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Elastic electron deuteron scattering with consistent meson exchange
and relativistic contributions of leading order
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The influence of relativistic contributions to elastic electron deuteron scattering is studied systematically at
low and intermediate momentum transfe®’& 30 fm™2). In a (p/M) expansion, all leading-order relativistic
mr-exchange contributions consistent with the Bonn OBEPQ models are included. In addition, static heavy
meson exchange currents including boost terms and lowest preheicurrents are considered. Sizable effects
from the various relativistic two-body contributions, mainly from exchange, have been found in form
factors, structure functions, and the tensor polarizafign Furthermore, static properties, viz. magnetic dipole
and charge quadrupole moments and the mean square charge radius are evaluated.

PACS numbes): 21.45+v, 13.40.Gp, 13.60.Fz, 25.30.Bf

[. INTRODUCTION proaches with relativistic contributions of leading order in-
cluded, and(ii) covariant approaches. For a review of the
Recently, we had studied systematically for photo- andstatus of the latter approaches see, e.g., more recent surveys
electrodisintegration of the deuteron, the influence of relativin [5,6], and references therein. Furthermore, we would like
istic contributions of leading order in@M expansion1,2].  to mention the most recent work by Phillipsal.[7] using a
In order to have a consistent framework of all one- and two-genuine three-dimensional relativistic framework. With re-
body current and boost contributions, we had chosen as apect to the first class of approaches, very few have adopted
interaction model the various Bonn OBEPQ versipagf]. a consistent framework. Early developments may be found in
In particular, we were interested in the role of heavy meson8] and in the review$9,10]. More recently, relativistic two-
exchange. As a general result we found that in electrodisinbody currents from static pion and heavy meson exchange
tegration thep meson gives the most important heavy mesorhave been studied if11-18. Mosconi and Ricc[11] have
contribution whereas the influence of, w, o, 6, and studied the dependence A{Q?) on the parametrization of
(p/ w) 7y is much smaller, in some observables completelythe elementary nucleon form factors in the regiQf
negligible, in particular, near the quasifree kinematics. These<20 fm™ 2. Their calculation is based on the Paris potential,
findings were also valid for photodisintegration with someand as current contributions they have included leading-order
modifications, for example, in contrast to electrodisintegra+elativistic one-body terms with boostr and p exchange
tion the boost effects were almost negligible in photodisinte-and p7y current, but no other heavier mesons. Within a
gration for the energies considered because of the muctiuark model approach for tHéN interaction and the MEC,
smaller momentum transfers involved. Buchmanet al.[12] have studied this process with the inclu-
As a further step in these investigations it is natural tosion of leading-order relativistic contributions to the cur-
study elastic electron scattering off the deuteron. On the ongents, but without boost of the wave functions. Schiavilla and
hand, one would expect larger interaction effects, becausRiska[13] have calculated form factors and observables us-
also the nucleons in the final state are always off-shell, on thing a current operator constructed consistently with the Ar-
other hand, the leading-order nonrelativistic meson exchanggonnev,, potential including relativistic contributions, but
currents(MEC) from pion exchange will be absent due to again boost contributions have been left out completely. The
their isovector character. Thus relativistic contributions tosame approach has been used by Wiriagal. [16] for the
the MEC are expected to be more important. For this reasonewly developed charge-independence breaking Argopge
it appears mandatory to include all leading-order relativisticpotential. In this work also static properties of the deuteron
contributions from pion exchange to one- and two-bodyare reported. Within a pure one-pion-exchange model, the
charge and current densities including also wave-functiomole of unitary equivalence of relativistic contributions to the
boost terms in a consistent framework. This is the main moeharge-density operator has been studied by Adaal. [15]
tivation for the present work in which we have used the sameising a consistent approach for all leading-order contribu-
theoretical approach as in our previous investigations of deutions to the charge-density operator including boost terms.
teron photo- and electrodisintegration for the evaluation ofEssentially the same approach but using the realistic Paris
the invariant form factors for elastic electron deuteron scatand Bonn OBEPQ-B potentials has been applied to the
tering. charge and quadrupole form factors by Henn@tal. [17],
Quite a few studies of this process exist in the literaturebut the magnetic form factor has not been considered. Ples-
which can be divided into two class&$} nonrelativistic ap-  saset al. [18] have studied the influence of different param-
etrizations of the nucleon form factors on the observables.
For the realistic Nijmegen and various Bonn potential mod-
*Present address: Debis Systemhaus, Magirusstrasse 43, D-890g15, they have included the pion pair and retardation currents,
Ulm, Germany. the usual relativistic one-body currents, and probably also
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the one-body boost. But the contributions from heavier meandMg is the deuteron mass. We further note the following

son exchange have been left out except fordhey current.  relations, expressing the lab energy and three-momentum
The most extensive treatment of all leading-order termsransfers byz:

including boost has been presented by Taratral. [14] for - 2

elastic and inelastic electron deuteron scattering based on a Qiap=4Man(1+7),  dojas=2Ma7. )

one-boson-exchangéOBE) model for theNN interaction The longitudinal and transverse structure functiois

which they had constructed specifically for this purpose and d WO el lated he d

it is difficult to assess the general quality of this potential. In@nd Wy~ respectively, are related to the deuteron current

addition, they have also considered as a realNfit poten- matrix elements by

tial the Paris potential. Since this is a phenomenological po- 1

tential and not a genuine OBE potential, they had taken em- W(Q?) = 5 > (d'm'[3o(0)[dm) @2, (5)

pirical values for meson-nucleon coupling constants and 12Mg m'm

cutoff parameters. In view of the fact that probably their 1

OBEP has not reached the sophistication of the realistic W{®(Q?)= 5 > [(d'm’[3,(0)[dm)©)[2,

Bonn OBEPQ models, the present work appears appropriate 12MG A =%1

and justified in evaluating elastic electron deuteron scattering (6)

within a consistent approach based on a realistic genuine N
OBE potential PP 9 whered andd’ denote the four momenta of the initial and

In the next section we will give a brief review of the final deuteron states which are covariantly normalized as
relevant formalism for elastic electron deuteron scattering (d'm'|dm)=(27)32E 46/ md(d’ —d), 7)
where the definition of form factors and structure functions
are given. In Sec. lll we sketch shortly the calculationalwhereEd: /M§+52. Here,J., denote the components of
framework on which our evaluation is based. Then the resne current density operator transverse to the momentum

sults on static electromagnetic properties, on form factorsfransfer» andJ- is the followina combination of the charae
and structure functions will be presented and discussed. 1era, 0 o 9 . .g
density and the longitudinal current density component:

|2 w - w > >

Il. BRIEF REVIEW OF FORMALISM Jo= @(p_ Tzq~J) e (wp-G). ®
We will start with the general expression for the elastic A |al w
electron scattering cross section off a deuteron in the Iabora\lﬂl
tory system in the one-photon-exchange approximation fOF

unpolarized beam and target

hich reduces to the charge densityfor a conserved cur-
ent.

The superscriptc) in Egs. (5) and (6) indicates that the
matrix elements and thus the structure functions in &g.

do'ae N2 ' ' -~
— = 00n| (1+ r;)*%W@(QZ) are evaluated in a frame of reference™collinear to q.
ab 0 2 . .
dQ¢ c Usually one chooses either the laboratory, the Breit or the
b antilab system. Whil&\{?(Q?) is invariant for boosts col-

+

)W(c)(Qz) (1) linear to the momentum transfer, the boost transformation of
T ’ W?(Q?) from the system “c” to the lab system is taken

care of in Eq.(1) by the factorg2,/q2. Here,q, denotes the
where three-momentum transfer in tleesystem. The boost property

of W9 arises from the fact thaly/|q| is invariant under

1 0
—(1+n)" 14 _=
2(1 7) l+tarf 3

lab
o? coszei collinear boosts. We note in passing that for elastic scattering
b 2 Kiap @ the lab and antilab systems are equivalent for the evaluation
Mot ™ glab K3, since in this case one hag,= Gangiab- o o
4 S'rf‘T Now we switch to noncovariant normalization and elimi-

nate the c.m. motion by introducing the internal deuteron rest

o f function1 iti
denotes the Mott cross section in the laboratory system Wlthrame wave functioriLm) writing

initial and final electron four momenta, andk!,, respec- |[dm)= \2E4|d)U(d)|1m). 9)
tively, « is the fine-structure constant, and the Lorentz scalar )
7 is given by Furthermore|d) denotes the plane wave of the c.m. motion
andU(&) is the unitary operator of the boost from the deu-
_ Q? teron rest system to the moving frame. The current matrix
= 4_|\/|§ ®) element is then reduced to the evaluation of the Fourier com-

ponentJ, of the current density including boost contribu-

Here we have definedQ?= _qlzﬂ where qu:ku_k;t tions between intrinsic deuteron states

=(w,q) denotes the four momentum transfer witfj<0 (d'm’[3,(0)|dm)=2\Eq4 Eg(1m’[3,(q)[1m), (10)
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where effect of the boost of initial and final target states on its rest

o frame. In other words, the Fourier inversion of the form fac-
1(&,5):] d®RUT(d") I, (0)U(d)e @R (11)  tor GE™(Q?) will not result in the rest frame charge den-
sity of the target, because the latter does not contain the

R T . - = boost effects.

with g=d’—d andP=d"-+d. For frames collinear ta, P In principle, the superscripc) at the form factors is re-

will be proportional tog. Since such frames will be consid- dundent because the form factors themselves are invariant

ered exclusively, we can drop as an argument i, . In-  quantities, independent from the chosen reference frame if

troducing the multipole decomposition they are evaluated in a genuine covariant theory. However,
S \ in a nonrelativistic or semirelativistic treatment, where only
(Im’'[Jy ()| 1m)= (=) 2w (1+ b\0)

lowest order relativistic contributions are included, they will
in general be frame dependent, and for this reason we have
X > itL(1m’|[ 8,0Cim kept the superscripc) on them. In fact, it would be quite
LM instructive to study the frame dependence in such a case. For
+6\M1(T£e&+>\TE”“‘2)]Ilm>, 12 elect_rodisintegration this has been don_e[]ﬁ)]. Ther_e we
had introduced a so-called frame allowing a continuous
one defines the invariant charge monopole and quadrupol¥ariation of the reference frame between lab and antilab sys-
and magnetic dipole form factoeg)(Qz), Gg)(QZ), and tems by variation of a parame;tgfr between zero and one
G(,\ﬁ)(Qz), respectively, in terms of the reduced matrix eIe—Wh'Ch corresponds to the antilab and lab frames, respec-

ments of the corresponding operators by tively. The Breit frame is described hf~=1/2.

In the ¢ frame one has the following kinematic relations:

47EPEP 1 |G
Q)= — = (1Co(Q7)1)), (106, Ey M, 222D g
3M2 147 |q =—(1-00;, Eq=Mq TPy (18)

13
- 3, = 1+2n¢
() =(c) " = S
GO(Q?) = [3TEy By 1 |Qlab| d;=£a;, Eq=Mqg o4l
Q 2M2  n(1+7) |q
with
X(1Co(QM)]11)¢, (14 ]
> Qlab
Q)= / TEED Y iraia-0 o
Mi  n(1+
d (34 7) Thus in theZ frame the form factors become
X (1|M4(Q?)[1), (15 Fmey(n)
. _ _ GW(02)= |20 2|11
where we have introduced the notatidh, (Q?) instead of ¢(Q) 3 1+79 (1Co( @™, (20
T(lm)(QZ) for the magnetic dipole operator. Then one finds 37 c(7)
o . T n
for the longitudinal and transverse structure functions the Gg)(Qz)z \ /—§—<1||C2(Q2)||1)“), (21)
well-known expressions 2 n(1+m)
52
q 8 N ()
(©)(2) — 2 ¢ [ ~(c);A2\21 — . 2~(C)/A2)\2 ()02 = —
lab
(o X (1IM1(Q2)] 1), @2
4
WIP(Q%) =3 n(1+ 7 GR(QY)2 (17 where
The various multipole operators are evaluated between in- c(n)= EdEzd' |qlab|
trinsic deuteron wave functions in the chosen frame of ref- M3 |Qg|
erencec.
With respect to the interpretation of the form factors, the =V[1+27(1-01(1+270)
following remark is in order. Since in the Breit frame one =1+27+4720(1=0) (23)

has the relation Q*=(Qge)? one usually interprets
G(CBre't)(Qz) as the Fourier transform of the charge density oftakes into account the noncovariant normalization and the
the target. However, this interpretation is misleading, sincéoost from the{ to the lab frame. These expressions are
each Fourier component refers to a different reference frameymmetric with respect to the interchange- (1— ¢), which
because the Breit frame depends on the momentum transfeeflects the fact that thg frame is equivalent to the (1¢)
Indeed,C, in Eq. (13) contains according to Eq11) the frame. In particular, this means that lab and antilab frames
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are equivalent as has been noted bef@@]. Thus for a

check of the frame dependence one needs to consider onlyA(Q?)=(1+ 7)"~

either between 0 and 1/2 or between 1/2 and one.
In the lab or antilab frames one hag(7)=c1(7)

=1+ 27 and thus
Ggab/antilab{Qz): \ 14?77 Vi_—::f]n<1||C0(Q2)||1>(Iab/antilab)'

(24)
. [3m 142 .
Ggab/antllab)(Qz) _ 777 77( T T:; <1|| CZ(QZ)” 1>(Iab/ant|lab)’
(25
(lab/antilab, _ 77( 1+2 7]) (lab/antilab)
G Q?) = i\ = T (LIMA(Q) 1))
(26)

whereas in the Breit frame witb,;»(7) =1+ 5 one finds

. 4 .
GIE(Q) = \g{UICH Q)L™ (27

. 3wl )
GE(QY)=\ 7, (CAQAILE, (28

GI(Q?) = —i \/%<1||M1<Q2>||1><Bfe‘°- 29
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2dé\b (©(02) 4 - ~1\W(©) (02
= WQY)+ 5 (1+7) T WE(Q?)
_ (o) 2282(0) 222 (c) 2\2
=GE(Q)?+ 5 77 GE Q%) +3 nG{(Q)?,
(34
4
B(Q) =Wy (Q*)=3n(1+nG{H(Q*)% (39

and the cross section becomes

dO'Iab lab

YO o AQ?) +B(Q¥)tarf —- .

(36)

A polarization observable of considerable interest is the ten-
sor recoil polarizatioT ;5 because it is sensitive to the quad-
rupole form factof21-23 according to

4\27

Too( Q2,68 = — W

x| Ge(Q*)GE(Q) + 5 GEI(QY?

0Iab
1+2(1+ n)tanz%

+% )G&”(Qz)z},

(37

In the present work, however, we will adopt the antilabWhere

frame for the numerical evaluation.
The form factors are normalized as

Ge(0)=1, (30)

Go(0)=MiQq, (31)
M

GM<0>=M—Zud, (32)

whereuy (in units of nuclear magnetonsy) andQ4 denote

S(Q2,0)=A(Q2)+B(Q2)tar?g. (38

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

IIl. RESULTS AND DISCUSSION

The various current contributions including relativistic
terms of leading order beyond the nonrelativistic theory to

the static deuteron magnetic dipole and charge quadrupolene- and two-body charge and current density operators have
moments, respectively, ard,, is the proton mass. Further- been evaluated for the elastic form factors, the structure

more, the mean-square charge radiff5of the deuteron is
defined by

dGe(Q?)
dQ?

(riH?=-6 (33

Q?=0

functions, and the tensor polarizatidn,. We have limited
our evaluation to the region of momentum transf€$
<30 fm 2, the reason being that in a previous study of elec-
trodisintegration the limit of the nonrelativistic approach plus
leading-order relativistic contributions had been found to be
roughly Q2~ 25 fm~ 2 [19]. Therefore, results for higher mo-
mentum transfers obtained within such a limited framework

In the Breit frame it is usually interpreted as the mean-squarénay not be reliable, and there any agreement with experi-
radius of the charge densifgee Eq(27)]. One should keep mental data may be accidental and misleading.

in mind thatrS" includes the effect of finite nucleon and

meson sizes.

Our theoretical approach is based on the equation-of-
motion method, and has been outlined in detajd4]. Start-

Instead of the representation of the differential cross secng from a system of coupled nucleon and meson fields, one

tion in terms of the structure function&, ,+, one usually
introduces two other invariant structure functioh@?) and
B(Q?) by defining

eliminates the explicit meson degrees of freedom by the
Fukada-Sawada-Taketani metH&%] and introduces instead

effective operators in pure nucleonic space for bothNin
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TABLE |. Explanation of the notation used in the tables and figure captions.

Notation Explanation
n Nonrelativistic nucleon current
n(r) Relativistic nucleon current
n(r,xo) Relativistic nucleon current including kinematic boost currents
(r) Static relativisticr-MEC
(r,t) (r) + retardation contributions
7(r,t X0, Xv) (r,t) + kinematic and potential-dependent boost currents
p(x0) Full p-MEC + kinematic boost currents
h(xo) Heavy meson exchange currents, ¢,o0,8) + kinematic boost currents
d pry current
Total n(r, xo) 7(r.t, xo.xv) P(x0) N(x0)d

interaction and the electromagnetic charge and current den- We will start the discussion by considering first the static
sities. By means of the Foldy-Wouthuysen transformationglectromagnetic properties, viz., magnetic dipole and electric
one obtains the nonrelativistic reduction including leading-quadrupole momentg:y and Q4, respectively, and the
order relativistic contributions. Whereas ﬁﬁ4] Only pion mean-square Charge radi['g‘. In Table |l the various cur-
degrees of freedom have been considered, the extension fignt contributions are listed for the OBEPQ-B model. Rela-
the three realistic Bonn OBEPQ versions A, B, and4l ,r;iT:/istic one-body contributions reduce slightly the magnetic
oment of the nonrelativistic impulse approximatidf) b
[1]. All Fh.e relevant. details can beifound there. Ip particular,0.7%, in good agreement wiﬂ14][.)The sgﬁle magn(itut)je){aut
all expl!cn expressions are listed in the A_ppend|x[d>] for of opposite sign has been found [i80] using a covariant
the various one- and two-body contributions to the electro-Ii ht-front aporoach and a/M expansion as well. The rea-
magnetic charge and current density operators used in this) appr s P Lo
work, including consistently leading-order relativistic terms,son for this dlﬁerence |s_not clear to us. Relativistic pion
boost and vertex parts, and, furthermore, the lowest orde(;xchange currents mclud_lng boost then_ lead t_o an enhance-
dissociationp 7y current, which is purely transverse and not Ment by about 1'8,% which, however, is agan V\(eakly re-
fixed by the potential model. If not mentioned explicitly, the duced by retardation £0.6%). Further contributions of
potental version OBEPQ-B is used. Each version fixes thd-7% fromp exchange, of 0.8% from other heavy mesons
masses, coupling strengths, and vertex regularization pararand of 0.5% from the my-current result in a total increase
eters for the various exchanged mesons. As electromagnet@yer the IA by 4.2%. This is considerably larger than the
nucleon form factors, we have taken the phenomenologica.6% which has been found jd6] with the Argonne poten-
dipole fit including a nonvanishing electric neutron form fac-tial vg. It is also larger than the results found[it4]. Com-
tor in the Galster parametrizatigi26]. For the following paring with the individual contributions ¢fl4], we find the
discussion of the effects from the various relativistic contri-only sizable difference in the ones af and p-MEC, for
butions, we use the same notational scheme as introduced Wwhich we obtain a total contribution which is larger by about
[1] which we list for convenience in Table I. a factor of 2. The total theoretical magnetic moment of

TABLE II. Static properties of the deuterdmagnetic dipole moment,, electric quadrupole moment
Qq4, and mean-square charge radilj'é in various approximations for the Bonn OBEPQ-B model.

Ingredient ta (i) Qq (fm?) rd" (fm)
n 0.8515 0.2780 2.1016
n(r,xo) 0.8457 0.2762 2.1073
n(r,xo)m(r) 0.8673 0.2899 2.1120
n(r,xo) m(r.t,x0.xv) 0.8624 0.2888 2.1122
n(r,xo) m(r.t,x0.xv)P(x0) 0.8767 0.2888 2.1122
n(r,xo) 7(r.t,x0.xv)P(xo)N(xo0) 0.8833 0.2886 2.1121
total 0.8875 0.2886 21121
Experiment 0.8574382324) [27] 0.286(@15) [28] 2.1166) [29]
2.1277)2

8From isotope shift experiment, for the reference see text.
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TABLE lIl. Static properties of the deutergmagnetic dipole momeniy, electric quadrupole moment
Qg4, mean-square charge radingﬁ’) including all leading-order relativistic contributions, and thevave
percentagd® for the various Bonn OBEPQ models.

Potential model wy () Qq (fm?) réh (fm) Py (%)
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 0.85743828»4) [27] 0.286Q15) [28] 2.1166) [29]

2.1277)°

8 rom isotope shift experiment, for the reference see text.

0.8875uy is by 3.5% higher than the experimental value of lated with the increase of the tensor force as is indicated by
0.8574uy [27]. the D-state percentagRy listed also in Table Ill. Similarly,
The guadrupole moment is mainly affected by contribu-one finds a steady increase of the magnetic moment with
tions from the pion exchange charge contribution giving aincreasingPy, each time of about 0.5% going from model A
sizable increase (4.9%), while relativistic one-body and B to C. Only the charge radius is almost independent
(—=0.7%) and pion retardation+0.4%) contributions yield from the potential model.
a smaller decrease. The relativistic one-body part is in agree- Next we will discuss the results for the form factors. The
ment with the results of14,15. With respect to the total influence of various contributions are shown in Fig. 1 for the
pion contribution, we notice a nice agreement Wits] but  charge and quadrupole form factors and in Fig. 2 for the
again our result is considerably larger than what has beemagnetic dipole form factor. In the left panels we show sepa-
found in[14]. Heavy meson exchange is almost negligible.rately the effects of the relativistic one-body currents, of the
The total effect is an enhancement by 3.8% over the |IApone-body boost, and of the relativistte-MEC. The addi-
twice as large than found ifil4] and [16], and the total tional effects from retardation and two-body boost for the
theoretical value is in satisfactory agreement with the experis-MEC, from heavy meson exchange and from the
mental value ofQ5®=0.2860(15) fmA [28]. Finally, com-  pmy-current are exhibited separately in the right panels.
paring the one-body part with the findings [&0], one no-  Looking first at the upper left panel of Fig. 1, one readily
tices again the puzzling situation that the relativistic one-notices that the relativistic one-body contributions to the
body contributions lead to an enhancement in the covariantharge density show only a very tiny effect @(Q?),
approach while thep/M expansion results in a small de-
crease. Whether this hints at a failure of {véM expansion © . .
as interpreted ih30] needs further study. G (@)
The charge radius is much less sensitive to relativistic anceg™ L ]
meson exchange contributions due to the suppression of th
short-range part by the additionef weighting. We find a  ©7¢
total enhancement of only 0.5%, mainly from relativistic _
one-body and pion exchange terms, all other effects beind® §
negligible here. The relativistic one-body part is somewhatm_.
smaller than reported if81], while the MEC part is of the 0 10 20 30 0 10
same size than found [14] and[31] but slightly larger than
in [32]. The total theoretical value of 2.1121 fm is in excel- t0* '
lent agreement with the earlier experimental value of
2.1166) from [29] and still quite close to the recent experi- ° .
mental one of 2.127) fm, the difference being only about e[ AN
1%. The latter value is based on an isotope shift experimen =g
[33] resulting inrfg=(r§)?—(rd)2=3.795(19) fnf includ- w0} RS
ing first-order nuclear structure effects. If one includes, in
addition, second-order nuclear structure effects fri@4] 0 o 20 0 © g . 20
one findsrfs=(r§)?—(r5)?=3.782(21) it as cited in a Qffm™] Qifm™]
review by V\c/r?n(_:[35]. We have taken the latter value and for FIG. 1. Various current contributions to charge monopole and
the protonr,’=0.862(12) fm from[29] to evaluate the eX- quadrupole form factor&(Q?) andGq(Q?), respectively, for the
perimental deuteron charge radius listed in Tables Il and lllgonn OBEPQ-B potential model as function@f. Notation of the
The potential model dependence of the static e.m. delcurves in the left panels: dotted iis short-dash-dot is(r); long-
teron properties is shown in Table Ill. The largest relativedash-dot is(r, x,); short dashed ia(r,xo) 7(r); in the right pan-
variation is found for the quadrupole moment of about 1.2%els: short dashed is(r, xo) 7(r); long dashed isi(r,xo) m(r,t);
increase going from model A to B and to C which is corre-wide dotted isn(r, xo) 7(r,t,xo.xyv); solid is the total.

0

1642

30

30
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G (@)

30

10 20
Q%fm™?]

FIG. 2. Various current contributions to magnetic dipole
form factor G (Q?) for the Bonn OBEPQ-B potential model
as a function ofQ2. Notation of the curves in the left panel:

dotted is n; short-dash-dot isn(r); long-dash-dot isn(r,x,); 10

short dashed isi(r,xo) 7 (r); in the right panel: short dashed is

n(r,xo)m(r); long dashed is n(r,xq)m(r,t,xo,xv); Wwide 10

dash-dot is n(r,xo)@(r.t,xo,xv)p; Wwide dotted is

n(r,xo) 7(r,t,x0.xv)p(x0)h(xo); solid is the total. L o 20

10 20
Qffm™]
while the corresponding one-body boost results in quite an

enhancement and a sizable shift of the zero towards highe Tzo('Qz,70°) ' I 02 Tzo('QzJo') ' i

momentum transfer. The significance of the one-body boos! ¢4 - 0.0 . L

has already been observed before[1d,15 and and our

results are in qualitative agreement with those findings. We-o05 | A -os

would like to emphasize that neglect of this boost part as in

the calculations of13,16 leads to a significant overestima- ~*¢ | \F\ij 1 of

tion. . o . 15 L L -15 . '
Adding now the relativisticr-MEC, yields a strong re- 0 1°Q=[fm-2]2° 30 0 10Q2[fm_2]20 30

duction. In fact, it is by far the largest effect which reverses
the upshift of the zero by relativistic one-body contributions  FIG. 3. Various current contributions to the structure functions
and shifts it down beyond the nonrelativistic one. This im-A(Q?), B(Q?), and the tensor polarizatio,i(Q?,70°) for the
portant effect of ther-MEC is in accordance with earlier Bonn OBEPQ-B potential model as function@f. Notation of the
findings in, e.g.[11,13,16,36and in particular witf17] and  curves in the left panels: dotted s short-dash-dot isi(r); long-
[18]. All other additional contributions, as shown in the up- dash-dot is\(r, x,); short dashed ia(r, xo) 7(r); in the right pan-
per right panel of Fig. 1, fromr retardation, two-body boost, els: short dashed is(r, xo) w(r); long dashed is(r, xo) 7(r,t);
and heavy meson exchange are very small in this region oFide dotted isn(r, xo) m(r,t, xo.xv); solid is the total. Experimen-
Q2. The pmy current does not contribute, because we havdal data forA(Q?) andB(Q?): open stars arg37]; full diamonds
considered its lowest order contribution only which is purely@re[26]; open circles arg29]; open squares af88]; open triangles
transverse. The situation f@Q(QZ) in the lower left panel are[39]; open d!amonds arfet0]; full C|rc2Ies iire[41]; fqll triangles

of Fig. 1 is different with respect to the relative importance '€ [42: Experimental: data fofT,(Q",70°): full triangles are
of the various contributions. Here all relativistic one-body 43} 0Pen triangles a4, open squares afdS]; full squares are

terms show much less effects comparedG@(QZ), only [46]; open diamond i§47]; full circles are[48] (preliminary); open
; . . . circles are[49].

7-MEC gives a sizable increase of the form factor in accor-
dance with the results ifiL7]. Again all other further contri-
butions have an almost negligible influence Gg, as is of other heavy meson exchanges and from the dissociation
seen in the lower right panel of Fig. 1. py current.

For the magnetic dipole form fact@,,(Q?) the role of The observables, i.e., the structure functigq®?) and
the various contributions is markably different as can be seeB(Q?), and the tensor polarizatiofi,o(Q?70°) are dis-
in Fig. 2. In the left panel one notices that already the relaplayed in Fig. 3, again with separate contributions shown in
tivistic one-body currents lead to a significant decrease of théhe left and right panels as for the form factors in the previ-
nonrelativistic IA. However, the one-body boost contribu-ous figures. FOA(Q?), shown in the upper left panel, the
tions are sizable too, but act in the opposite direction so thatelativistic one-body current gives a lowering of the IA
the total result is very close to the original IA. Again the above Q?~10 fm 2, which is counteracted by the corre-
remark is in order that leaving out the one-body boost consponding boost terms so that the net result is only a tiny
tributions leads to an underestimation. The inclusion of theenhancement of the IA. A stronger increase is generated by
relativistic 7-MEC vyields then a drastic increase with in- the relativisticr-MEC, again abov&?~ 10 fm™2. All other
creasing momentum transfer. Adding retardation and boostdditional contributions from retardation, two-body boost,
for = exchange, shown in the right panel, results in a slighbheavy meson exchange apé vy current, shown in the upper
reduction which is more than compensatedgbilEC. Fur-  right panel, are very small. Compared to the experimental
ther slight increases come from the additional contributionglata, also displayed in Fig. 3, one notices a satisfactory
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0

agreement for momentum transfe®?<10 fm 2. For 10
higher Q2 the IA including relativistic one-body contribu-
tions lies systematically below the data, while addition of ©
relativistic 7-MEC results in a systematic overshooting ,-2[
which is not compensated enough by the slight reduction
from the heavy meson anglry currents. This overshooting 17
has also been observed[ibg]. -
The behavior ofB(Q?), shown in the middle left and " o
right panels, reflects the one &f(Q?) in Fig. 2 and thus
we do not need to discuss the various relativistic contribu- 1’
tions again in detail. With respect to experiment, already at
rather low momentum transfers, the IA plus relativistic one- ©
body contributions lies below the experimental data. Here,-1[
the inclusion of the relativistier-MEC leads to quite a sat-
isfactory agreement although the theory lies systematicallyo™
slightly higher than the data. It corresponds to what has beer _
noted above for the static magnetic momeint. However,
the further contributions from the heavy meson gndy

-1

0

10 20
Qfm™?]

currents spoil this nice agreement and lead to a sizable over 10* 0.5 T ('Q270.) '

estimation, considerably larger than 1&¢Q?). Such a sys- . 00 }
. .. 10 F 0.0 7 E

tematic overprediction has also been observed by Plesse S

et al. [18] as well as by Wiringaet al. [16] although in the ° _o5 E 974 A

latter case of a somewhat smaller size, but they had left ou A

the boost contributions which would have shifted further up v™ -0} .

their results. The origin of this systematic disagreementis ar _ =

open question and it needs further detailed studies to clarify© 4 © 12'0 0 "o " ] 22'0 30

it. Obviously, it appears that the magnetic properties of had- Q{fm~] Qfm~]

ronic systems are more sensitive to the finer details of the

d ic int " ffects th h f hich FIG. 4. Comparison of the three Bonn OBEPQ potential ver-
ynamic intéraction eliects than charge ones, for w 'C.sions for the form factors and observables for the total current con-

charge conservation constitutes a stringent condition. It i$. «one Notation of the curves: dashed is OBEPQ-A: solid is

interesting to note that the recent relativistic calculation OfOBEPQ-B' dash-dot is OBEPQ-C. Experimental data as in Fig. 3.
Phillips et al. [7] results in a systematic underestimation of ’

the data for both structure functions in this region of momen-The structure functioPA(Q?) in the upper right panel is
tum transfers. almost model independent fa?<10 fm 2 while above
The two lower panels of Fig. 3 show the influence of thethis region some model dependence is seen which increases
various current contributions on the tensor polarizationwith increasing Q2. Also the tensor polarization
T,o(Q?,70°). Since the minimum is determined by the zeroT,y(Q?,70°) in the lower right panel exhibits very little
of G¢(Q?), one readily notices that the shift of the minimum model dependence up ©2~10 fm~2, but at higher mo-
by the different current contributions follows the shift of the mentum transfers one notes a sizable shift of the zero and a
zero of G¢(Q?), i.e., the largest effects come from the one-corresponding shift of the minimum towards higl@¥ with
body boost shifting the minimum to high&? and from the increasing strength of the tensor force, i.e., increaBipgof
m-exchange resulting in an even larger downshift of thethe potential model. The magnetic form fac®f,(Q?) and
minimum and of the zero crossing @%,(Q?,70°). With  thus B(Q?), shown in the middle left and right panels, re-
respect to the experimental data, the one-body currents alospectively, exhibit an even larger sensitivity to the potential
yield a drastic disagreement for momentum transfers aboveodel over the whole region of momentum transfers which
the minimum, whereas inclusion of the relativisicMEC  increases in size. The absolute values are correlated with the
gives an almost satisfactory description although the datstrength of the tensor force, i.e., one finds the highest values
seem to rise slightly steeper at higher momentum transfer$or the potential model C having the strongest tensor force.
All other further contributions show almost no influence at We furthermore show in Fig4 a comparison with the
all. experimental data for the observables. In order to exhibit
Finally, we show in Fig. 4 the dependence of the formmore clearly the deviations between the three potential ver-
factors and observables on the three Bonn OBEPQ versiorsions and from the experimental data we show in addition
A, B, and C. The largest dependence on the potential modeleparately for the structure functiod§Q?) and B(Q?) in
is seen inG¢(Q?) aboveQ?~10 fm 2 via the shift of the  Fig. 5 the relative deviation with respect to the theoretical
zero. With increasingD-state probabilityPy the zero is  predictions of the OBEPQ-A model including all current
shifted downward. In contrast to thi&]Q(Qz) is rather in-  contributions. As already stated, at low momentum transfers
sensitive to the potential model. This different behavior is(Q?<10 fm™2) the potential model dependenceAfQ?) is
also reflected in the observablé§Q?) and T,o(Q?,70°).  negligible, and all potential models give a satisfactory agree-
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1.0

' ; ' ' ' above 15 fm? from [48] seem to favor the OBEPQ-C

- AA/A(QY) model but one has to await the final data analysis before one
could make such a definite conclusion. Considering all data,
the best overall description is achieved with the OBEPQ-B
model at present. But, as already mentioned, ab@e
~15 fn? the data seem to rise steeper. Thus a more precise
location of the zero crossing would be most interesting.

In conclusion, we may state that the consistent inclusion
10 : : ! : . of all important relativistic contributions of leading order

0 5 1 QZ[fErZ] 20 25 30 within a pure nucleonic one-boson-exchange model leads to
a satisfactory description of the structure functions of elastic
: : : — electron-deuteron scattering at low and medium momentum
AB/B(Q?) transfers Q?<30 fn?) for the OBEPQ-A model, if one sat-
isfies oneself with an agreement between theory and experi-
ment within the level of about 10—20 % fé/(Q?), whereas
for B(Q?) the deviation grows considerably larger, e.g., a
factor 2 atQ?= 25 f?. The tensor polarization is better de-
scribed with the OBEPQ-B model. If, however, one aims at a
more precise agreement at the level of 1 or even less than
1%, significant further improvements are needed, in particu-
0 5 0 15 20 25 30 lar a much better description for the magnetic properties will
Qfm™] be a very challenging task for the future. One might specu-
late whether explicit isobd50-52 or even quark-gluon de-
8(0) fom th hortcl preiton o h Som OBEPCQ A po- 9255 O EECCLE] MO e s sinifcant morove
tential including all current contributions. Notation of the curves: form factors of the various currents may be important
dashed is OBEPQ-A; solid is OBEPQ-B; dash-dot is OBEPQ-C. . .
Experimental data as in Fig. 3. We would like to add another r_emark concerning th_e
quality of the Bonn OBEPQ potentials, considered in this
work, compared to more recent so-called “high quality'N
ment with the data. Abov®?~10 fm™2, however, increas- potentials. These latter potentials use a slightly smaller
ing overestimation of the data is seen A&(Q?) for all three wN-coupling constant than the one taken in the above
models, the largest deviation being for the OBEPQ-C modeDBEPQ potential§53]. This affects in particular the strength
having the largesP,, whereas for the OBEPQ-A model of the tensor force becoming somewhat weaker in these
with the smallestPy the theory is much closer to the data. modernNN potentials which in turn would lead to a smaller
For B(Q?) one notices already at low momentum transfers aquadrupole moment of the deuteron. A way out of this di-
systematic overestimation of the data by all three models ilemma is discussed i53] by assuming a charge splitting of
accordance with the overestimation of the static magnetiche 7N-coupling constant. Therefore, it remains as a task for
dipole moment. The deviation increases noticably with in-the future to study these high-quality potentials in elastic
creasing momentum transfers. Again one readily sees @alectron deuteron scattering. Due to the phenomenological
strong correlation between the size of the deviation and theharacter of these potentials, the construction of a consistent
size ofP4. As has been remarked already above with respeaturrent is quite involved. Our results, however, underline the
to the results with the potential model B, one finds for allnecessity of such a consistent calculation, since otherwise
three potential models a considerably larger overpredictiomny conclusions drawn would be rather premature.
for B(Q?) compared toA(Q?).

Within the experimental error$,,(Q?,70°) is well de-
scribed by the predictions for the OBEPQ-B model, but also
the results for the other two OBEPQ models are in reason- This work was supported by the Deutsche Forschungsge-
able agreement in view of the large error bars. The new datmeinschaf(SFB 443.

0.5

0.0

FIG. 5. Relative deviation of the structure functiohQ?) and
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