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Isoscalar Meson Exchange Currents and the Deuteron Form Factors
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Electromagnetic form factors for the pmy and wo+~y vertices, estimated from quark loop diagrams,
differ considerably from the monopole form factors obtained from vector meson dominance, and
significantly alter the predictions for the elastic electromagnetic form factors of the deuteron.
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A number of experimental measurements, the most fa-
mous being the electrodisintegration of the deuteron at
threshold, have established the existence of isovector me-
son exchange currents [1]. In contrast, the nature and
size of isoscalar exchange currents are still issues of some
controversy. The pmy interaction (related to the AVV
anomaly [2]) certainly leads to an isoscalar exchange cur-
rent, but because of the large mass and width of the p
and the comparatively small size of the pmy coupling,
such a current is hard to distinguish from other short
range interaction currents, including those which might
arise from quark exchange forces [3]. Use of the wovy
isoscalar exchange interaction is more dubious. Both
the very short range nature of this current and the phe-
nomenological status of the o make it hard to justify,
singling it out for special consideration.

The simplest system in which to look for isoscalar ex-
change currents is the deuteron. The deuteron structure
functions A(Q?) and B(Q?) have been calculated using
a variety of relativistic schemes for treating the nuclear
dynamics [4-8], and good deuteron wave functions can
be derived from realistic models of the NV interaction
based on meson field theory [9, 10]. The relativistic the-
ory for electron-deuteron elastic scattering is therefore
fairly reliable. In the context of a Bethe-Salpeter one
boson exchange (OBE) model of the nuclear force, the
form factors can be calculated from only two contribu-
tions: the relativistic impulse approximation (RIA) in
which the photon couples directly to one of the bound
nucleons [shown in Fig. 1 (a)], and the meson exchange
current (MEC) contribution in which the photon couples
to the exchanged mesons [shown in Fig. 1(b)]. Because
the deuteron is an isospin zero target, only the isoscalar
MEC can contribute, and in the context of the OBE
model the pry and wo~y currents are two likely candi-
dates.

The pmy and woy exchange currents make small contri-
butions to the magnetic and quadrupole moments (which
are the values of the magnetic and quadrupole form fac-
tors at Q? = 0, where Q? is the square of the four-
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momentum transferred by the photon), but these contri-
butions are much less than 2% [11]. They are therefore
masked by the significantly larger (and uncertain) rela-
tivistic corrections, which are about 5% for the magnetic
moment and 1.5% for the quadrupole moment [9]. The
situation is more favorable at large @2, where these MEC
contributions are expected to be large (because they pro-
vide a mechanism for sharing the incoming photon mo-
mentum equally between the two nucleons) [12-14], and
where previous calculations of the RIA [4, 5,11] have un-
derestimated A(Q?) by an order of magnitude at Q2 = 4
GeV?/c? and have also failed to predict the correct lo-
cation for the dip in B(Q?), as shown by the solid lines
in Fig. 2. Recently Hummel and Tjon [11] used these
isoscalar exchange currents to resolve this discrepancy
at high Q2. However, the size of these MEC depends
critically on the Q2 dependence of the form factors asso-
ciated with the pmy and wo+y vertices; if no form factors
are used (for example) the result from the pmy exchange
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FIG. 1. (a) The relativistic impulse approximation (RIA).
(b) The pry (or wo<y) meson exchange current (MEC) con-
tribution. The p (or w) is denoted by the wide shaded line
and the 7 (or o) by the dashed line. (c) The quark loop (QL)
contribution to the pmy (or wo+y) vertex, represented by the
lightly shaded circle in (b).
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Calculations of the A and B structure functions under various assumptions. In both figures the solid line is the

RIA and the dashed line is the full calculation (including p7y and wo~y exchange currents with VDM form factors) of Hummel
and Tjon. In (a) the lines with one, two, or three short dashes are the RIA plus pmy exchange current with no form factor,
the VDM form factor, or the QL form factor at the pmy vertex, respectively. (Addition of the wovy exchange current with a QL
form factor has a negligible effect.) In (b) the dotted line is the RIA plus the pmy exchange current (with a QL form factor)
and the dot-dashed line is the RIA plus both the pmy and wo~y exchange currents (with QL form factors).

current alone would overestimate A(Q?) by 2 orders of
magnitude [Fig. 2(a)]. Therefore we must have a reliable
estimate of the Q2 dependence of the form factors at the
pry and wo+y vertices, and such an estimate should take
into account the composite nature of the 7, o, p, and w
mesons. In this Letter we calculate these form factors
from quark loop diagrams which include the ¢g compos-
ite structure of the 7, o, p, and w mesons, and discuss
the implications of our results for the MEC contributions
to the deuteron structure functions.

To calculate the form factor at the pmy vertex we use
a relativistic quark model of the pion and the rho which
was previously used to calculate a variety of pion ob-
servables [15]. In this model the Bethe-Salpeter ver-
tex function for the pion is taken to be I'r(k,p) =
Nav®xixcD3'(k?), where k and p are the relative and
total four-momenta of the ¢g pair which couple to the
pion, Dg(k?) = k% — A? (with A an adjustable parame-
ter) is a parametrization of the momentum distribution
of the ¢g pair, N, is a normalization constant, and x.
and x;s are color and flavor wave functions. In Ref. [15]
the form factor and low-energy observables of the pion
were very well reproduced by choosing the quark mass
mg = 248 MeV and A = 450 MeV, and the model also
successfully described the Q2 dependence of the form fac-
tor for the v* +7° — ~ process [16]. The p meson vertex

was taken to be I' (k, p) = N,G(p)xx.Dy* (k?), where
G¥(p) = v“— ¥p*/p? and the normalization constant,
N, is calculated from the residue of the ¢g scattering
amplitude in the vector channel [15]. A dipole momen-
tum distribution Dy (k%) = (k% — A})(k? — A2) ~ k* was
chosen in order to insure that the integrals involve the
rho converge. Using the same quark mass, the choice
A1 ~ 600 MeV and A, ~ 1000 MeV fits the empiri-
cal values of the yp coupling and the rho width. In the
present calculation, in order to avoid threshold singular-
ities, we found it convenient to use a larger quark mass
of mgq ~ 390 MeV > m,/2. Using this larger quark mass
changes the fitted observables by only about 25%, which
is sufficiently close for our estimates.

Now we use this model to calculate the pmy vertex,
which is defined by [13]

. e
(P(P2)|Ju|7r(191)> = _Zm_gpfr'vfpw'y(Qz)euyaﬁplaQﬁfu )
P

(1)
where the antisymmetric tensor e**®# assures electro-
magnetic gauge invariance, q (¢2 = —Q?) is the four-

momentum of the virtual photon, €, is the polarization
vector of the p meson, f,r(Q?) is normalized to unity at
Q? = 0, and g, is the coupling constant. We calculated
this vertex from the quark loop diagram shown in Fig.
1(c), which gives

(p(p2)| ¥ |7 (p1)) = e / %Tr{ T, (Kripa)S (k+ 3 s (k- %)

xDr(Ki;p1)S (k - El—;—p%)} + (eg term)
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where Ky = k—p1/2, K; = k—p2/2, I'x(k; p) and '} (k; p)
are the vertex functions of = and p mesons, S(k) is the
quark propagator, and e; is the quark charge operator I

e
2N

which takes on values of e, = % and eq = —%. Our 503
calculated form factor, shown in Fig. 3, falls off much < 04
. > 0.
more rapidly at large Q2 than the monopole based on )
vector meson dominance (VMD) used by Hummel and ‘o3
Tjon; it is about a factor of 3 times smaller at Q? = “;

o
)

200 fm~2. The calculated value of gpr is 0.71, in fair
agreement with the recently measured value of 0.56 [17].
We now turn to a discussion of the wo~y exchange cur-
rent. Here we are less able to present a reliable calcu- 00, ) 100 50 200
lation, partly because it is unclear whether to take the Q’ (tm™)
“o” to be the observed I = 0 resonance with a mass in
the vicinity of 1000 MeV, or the phenomenological two
pion enhancement which plays a role in all OBE models
of the nuclear force and which has a mass in the vicin-
ity of 500 MeV. In our estimate we will follow Ref. [11]
and assume the latter. We also assume this sigma to be
the chiral partner of the pion [18, 19], which suggests, in loop diagram in Fig. 1(c) is complicated by the fact that
the spirit of the Nambu-Jona-Lasinio model [19], that this simple loop diagram is, by itself, not gauge invariant.
the 0qq vertex can be obtained from the 7qg vertex by To obtain a gauge invariant result we must take account
replacing the factors of v%xs by the unit matrix (so that of the interaction currents induced by the nonlocality of
the momentum dependence is the same). Similarly, we the meson-qg vertices. Given models of wqg and oqg
will use the same parametrization for the wqq vertex as  vertices, I',(k,p) and I's(k,p), the method of minimal
we did for the pqq vertex. substitution [20] gives explicit forms for these interaction
The calculation of the wo+y form factor from the quark | currents,

o

FIG. 3. The QL pmy (solid line) and wo~y (dashed line)
form factors multiplied by Q2. The VDM form factor (dotted
line) is shown for comparison.

b (1. _ _ 9 _ [4k — g _
Jaqﬁ(kapa q)=ey [Pa (k 2,17) Fa(k’p):' q [4k — q] + (ed term)a (33‘)
- = = g [4k + g]*
(kD) = e s ,p) — 2.0 )| = + (eg :
Teaalhip0) = ewes [T ) T2 (k6 £,9) | 2L+ term) (3b)
where the eg term is obtained by replacing ¢ — —q in the ! where - guon fuoy (@) = Gg@(Q?) = —g®(Q?).

e, term. Adding these two contributions the quark loop The coupling constant is defined by the normalization
diagram for the wo<y amplitude gives two independent, fwov(0) = 1. We emphasize that Eq. (5) is only an
gauge invariant terms: approximation to the full result given in Eq. (4), and
that its tensor structure, g?¢* — (e - q)g*, differs from
(w(p2)lT¥lo(p1)) = gt (@)(g - pr)e" = (e a)p1] (g-p1)e* — (e-q)pY, the result conventionally used. How-
+ G®(Q)[(g - p2)e* — (e - q)ph] ever, the integral over the exchange current operator
(4) [Fig. 1(b)] is approximately symmetric under the replace-
where G(®(Q?) and G (Q?) are independent functions ment p < h2 and .the two tensor forx.ns are there-
2 . . . fore approximately equivalent. Our numerical result for

of @Q“. These two terms also appear in models in which 2) is sh in Fie. 3. Note that the factorizati
the sigma is treated as a composite two pion system [21]. fuo7(Q7) is shown in Fig. 3. Note that the factorization

s 2\ _ 2 -
Numerical evaluation shows that the two independent assumption, fug~ (@) 5 o stant x fg""gQ ), works ap
functions G(@(Q2) and G® (Q?) have opposite sign and proximately at large Q* (Q* > 3 GeV?/c?), as suggested

. . by power counting. Factorization does not work at low
are nearly equal in magnitude (the sum of these two func- 2
. . . s Q*, where the form factors are strongly affected by the
tions is less than 20% of their difference). In addition, . . .
. . . difference in the matrix structure of the pmy and woy
the sum vanishes if m,, ~ m, and decreases more rapidly

. . loops.

2
with Q. than the difference. For all of these reasons we Figure 2(a) shows the effects of different models for
approximate the woy vertex by

fory(Q%) and f.o(Q?) on the deuteron structure func-
e ; 2 ;

w J o = ——Guonfo 2)[q%e* — (e q)q"], tion A(Q¢). Because Hummel and Tjon used a VMD

(wip2)l 7o (1)) mwg orfurr (@)l e+ 0)e’] form factor (the dotted line in Fig. 3), their pmy ex-

(5) change current was too large at high Q2, and they needed
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another exchange current to cancel it. The woy MEC
has the opposite sign, and assuming factorization and
Gpny = —Gwoy = 0.56 results in a strong cancellation of
these MECs, as shown in Fig. 2(a) (the curve shown here
is a corrected version of the original curve published in
Ref. [11]). Using quark loop (QL) form factors, the woy
MEC is very small, the cancellation is much less sensi-
tive, and the pmy MEC current gives better agreement
with the data.

Next, consider B(Q?) shown in Fig. 2(b). The pmy
MEC makes only a small contribution to B(Q?), and
Hummel and Tjon found that they could obtain agree-
ment with the data [22] only by introducing the wovy
MEC. However, the position of the diffraction minimum
is very sensitive to the choice of the wovy form factor,
and while good agreement was obtained with the VMD
model, the more realistic QL model does not succeed in
fitting the data.

In conclusion, we emphasize that the high Q2 predic-
tions for A(Q?) depend strongly on the pry form factor.
Our quark loop calculation may not be reliable enough
to give a definitive result for this form factor, but does
strongly suggest that it is probably much softer than the
one obtained from the vector dominance model. A(Q?) is
also sensitive to the (unknown) size of the neutron charge
form factor (see Ref. [4]). Taking these considerations
into account, we find that A could easily be explained
by some combination of a p7y exchange current and an
enhanced neutron charge form factor, but that, in the ab-
sence of measurements of the neutron charge form factor
and a definitive calculation (or measurement) of the pmy
form factor, it is difficult to fix this combination. The
situation is different for B, where the contributions from
both the pmy exchange current and the neutron charge
form factor are negligible. Attempts to use an wovy ex-
change current to explain B are not successful unless an
unrealistically hard form factor is used. We conclude that
the B form factor is not explained by these models.
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