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A relativistic covariant analysis of the elastic electromagnetic form factors of the deuteron is carried
out using the one-boson-exchange model, including the pry and cay mesonic-exchange-current contri-
butions. The theoretical predictions are compared with the recent experimental data at high momentum

transfer.
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Experimental data' have recently become available
on the elastic electromagnetic (em) form factors of the
deuteron at high momentum transfer, which may help in

discriminating between the predictions of various
dynamical theories of the nuclear interaction. In partic-
ular, they can serve as a testing ground for the limits of
validity of the conventional meson description in this re-
gion. In this picture, meso nic exchange currents
(MEC's) are shown to play an important role in elastic
electron scattering on nuclei. The so-called pair term,
being of relativistic origin, and true MEC graphs like the
pry and cry graphs yield important contributions at in-
termediate momentum transfer. However, for the
pair term it has been argued in the case of the deuteron
using a relativistic one-boson-exchange (OBE) model
that a consistent relativistic treatment of both the
nucleon-nucleon dynamics and the em interaction is
needed. In particular, the pair term contribution to the
magnetic deuteron form factor is grossly canceled by a
correction from the nucleon-nucleon dynamics, result-
ing in a disparity with the experimental data at
moderately large momentum transfer.

Usually the MEC graphs are calculated in a nonrela-

tivistic framework. Moreover, only leading orders in the
kinetic motion of the nucleons and momentum transfer
are kept in the calculation of the eN'ective two-body em
operators. At high momentum transfer these approxi-
mations are certainly not expected to be reliable
anymore. In this Letter we present results of a fully rela-
tivistic analysis of the MEC contributions to the em form
factors using the OBE model. The model was studied
previously' in the relativistic impulse approximation
(IA). The calculation we report on has clearly the virtue
that both the nucleonic and mesonic contributions to the
em current are carried out within the same dynamical
model. As noted previously, at the level of the IA, the
pair term is already automatically included in this for-
malism, since it is done in a fully relativistic covariant
way.

Relativistic calculations of the MEC contributions are
done starting from the deuteron current matrix elements
in the Breit frame. From these the em form factors can
immediately be deduced. For a detailed description of
this formalism we refer to Ref. 10. Denoting the relative
momenta of the 6nal and initial states as p' and p, we
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where @+1represents the deuteron vertex function with

total four-momentum P and polarization M. Further-
more, S2(p, P) is the free two-nucleon Green's function
and I „describes the em vertex. The deuteron vertex
function &+1 is calculated in the two-nucleon cm sys-

tem, using the helicity formalism. It is assumed to satis-
fy a relativistic quasipotential equation, where both nu-

cleons are treated on equal footing; i.e., the relative ener-

gy is set to zero. " In our considered dynamical model
the interaction is assumed to be described by the ex-
change of p, co, ~, e, g, and 8' mesons. The correspond-
ing phase parameters predicted by this model are in good
agreement with the experimental ones up to 250-MeV
laboratory energy. For the deuteron properties and low-
momentum-transfer behavior of the elastic em form fac-
tor, predictions in the relativistic IA are of similar quali-
ty as those found for realistic potentials such as the Reid

t soft core (RSC). ' To determine AP1 in Eq. (1), the
operator for boost transformations A(X) for spin- 2 par-
ticles is used to relate it to the calculated deuteron vertex
function.

In a theoretically meson-based description of the nu-
clear force, we have to also consider, in the analysis of
the em form factors of the deuteron, besides the IA
graph, the additional contributions arising from meson
exchange currents. In the calculation of the pay and the
coey graph (Fig. 1) we take the em Lagrangians '
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For the em form factors of the pry and cot..y currents we
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FIG. 1. The pry and cry meson-exchange-current dia-

grams.
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assume vector dominance. Moreover, the adopted forms
of the em Lagrangians are such that gauge invariance is
satisfied. Taking for the meson-nucleon vertices the
same as in Ref. 8, we get in the Breit system for the
charge operators

T
p~ " —
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where y i(k'y —k„y'). To determine the whole set
of the deuteron em form factors we need also the current
component J~ J~+iJ2 It ha.s the form

J" - —C y'+ g' (y'W —W y')+ P&7 4~ P P

xq(kp+ikp)yQ i) r2,

J+'"-C„,„(y'+iy )q k, —g(.k) +ik,')

k„q2+ ", (k,'+ k') .
Pl Q7

In Eqs. (3) and (4) C~ „and C,r contain the various
strong and em couplings and the meson propagators. It
is given by
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(5)
V gc087

Ceuer ~geefvlvgeivtv Fe(ke)Fe(kee)Fiver(q)
Vl Qp

x g, (k, )d,„(k„),
with F, F„and Fp the strong meson form factors and

Fp 7 and F,„ the pm y and coe y form factors. In these
expressions we have set the relative energy to zero. The
effective em operator is defined as the charge and current
operator between Dirac spinors. Using these operators
and the helicity basis, the two-loop integrals in Eq. (1)
are carried out. Because of rotational symmetry Eq. (1)
reduces to a fivefold integral. The tedious but straight-
forward Dirac algebra has been done using the algebraic
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program REDUcE.
In the nonrelativistic limit an expansion in p/M, p'/M,

and q/M is made of this effective operator and only the
leading-order term is kept. In so doing, the em operator
from Ref. 6 is recovered. It is local, resulting in a con-
siderable simplification of the matrix element. In our
calculations the recent experimental value' gp „0.56 is
used, while for the meson-nucleon coupling constants
and the strong form factors we have taken the parame-
ters as obtained in the OBE model of Ref. 8. The most
dramatic effect of the recoil corrections is found in the
magnetic form factor. In Fig. 2 are shown the results for
the magnetic form factor of the pxy graph with the com-
plete effective operator and the nonrelativistic limit of
this operator. In the nonrelativistic reduction of the
current operator Eq. (4) the term from the tensor part

gp&& of the p% interaction is usually neglected. The ma-

jor difference between the fully relativistic and nonrela-
tivistic effective em operators can be ascribed to this
term. The long-dashed line in Fig. 2 shows the result for
the relativistic em operator but without the g~pf~ term.
Considering the loop integrals we find that there are still
significant contributions at high relative momenta of the
order of 1 GeV/c. In this momentum region the g~~jv
term is comparable to the y contribution, but of oppo-
site sign. This cancellation enlarges the effects of the
recoil corrections, leading to a dip in the exchange mag-
netic form factor. Apart from this large correction the
magnitude of the additional recoil and relativistic effects
are similar as found for the electric form factors, i.e., of
the order of 25%. The contributions from the boost
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FIG. 2. The pxy MEC magnetic form factors. The long-
dashed line is the y contribution as defined in Eq. (5). For
comparison the Gari and Hyuaga (Ref. 6) results are also
shown (dotted line).
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FIG. 3. The electric and magnetic form factors A and 8 of the deuteron, including the MEC contribution, with Hohler et al. form
factors and relativistic wave function. The dot-dashed line is with Gari-Kriimpelmann nucleon form factors. The data in (a) are
from Ref. 1 and the data in (b) labeled by 0 and x are from Refs. 2 and 3.

transformations and negative spinor states are found to
be small, similarly as in the IA.

For the cosy coupling constant no experimental data
are available. We take g„,~ —0.56, as suggested from
a study of a relativistic quark model by Chemtob, Mon-
iz, and Rho, where it was found that g~ y and g„zy cou-
pling constants are the same in magnitude, but of oppo-
site sign. This value of the coupling constant is also con-
sistent with the experimental upper limit set by the de-
cay ro~ n~rr y. Apart from these em couplings we need
the meson parameters and strong meson-nucleon form
factors, which are taken from our OBE model. In par-
ticular, the mass of the e is given by the value of 570
MeV typically used in OBE models. It should be noted
that other isoscalar exchange currents exist such as copy
and pBy. Because of the smaller meson couplings to the
nucleons and larger meson masses it is expected that
these contributions are smaller in magnitude. They have
therefore not been considered, also in view of the uncer-
tainty of the strength of g„,~.

The above results for the MEC contributions can now

be combined with the relativistic IA calculation, ob-
tained with the same OBE wave function and Hohler
et al. ' one-nucleon form factors. Corrections due to the
MEC modify only slightly the em properties at 1ow

momentum transfer. In particular, the MEC contribu-
tions to the magnetic and quadrupole moment are found
to be 1.71 x 10 and 1.07x10, respectively. In Fig. 3
are shown the measured electric and magnetic deuteron
form factors A and B, together with the theoretical cal-
culations. In both em form factors the IA predictions
are lower as compared to the data. In particular, the dip
in the magnetic form factor is at too low momentum

transfer. Similar results are found in calculations with
Bethe-Salpeter wave functions. ' The MEC contribu-
tions shift the dip to the right position and an overall
good agreement is found. As can be seen from the
figure, most of the effect comes from the cozy graph.
Also, in the case of the electric form factor A, the in-
clusion of the MEC contributions yield a substantial im-
provement. This is mainly due to the pry-graph contri-
bution. We see also that the pxy graph increases the IA
prediction of A, whereas the co4..y contribution lowers it.

In view of the large uncertainty in the experimental
neutron form factor and the known sensitivity of the
deuteron em form factors on this, ' we have also con-
sidered the use of the nucleon form factors of Gari and
Krumpelmann. ' As is seen from Fig. 3 for both form
factors A and 8 the agreement with the experimental
data is somewhat better than with the Hohler et a1. form
factors. This is especially true at moderate momentum
transfer. It should, however, be noted that smaller addi-
tional corrections, like MEC contributions from the vir-
tual excitations of heavier mesons and A degrees of free-
dom, have not been considered and this clearly leaves
room for the small deviations of the predictions from the
data found.

Finally, in Fig. 4 is shown the calcu1ated tensor polar-
ization of the deuteron. The relativistic IA result is
close to the nonrelativistic RSC prediction, in agreement
with Frankfurt et al. ,

' but in contrast to the finding of
Dyrnarz and Khanna. Inc1usion of the MEC contribu-
tions do not have an effect at low momentum transfer,
where the agreement with the existing experiments is
good. At higher momentum transfer the MEC correc-
tions are significant, thereby shifting the zero in t20 to
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and some of them, such as the rosy coupling, are not well
known and do not follow from our OBE model.
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FIG. 4. The deuteron tensor polarization t2O for the relativ-
istic OBE wave function with Hohler et al. one-nucleon form
factors. The dot-dashed curve is with Gari-Krumpelmann
form factors. The solid and dot-dashed lines contain the pxy
and cot.'y MEC. For comparison, the RSC wave-function result
(dotted curve) is also shown. The data are from Ref. 19.

higher momentum transfer. In this case use of the
Hohler et al. or the Gari-Kriimpelmann form factors do
not lead to large differences, except at very large
momentum transfer.

In summary, we have calculated in a relativistic one-
boson-exchange model the elastic em form factors of the
deuteron. The same meson-nucleon coupling constants
and form factors, employed in the description of the
nucleon-nucleon interaction, are used to evaluate the em
MEC contributions. In particular, the recoil and relativ-
istic effects are found to have a substantial effect on the
MEC graphs and the contribution of the joey graph to
the deuteron magnetic form factor is significant at high
momentum transfer. Theoretical predictions are well in
agreement with the experimental data. We have to em-
phasize, however, that the results depend on the chosen
em coupling constants, which are additional constants
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