally, we show in Fig. 4 the dependence of the fo
factors and observables on the three Bonn OBEPQ vers
A, B, and C. The largest dependence on the potential mo
is seen inGC(Q2) aboveQ2;10 fm22 via the shift of the
zero. With increasingD-state probabilityPd the zero is
shifted downward. In contrast to this,GQ(Q2) is rather in-
sensitive to the potential model. This different behavior
also reflected in the observablesA(Q2) and T20(Q

2,70°).
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The structure functionA(Q2) in the upper right panel is
almost model independent forQ2<10 fm22 while above
this region some model dependence is seen which incre
with increasing Q2. Also the tensor polarization
T20(Q

2,70°) in the lower right panel exhibits very little
model dependence up toQ2;10 fm22, but at higher mo-
mentum transfers one notes a sizable shift of the zero a
corresponding shift of the minimum towards higherQ2 with
increasing strength of the tensor force, i.e., increasingPd , of
the potential model. The magnetic form factorGM(Q2) and
thus B(Q2), shown in the middle left and right panels, r
spectively, exhibit an even larger sensitivity to the poten
model over the whole region of momentum transfers wh
increases in size. The absolute values are correlated with
strength of the tensor force, i.e., one finds the highest va
for the potential model C having the strongest tensor for

We furthermore show in Fig. 4 a comparison with the
experimental data for the observables. In order to exh
more clearly the deviations between the three potential v
sions and from the experimental data we show in addit
separately for the structure functionsA(Q2) and B(Q2) in
Fig. 5 the relative deviation with respect to the theoreti
predictions of the OBEPQ-A model including all curre
contributions. As already stated, at low momentum trans
(Q2<10 fm22) the potential model dependence ofA(Q2) is
negligible, and all potential models give a satisfactory agr

FIG. 4. Comparison of the three Bonn OBEPQ potential v
sions for the form factors and observables for the total current c
tributions. Notation of the curves: dashed is OBEPQ-A; solid
OBEPQ-B; dash-dot is OBEPQ-C. Experimental data as in Fig
2-8
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ELASTIC ELECTRON DEUTERON SCATTERING WITH . . . PHYSICAL REVIEW C61 034002
ment with the data. AboveQ2;10 fm22, however, increas-
ing overestimation of the data is seen forA(Q2) for all three
models, the largest deviation being for the OBEPQ-C mo
having the largestPd , whereas for the OBEPQ-A mode
with the smallestPd the theory is much closer to the dat
For B(Q2) one notices already at low momentum transfer
systematic overestimation of the data by all three model
accordance with the overestimation of the static magn
dipole moment. The deviation increases noticably with
creasing momentum transfers. Again one readily see
strong correlation between the size of the deviation and
size ofPd . As has been remarked already above with resp
to the results with the potential model B, one finds for
three potential models a considerably larger overpredic
for B(Q2) compared toA(Q2).

Within the experimental errorsT20(Q
2,70°) is well de-

scribed by the predictions for the OBEPQ-B model, but a
the results for the other two OBEPQ models are in reas
able agreement in view of the large error bars. The new d

FIG. 5. Relative deviation of the structure functionsA(Q2) and
B(Q2) from the theoretical prediction for the Bonn OBEPQ-A p
tential including all current contributions. Notation of the curve
dashed is OBEPQ-A; solid is OBEPQ-B; dash-dot is OBEPQ
Experimental data as in Fig. 3.
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above 15 fm22 from @48# seem to favor the OBEPQ-C
model but one has to await the final data analysis before
could make such a definite conclusion. Considering all d
the best overall description is achieved with the OBEPQ
model at present. But, as already mentioned, aboveQ2

;15 fm2 the data seem to rise steeper. Thus a more pre
location of the zero crossing would be most interesting.

In conclusion, we may state that the consistent inclus
of all important relativistic contributions of leading orde
within a pure nucleonic one-boson-exchange model lead
a satisfactory description of the structure functions of ela
electron-deuteron scattering at low and medium momen
transfers (Q2<30 fm2) for the OBEPQ-A model, if one sat
isfies oneself with an agreement between theory and exp
ment within the level of about 10–20 % forA(Q2), whereas
for B(Q2) the deviation grows considerably larger, e.g.,
factor 2 atQ2525 fm2. The tensor polarization is better de
scribed with the OBEPQ-B model. If, however, one aims a
more precise agreement at the level of 1 or even less
1%, significant further improvements are needed, in parti
lar a much better description for the magnetic properties w
be a very challenging task for the future. One might spe
late whether explicit isobar@50–52# or even quark-gluon de
grees of freedom@12# might lead to a significant improve
ment or whether other off-shell effects in electromagne
form factors of the various currents may be important.

We would like to add another remark concerning t
quality of the Bonn OBEPQ potentials, considered in th
work, compared to more recent so-called ‘‘high quality’’NN
potentials. These latter potentials use a slightly sma
pN-coupling constant than the one taken in the abo
OBEPQ potentials@53#. This affects in particular the strengt
of the tensor force becoming somewhat weaker in th
modernNN potentials which in turn would lead to a smalle
quadrupole moment of the deuteron. A way out of this
lemma is discussed in@53# by assuming a charge splitting o
thepN-coupling constant. Therefore, it remains as a task
the future to study these high-quality potentials in elas
electron deuteron scattering. Due to the phenomenolog
character of these potentials, the construction of a consis
current is quite involved. Our results, however, underline
necessity of such a consistent calculation, since otherw
any conclusions drawn would be rather premature.
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