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Vertex corrections to vacuum polarization in hadronic field theories
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Vacuum polarization is studied in a model with neutral vector mesons and Dirac baryons. The
lowest-order polarization is known to produce a ghost pole when it is summed to all orders in the vector
meson propagator. It is also known that the infrared structure of the meson-baryon (N¹o)vertex in
this model produces a proper vertex function that is strongly damped at large spacelike momentum
transfer; this is analogous to the result first derived by Sudakov in quantum electrodynamics. %'hen the
model vertex function is approximated by its on-shell form and combined with the lowest-order polariza-
tion, the vacuum contributions are significantly reduced. The resulting random-phase approximation
meson propagator has no ghost pole and is finite at large spacelike momenta. Implications and perspec-
tives of this result and necessary extensions of this calculation are also discussed.

PACS number(s): 21.30.+y, 21.60.Jz, 21.65.+f

I. INTRODUCTION

In future experiments, nuclear systems will be exam-
ined under extreme conditions of density and tempera-
ture, and their response will be probed at momentum and
energy transfers larger than the nucleon mass. It is there-
fore essential to develop reliable models that go beyond
the traditional nonrelativistic many-body framework,
which is based on the Schrodinger equation. General
properties of physics, such as quantum mechanics,
Lorentz covariance, and microscopic causality, motivate
the use of quantum field theories to describe the interact-
ing, relativistic, nuclear many-body system. Renormaliz-
able models based on hadronic degrees of freedom (quan
tumhadrodynamics or QHD) have been proposed as a
means of constructing a practical relativistic many-body
theory of nuclei [1,2].

Renormalizable QHD models containing baryons and
neutral scalar and vector mesons have been applied at the
mean-field and one-loop levels to finite nuclei, and they
successfully describe many bulk and single-particle prop-
erties [2,3]. Nevertheless, corrections to the one-loop cal-
culations must be included to obtain more accurate re-
sults and to describe processes that probe nuclear struc-
ture beyond the single-particle level. In a relativistic field
theory, these corrections naturally include contributions
from vacuum loops and the Dirac sea of baryons. These
vacuum contributions are an integral part of a relativistic
description of nuclear structure, and it has already been
shown that such corrections are crucial for maintaining
the conservation of momentum and the electromagnetic
current at the level of the random-phase approximation
(RPA) [4,5].

Renormalizable models are characterized by a finite
number of coupling constants and masses, so that con-
sistent calculations can be carried out beyond the one-
loop level without introducing additional parameters
(such as vertex cutoffs) determined solely by short-
distance input. The dynamical assumption underlying re-
normalizability is that the quantum vacuum and the
internal structure of the hadrons can be described in

terms of hadronic degrees of freedom alone. Since the
quark-gluon structure of hadrons is important at short
distances, this assumption must ultimately break down,
but QHD will still be useful if the nuclear observables of
interest are insensitive to short-distance contributions.
The motivation for this paper is to show that hadronic
vertex corrections can reduce the sensitivity of vacuum
fluctuation loops to short-distance behavior.

In recent investigations, expansions based on powers of
A or the number of baryon loops have been proposed as
candidates for calculations beyond the one-loop level

[6—8]. Unfortunately, since these schemes are essentially
perturbative in the (large) couplings, they have not been
useful, primarily because of the large size of the vacuum
contributions. For example, the vector meson propaga-
tor in the RPA of the Walecka model [1]develops an un-

physical "ghost" pole for spacelike momenta, due to the
increasing strength of the coupling at short distances
[9,10]. This pole arises for momenta that are typically a
few times the mass of the nucleon; it produces a large
imaginary contribution to the nuclear matter energy [8]
and reveals an unacceptable sensitivity to the short-
distance dynamics.

It should be remembered, however, that existing calcu-
lations incorporating vacuum dynamics are at a very sim-

ple level, and several methods have been proposed to
eliminate the short-distance sensitivity. One possibility is
to insert ad hoc form factors at the meson-baryon vertices
to reduce the unwanted contributions [11]. This pro-
cedure, however, introduces unknown short-range
cutoffs, says nothing about off-shell or density-dependent
effects, and poses diSculties when one tries to construct
approximations that obey the desired conservation laws.
Another possibility, based on the work of Redmond
[12,13], is to "surgically" remove unwanted singularities
in the propagators by modifying their analytic structure
in a dispersion-theory calculation. Here it is unclear
whether one has actually corrected the unphysical short-
range behavior or simply modified it so that the ghost
pole does not appear. Finally, as described by Brown and
Jackson [14] and pointed out recently by Milana [15],one
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can recognize that a theory with neutral, massive vector
mesons has vertex corrections that generate a strongly
damped vertex function at large spacelike momenta. In
this work, we follow the suggestion of Milana and see
whether vertex corrections within the framework of re-
normalizable QHD can reduce the size of vacuum contri-
butions and remove the unphysical behavior originating
from the lowest-order vacuum polarization loop.

It has been known since the work of Sudakov [16] and
of Fishbane and Sullivan [17] that the proper vertex func-
tion in QED falls rapidly when the momentum q" enter-
ing on the photon line becomes large. In particular, the
asymptotic form for the on-shell vertex at large spacelike
rnomenta q (Ois

u(pb )&"u(p, )~u(p, )y"u(p, )

2

Xexp —
2

ln (
—

q /m )
16~

where p, =pb =m, and m is an infrared regulator mass.
Note that this asymptotic form decays faster than any
fixed power of 1/q . In a theory with a massive neutral
vector boson, the regulator mass m is replaced by the bo-
son mass; however, the scale factor m inside the loga-
rithm cannot be taken seriously, since Eq. (1.1) is derived
by examining only the leading logarithmic behavior. The
actual scale factor must be determined by other means, as
we discuss below. Nevertheless, since the leading contri-
butions in each order diverge as m ~0, the scale factor
must depend on the regulator mass.

The physical origin of the strong damping is the large
likelihood for virtual brernsstrahlung of soft vector bo-
sons. In diagrainmatic terms, the exponential arises from
summing all ladders and crossed ladders involving the ex-
change of soft bosons across the single hard vertex.
(Later work supports the assumption that nonleading log-
arithms do not ruin the preceding asymptotic behavior
[18—20].) We emphasize that although the momentum
transfer to the vertex is large, the damping arises from
the infrared structure of the theory, as the required fac-
tors of ln (

—
q ) are generated by loop momenta that are

on the order of the vector meson mass. Thus it is reason-
able to include this long-range vertex structure in a re-
normalizable theory containing hadron loops. Moreover,
as shown by Fishbane and Sullivan, the ultraviolet behav-
ior of the vertex and its required renormalization are ir-
relevant for obtaining the asymptotic expression written
above.

The purpose of the present work is to apply the results
of Fishbane and Sullivan to a hadronic field theory con-
taining baryons and massive, neutral vector mesons (co),
as proposed recently by Milana [15]. We include these
vertex modifications in the vacuum contribution to the
vector meson polarization and estimate their effects on
the resulting RPA propagator. We emphasize that our
calculations contain no ad hoc short-range parameters;
the vertex function is specified by the vector meson mass
and vector-baryon coupling constant, which can be deter-
mined from independent empirical data, such as the satu-

ration properties of nuclear matter [2].
Nevertheless, a full calculation of these vertex correc-

tions and their effect on the vector propagator is quite
complicated; in principle, one must include the off-mass-
shell and density dependence of the vertex and also deter-
mine the q behavior at small spacelike momenta. There-
fore, for this initial investigation, we make several simpli-
fying approximations: First, we neglect density-
dependent vertex corrections and include only contribu
tions from vacuum loops, which generate the asymptotic
expression given above. Second, we approximate the full
polarization loop containing the vertex by factoring it
into a product of the on-shell vertex and the renormal-
ized, lowest-order polarization computed with point cou-
plings. The on-shell vertex is a function of momentum
transfer only, and it is needed only in the spacelike re-
gion. This factorization procedure is analogous to that
used in familiar "meson theory" calculations, where

par ametrized, on-shell form factors are inserted at
meson-baryon vertices. Finally, we assume that the be-
havior of the vertex at small ~q ~

(in this simple model) is
determined by the lowest-order vertex correction and use
this to study the sensitivity of the vacuum polarization to
this part of the vertex function. We find that the vacuum
polarization is insensitive to the small-~q

~
behavior of

the vertex and is determined primarily by the asymptotic
form of the vertex given in Eq. (1.1). Each of these ap-
proximations can be improved systematically within this
renormalizable theory, as we discuss below.

The basic outline of our procedures (and of this paper)
is as follows. In Sec. II, we compute the lowest-order
correction to the on-shell vertex at all q and zero densi-
ty. This should give the dominant long-range contribu-
tion to the vertex function in this simple model, since the
virtual intermediate state is the one with the smallest
mass; we find that the predicted rms "charge" radius is
roughly 0.4 fm. By comparing the momentum depen-
dence of the lowest-order result with the corresponding
term in the expansion of Eq. (1.1), we determine where
the asymptotic form becomes valid as well as the correct
scale in the denominator of the logarithm. We find that
the asymptotic form is valid for rnomenta greater than
roughly five times the nucleon mass M, and the appropri-
ate scale factor is obtained by using (1.7m ) in the loga-
rithm. The comparison that leads to these results is in-

dependent of the strength of the vector coupling. If we
assume that similar scale factors arise in the higher-order
terms, we can extend the lowest-order results to the full
expression in Eq. (1.1).

As shown in Sec. II, the lowest-order vertex correction
is valid only at small spacelike momenta ( ~q ~

8 —,'M ) be-

cause of the large coupling strength. Thus, to describe
the vertex function at intermediate mornenta, we use a
smooth interpolation to connect the low-q and high-q
regimes. Several different interpolations are used, and
the results for the vector meson propagator are insensi-
tive to the interpolation. The lowest-order vertex correc-
tion also generates a small isosealar anomalous moment,
and we also match the anomalous form factor smoothly
to an asymptotic behavior of the form in Eq. (1.1). (This
actually overestimates the effects of the anomalous piece,
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since Fishbane and Sullivan proved that the anomalous
term is damped by an additional overall factor of I /~ q ~. )

These procedures provide explicit analytic forms for the
on-shell, isoscalar charge and anomalous form factors
that can be used for a11 spacelike q and that have the
asymptotic behavior given in Eq. (1.1). This asymptotic
damping is consistent with the empirical electromagnetic
nucleon form factors at large spacelike momentum
transfers [14,21]. Since this model contains only baryons
and co mesons, however, one should not expect these ex-
pressions to quantitatively reproduce empirical form fac-
tors at small q .

In Sec. III, we combine the model on-shell form factors
with the lowest-order, renormalized contribution to the
vector vacuum polarization IP (q) by writing

IP (q)= (q g"—" q"q")—IIR(q )

and then by letting

Iia(q ) II„(q )F(q ),

(1.2)

(1.3)

where F(q ) is either the on-shell "charge" form factor
F, (q ) or F2(q ) for the anomalous part. Note that the
vertex corrections are included at only one of the ver-
tices, consistent with Dyson's equation for the full polar-
ization. The vertex-corrected vacuum polarization is
then summed to all orders to compute the RPA vector
propagator. We find that the vertex-corrected RPA
propagator is finite at large spacelike q and there is no
evidence for a ghost pole. The vacuum contributions are
rather modest, and the new RPA propagator resembles
the noninteracting result. Moreover, vertex corrections
have little effect on the vacuum polarization for

~ q ~

~ M, which implies that vacuum contributions to
the low-energy response of finite nuclei will be essentially
unchanged.

In Sec. IV, we consider the implications of this calcula-
tion and indicate several improvements that must be
made before definitive conclusions can be drawn. We em-
phasize that this calculation is not intended to provide a
detailed description of the vector-baryon vertex. It is
merely an initial attempt to include the infrared vertex
structure that is inherent in this theory in a calculation of
vacuum corrections. The important point is that at large
q, the vacuum polarization loop and the proper vertex
function tend to cancel each other, so it is incorrect to
evaluate vacuum contributions without including both
effects.

gime is appropriate and to find the scale for the damping.
The results at small and large momentum transfer are
then joined by a smooth interpolation. In the next sec-
tion, we combine the model vertex function with the
lowest-order vacuum polarization to compute the RPA
vector meson propagator.

For simplicity, we consider a theory with only neutral
vector mesons (co) and baryons. The Lagrangian density
1S

X=P[y„(i8" g—„V")—M]g
'F —F—""+'m —V V"+5K .4 pv 2 U P (2.1)

Here the meson of mass m, couples to the conserved
baryon current with strength g, . The meson field
strength is F""=8"V 8"V",—and 5L contains renormal-
ization counterterms, which are written explicitly in the
Appendix. We impose natural units: A= c = 1.

A. Lowest-order vertex correction

Figure 1 shows some low-order contributions to the
proper NNco vertex, which we denote by A"(pb, p, ). The
corrections to the bare vertex are written as I ", so that

ig, A—~(p, ,p. ) = ig„[—y~+r~(p, ,p. )] . (2.2)

Xy"G (p, —k)y D„z(k) . (2.3)

This contribution should dominate the vertex structure in
this model at large distances, since the virtual intermedi-
ate state is the one with the lowest mass. At high
momentum transfer, this diagram must be combined with
all the higher-order ladders and crossed ladders to obtain
the correct asymptotic behavior.

In this initial investigation, we compute only the zero-
density part of the vertex correction, which is obtained
by keeping only the Feynman part of the noninteracting
baryon propagator:

Proper NNv Vertex

Here we concentrate on the lowest-order correction,
which is given by the second diagram on the right-hand
side of Fig. 1, and compute only the on-shell vertex func-
tion (p, =pb=M ) By app. lying the usual Feynman
rules [2], we obtain

d4k, 0I "(p„,p, ) =ig„'I y'G (p —k )

II. THE VECTOR-BARYON VERTEX Pb

In this section, we construct a model for the on-shell
XXco vertex that exhibits the asymptotic behavior in Eq.
(1.1). In the limit of large momentum transfer, the lead-
ing contribution to the vertex comes from all crossed and
uncrossed ladder diagrams, due to the virtual bremsstrah-
lung of soft vector mesons. At small momentum transfer,
we assume that the dominant contribution comes from
the lowest-order vertex correction, since the virtual inter-
mediate state has the smallest mass. We use the lowest-
order correction to determine where the asymptotic re-

Pa

FIG. 1. Diagrammatic expansion of the proper XXco vertex.
The solid lines represent baryons and the wavy lines are vector
mesons.
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6 (k) —+6~(k)=
k2 M2+ i

(2.4)

The noninteracting vector meson propagator is given by

k„k
D„,(k)= g„„—

mq k —m +is
(2.5)

The integral over k in Eq. (2.3) is therefore divergent and
must be renormalized. The divergence can be isolated
with dimensional regularization after introducing a Feyn-
man parameter integral. This procedure is described in
the Appendix; here we utilize only the final expressions
for the renormalized vertex. Due to baryon current con-
servation, the longitudinal (k„k, ) terms in the vector

A"(q)=F, (q )y"+iF~(q )a" q (2.6)

where F, (q } and Fz(q } are the strong isoscalar charge
and anomalous form factors, respectively. In our approx-
imation, the form factors become

meson propagator do not contribute to the renormalized
on-shell vertex. It is easy to verify that these terms pro-
duce only an infinite constant proportional to y", which
is completely removed by the renormalization subtrac-
tion. Our renormalization procedure is also consistent
with the Ward identity, as discussed in the Appendix.

When the external baryon legs are on shell, the proper
NNco vertex depends only on q"=pt' —p&—and can be
written as [22]

F&(q )=1— dx dy
gu» —~ 2M (1—x —y) —M (x +y) —

q (1—x)(1—y)
8~2 M (x+y) —xyq +m, (1—x —y)
2

8a

g
2

8n

i —x 2M2 1 —x —y —M x+y
o o M (x+y) +m„(1—x —y)

dx dy 2 2 2

M (x+y) —xyq +m„(1—x —y)
dx dyln

0 0 M (x +y) +m„(1—x —y)

2

o o M x+y —xyq +m, 1 —x —y

(2.7}

(2.8)

These expressions allow us to compute some physical
results in this simple model. In the following, we use the
parameters g, = 102.58 and m, =m =783 MeV, which
are consistent with a fit to nuclear matter saturation
properties in the one-loop approximation (including the
zero-point energy) to the Walecka model [3]. For exam-

ple, we can define the baryon-number (i.e., isoscalar)
mean-square radius as [note that F, (0)=1]

(M+ m, ) '. This supports the argument that the
lowest-order term is the most important for long-range
properties, as all other contributions have more massive
virtual intermediate states.

For the anomalous contribution, the most interesting
quantity is the anomalous strong isoscalar moment
2MFz(0). This is related to the ratio of anomalous (f) to
charge (g) coupling for the co meson commonly used in
the literature [23] by

q =0
(2.9) 2MF, (0)= If i'g

I
(2. 12)

and the anomalous mean-square radius as

6 ' F, 0 dq'
q =0

(2.10)

and compare our model results with empirical data.
A straightforward calculation and numerical integra-

tion produces

(r, ) =(1.251 X 10 )g„ fm (2.11)

which yields a value of 0.36 fm for the rms baryon-
number radius with the coupling given above. Other
coupling values, taken from different fits to nuclear
matter, yield rms radii between 0.3 and 0.5 fm. These are
reasonable values, considering that the model contains
only heavy vector mesons. In addition, by examining the
sensitivity of the rms radius to changes in the masses m,
and M, one finds that the radius scales essentially as

where we consider only the magnitude of the result. The
ratio in Eq. (2.12) is difficult to measure precisely, but all
analyses show it to be small ( 5 0.4), and some find it con-
sistent with zero. (It is usually set to zero in boson-
exchange models of the nucleon-nucleon interaction. ) In
the present model, we find 2MFz(0) =(3.175 X 10 )g, ,

so that 2MFz(0)=0. 3 with the coupling listed above.
Whereas we do not want to attach any great significance
to this result in our simple model, it is satisfying that the
predicted anomalous moment is small and does not con-
tradict the empirical values. Finally, although the rms
radius associated with this moment is not well known, we
find the small value of (r, )'~ =0.152 frn, which is in-

dependent of g, and determined solely by the masses of
the nucleon and the co.

In Fig. 2, we show the form factors F, and 2MF2 as
functions of the magnitude of the spacelike momentum
transfer. Evidently, the lowest-order anomalous form
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it of large spacelike q, they reproduce the damping im-
plied by Eq. (1.1) to 0 (g„). The second is to compare the
lowest-order correction in Eq. (2.7) with the 0(g„) term
in the expansion of Eq. (1.1) to determine where the
asymptotic form becomes valid. In addition, since the
asymptotic form in Eq. (1.1) is based on an examination
of the leading logarithmic behavior only, the scale of the
logarithm should not be taken seriously. Nevertheless,
since the asymptotic contribution in each order diverges
when m„~O [see Eq. (2.15) below], the logarithmic scale
must depend on the vector meson mass. Thus it is ap-
propriate to write the 0 (g„) term in the expansion of the
exponential as

0.2
g

2' ln' — ~
16m am

(2.13)

0.5
. . . , I. . . , I. . . ,

15 2 25

FIG. 2. Lowest-order charge (solid) and anomalous (dashed)
on-shell form factors, as functions of the magnitude of the
spacelike momentum transfer Q =V —

q ~/M~.

B. Asymptotic behavior: Charge form factor

We have two goals in this subsection. The first is to
analyze the preceding expressions to show that in the lim-

factor is very hard, and the lowest-order charge form fac-
tor is valid only at small spacelike momenta. One should
not trust the calculated F, when the lowest-order correc-
tion to the bare vertex becomes large; for typical values
of g„ this occurs for spacelike momenta on the order of
the nucleon mass. In contrast, for weak couplings, the
lowest-order result has a much wider range of applicabili-
ty.

and to use the full lowest-order calculation to determine
the precise value of a.

We emphasize that to locate the onset of the asymptot-
ic regime, we compare the q dependence of two func-
tions, both of which are of 0 (g„). This comparison is in
dependent of the coupling strength. Consequently, we can
determine where the asymptotic form of the lowest-order
integral is accurate, even if this result does not provide a
good approximation to the vertex. Indeed, we will show
that for typical values of g„, the lowest-order result is not
useful in the asymptotic regime, and one must use the full
exponential form in Eq. (1.1). (In contrast, if the cou-
pling strength were given by the electromagnetic fine-
structure constant, the lowest-order result would be very
accurate at the onset of the asymptotic behavior. )

We begin our analysis with the charge form factor F, ,
and consider only spacelike momentum transfer. We
scale out the baryon mass by defining Q —= —

q /M and

p —=m„ /M, and we are interested in the limit

Q —++ oo. The result in Eq. (2.7) thus becomes

F,(g )=1— dx dy
2(1 —x —y) —(x +y)'+Q (1—x)(1—y)

o o (x+y) +xyg +p (1 —x —y)

+ dx dy
gU» —x 2(1 —x —y) —(x +y)Sn» (x+y) +p (1—x —y)

gv» —~ (x+y) +xyg +p (1—x —y)dx dyln
8~2 (x +y) +p (1—x —y)

(2.14)

By changing variables to u =x +y and z —=x —y, the z integrations can be performed with the result

Fi(g )=1— 2[2(1—u) —u +Q (1—u/2)~] S(u)+ug/2du ln
16m' QS(u) S(u) —ug/2

2u [2(1—u) —u ] 2S(u) S(u)+ug/2+ ln
u~+p2(i —u) Q .S(u) —uQ/2

(2.15)
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where

2 2

S(u)—= u + +p (1—u)
4

1/2

(2.16)

and Q=—+Q . We remark that Eq. (2.15) is the most
eScient expression for generating numerical results for
FI(Q').

To generate a In (Q ) behavior as Q ~oo, we must
isolate the infrared-divergent contributions. For p =0,
S(u) is linear in u, and the argument of the logarithms
becomes Q . Thus, in addition to the overall InQ, the
divergence at u=0 in the first term in the integrand pro-
duces a second logarithm, and we need consider only this
term to obtain the leading asymptotic behavior at finite

p
Since 0 ~ u 1 and 1 —u /2 never vanishes, only the Q

term is relevant in the numerator. For finite p, the
denominator will behave linearly in u as long as
u )&2p/Q; thus, to logarithmic accuracy, we can set the
lower integration limit to u =2p, /Q and expand for large
Q . An examination of the logarithm for u near this
lower limit shows that it behaves like ln(u Q /p ). So,
keeping only the leading logarithmic behavior, the in-
tegral in question becomes

2Q (1—u/2) u Qdu ln
spy' Q (uQ/2) p2

8
~ l~ ln2 2 p2 ln2 q

2 ~ 2

2 Z

which is the desired result.
This analysis makes it clear that the scale in the loga-

rithm is undetermined if one examines only the leading
asymptotic behavior. (In principle, one could determine
the scale by analytically evaluating all terms proportional
to lnQ . ) It is easy to see that no other terms in Eq.
(2.15) can generate a ln (Q ) dependence, since the mid-
dle two are vanishingly small at large Q, and the last one
can produce at most a single power of the logarithm.
Thus we conclude that for large spacelike momenta,

(2.20)

we can examine the behavior of 1/a(Q ), which should
approach a constant in the asymptotic regime.

In Fig. 3, we plot this ratio as a function of the space-
like momentum Q. From the value of the ratio at Q=20
we obtain a=2.86. While this is slightly different from
the true asymptotic value a=4.5 (indicated by the arrow
in the figure), the approach of 1/a to its limit is only log-
arithmic. Thus it is more appropriate to choose an a that
is relevant for combining the vertex with the lowest-order
vacuum polarization. This is achieved by determining o.
from the relatively small value Q=20.

From Fig. 3, we also estimate that the onset of the
asymptotic regime is at Q =5. Although analogous esti-
mates based on higher-order terms could produce
different values, they are likely to be similar, since the nu-
cleon and meson masses set the scale at every order. This
follows because the leading contribution at 0 (g„")factor-
izes in the asymptotic limit, i.e., I'i„i~l III/n. , as shown
by Fishbane and Sullivan [17]. Moreover, higher-order
estimates could produce different scale parameters a, but
it is easy to see that using a single a introduces negligible
errors in the Q ~ oo limit, since the corrections involve
nonleading logarithms in each order. Here we will sim-

ply assume that the results of the lowest-order analysis
can be used as well for higher orders.

Thus, in the asymptotic region Q & 5, we write

g
2

F, (Q )=exp — ln (Q /ap )
16~

(2.21)

4

Ratio (t1'/a~') „,/(q'/p')

with a =2.86 from the lowest-order ratio discussed
above. Since the coupling constant is large, F, (Q ) is

FI(Q )~1— ln (Q /p, ),gv

16~
(2.18) 3—

in agreement with the result in Eq. (2.13), up to the un-
known scale factor a. Unfortunately, the discovery of
the double logarithm in the Feynman parameter integral
does not reveal that the relevant loop momenta are on the
order of the meson mass; for this, one must use light-
front variables, as discussed by Fishbane and Sullivan

Now that we have verified that the lowest-order
correction has the correct asymptotic limit, we can com-
pare the general result in Eq. (2.7) to Eq. (2.13) to deter-
mine where the asymptotic regime begins. Taking
F, (Q ) from Eq. (2.7), we define the quantity 0 I I I I t I I

0 5
I I I I I I I I I I I

10 15 20

(Q /ap )„,=—exp [1 F, (Q )]'~—
By forming the ratio

(2.19)
FIG. 3. Ratio of the argument of the lowest-order, on-shell

vertex correction, from Eq. (2.19), to Q /p, as a function of the
spacelike momentum Q.
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Q max

TABLE I. Interpolation parameter sets.

F,
Fi

F2
F

0.8
0.0
0.0
0.0
0.0

5.0
5.0
5.0
5.0
5.0

—0.1665
—0.3481

0.6317
0.3594

—0.1129

0.7759
2.5907
0.1713
0.1799
3.7416

1.3858
1.3858
0.3759

—0.0362
0.4508

—0.03774
—0.03774
—0.00762

0.00246
—0.01227

highly damped at large Q. Moreover, the interpolation of
F, (Q ) between the low-q and the asymptotic regime is
insensitive to the precise choice of Q at the onset of the
asymptotic regime.

We now have two well-defined functions that describe
the charge part of the form factor in regimes that are mu-
tually exclusive: the low-q regime, Q & 1, where Ft(Q )

is given by Eq. (2.7), and the high-q regime, Q ~ 5, where
F, (q ) is given by Eq. (2.21). The only uncertainty
occurs at intermediate momenta, where we interpolate
F, (Q ) using a smooth parametric function. To deter-
mine the constant parameters, we fitted the interpolating
function and its derivative with respect to Q to the
known charge form factor and its derivative at the end of
the low-q regime and at the onset of the asymptotic re-
gime. We utilize the function

section, the vector polarization and propagator are in-
sensitive to the interpolation used and are determined
primarily by the rapid decay of F, that is necessary to
match on to the asymptotic limit.

In Fig. 5 we compare our model charge form factor
with the standard monopole form F(Q )=(1—

q /
A ) '=(1+M Q /A )

' for several different values of
A. At low and intermediate mornenta, our model results
are reproduced reasonably well by a monopole with
cutoff A=1.1 GeV, but the more rapid decay of the
present form factor at large momenta is evident.

C. Asymptotic behavior: Anomalous form factor

The anomalous form factor F2 can be analyzed in the
same way as F„and one finds

f (Q )=a exp( bQ —)+c/(1+Q )+d, (2.22)
2

gv & u (1—u) S(u)+uQ/2
2 4~ o QS(u) S(u) —uQ/2

cL ln

where a, b, c, and d are the adjustable parameters.
To test the sensitivity to the interpolation, two

different procedures were used. First we set the matching
points at Q=0.8 and Q= 5.0, leading to the parameters in
the first row of Table I. Next, we neglected the lowest-
order result and set the matching points at Q=O and
Q=5. At Q=O, we are free to match the slope of the
parametric function to any convenient rms radius. We
found, however, that choosing rms radii between the
reasonable values 0.25 ~ (r, )' ~0.50 fm produced vari-
ations in the vertex function similar to the variations
studied below, so this extra freedom is somewhat redun-
dant. Thus, in the results that follow, we matched the
slope to the rms radius (r, ) '~ =0.36 fm frotn our model
calculation. This produced the parameters in the second
and third rows of Table I, as two independent solutions
were found.

In Fig. 4 we plot the charge form factors determined
by the two interpolation procedures described above.
The solid line follows from match points at Q=0.8 and
Q=5.0, using the parameters in the first row of Table I.
The other two curves follow from the second and third
rows, which use the match points Q=O and Q=5. No-
tice that when the first and second terms in Eq. (2.22) add
destructively, the form factor decays rapidly, the decay is
slower when these terms add constructively. Moreover,
the dot-dashed curve decays almost as slowly as possible
(consistent with the matching conditions), since we do
not expect any resonant or oscillatory behavior at space-
like q . These observations imply that the results in Fig.
4 provide a reasonable envelope on the uncertainty intro-
duced by the interpolation. As we will see in the next

(2.23)

The integral is infrared finite, so the asymptotic behavior
can be deduced by simply setting p =0, with the result

1.0

0.8

0.6

0.4

0.2

0.0
0

FIG. 4. On-shell charge form factors. The solid line follows
from the parameters in the first row of Table I. The dashed and
dot-dashed lines use the parameters in the second and third
rows of that table, respectively. [A second set of parameters ex-
ists for the match points Q=0.8 aud g=5.0, but the resulting
F, (Q ) is practically indistinguishable from the solid curve and
is not shown. ]
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FIG. 5. Comparison of the model I", form factor with several
monopole form factors. The solid line follows from the parame-
ters in the first row of Table I. The monopole cuto6's A are list-
ed.

FIG. 6. Anomalous on-shell form factor 2MFz(Q ). The in-

terpolation procedure is described in the text. The dashed curve
follows from the parameters in the fourth row of Table I, while

the solid curve follows from the fifth row.

2

2MFq(Q )~ lnQ (Q ~oo),
4m Q

(2.24)

which is valid to 0 (g„). As shown by Sterman [20], since
the lowest-order result is both infrared and ultraviolet
finite, higher-order ladder and crossed-ladder diagrams
again exponentiate, and the leading asymptotic behavior
to a11 orders is given by

2

2MF2(Q )~ lnQ exp
4m Q

g
2

»'(Q'/p, )
16m.

(2.25}

2

2MF~(Q )~2MFz(0) exp — ln (Q /ap )
16m.

(2.26)

in the asymptotic regime.
Using a smooth interpolation, we match this asymptot-

ic form to the value of the lowest-order anomalous mo-

This is consistent with the result of Fishbane and Sul-
livan, who show that the ratio F2(Q )/Fi(Q )~1/Q in

the asymptotic regime (neglecting possible logarithmic
factors).

Since the higher-order graphs have essentially the same
form as for the charge vertex, the onset of the asymptotic
regime and the scale factor a in the double logarithm are
the same for F2 and F&. The exponential in Eq. (2.25) de-

cays faster than any finite power of 1/Q, so the prefac-
tor (InQ )/Q is not essential, and we will neglect it in

the asymptotic regime; this slightly overestimates the
e6ect of the anomalous form factor. Moreover, we ob-
serve from Fig. 2 that F2(Q ) is a slowly varying function
of Q2 up to the onset of the asymptotic regime at Q =5,
and so we use 2MFz(0) to determine the overall scale of
the asymptotic form. Thus we take

ment [2MFz(0)] and its rms radius at the origin, as
determined by Eqs. (2.10) and (2.23). An interpolating
function of the form in (2.22) is used. This yields the pa-
rameters in the fourth and fifth rows of Table I and the
anomalous form factor shown in Fig. 6. (There are two
independent solutions for the parameters. )

We now have a model on-shell vertex function with
both charge and anomalous parts that can be used at all
spacelike q . The asymptotic behavior at large momen-
tum transfers is determined solely by the vector coupling
constant and the vector meson mass; no ad hoc parame-
ters have been introduced. The only uncertainty in the
vertex function occurs at intermediate momentum
transfers, where we interpolate between the known low-

q and high-q behavior; as we will see, however, the vac-
uum fluctuation contributions are insensitive to the
method of interpolation and to the parameters intro-
duced in the interpolation functions.

III. THE VECTOR MESON PROPAGATOR

D „(q)=D„(q)+D„„&"„"(q)D„(q). (3.1}

Here II"„(q) is the renormalized, proper vector polariza-
tion, which is given in the one-loop approximation (see
Fig. 7) by

In this section, we calculate the vector meson propaga-
tor for spacelike momenta in the one-loop approximation
and combine it with the vertex modifications discussed
above. Much of the formalism was developed by Chin [6]
and by Furnstahl and Horowitz [10];we extend the latter
work to include a renormalized vacuum polarization with
an anomalous vertex (io""q„),as well as a charge vertex
(y").

Dyson's equation for the vector meson propagator is
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Vector Polarization 4k
II", (q)= —ig„ f TrIio" q 6 (k)y"G (k+q)I(2~)'

FIG. 7. Vertex-corrected, lowest-order vector polarization
diagram. The solid lines are noninteracting baryon propaga-
tors.

d p d pb
IP, (q)= ig—, f f 5 (p~

—p, —q)
(2n ) (2n )

—counterterms,

which are obtained after substituting the point vertices
into Eq. (3.2) and performing the integral over one of the
four-rnomenta. We emphasize that a more complete cal-
culation should include the proper off-shell vertex inside
the integral. We return to this problem later in the pa-
per.

The vacuum contribution to the polarization is ob-
tained by replacing the full noninteracting baryon propa-
gator G by its zero-density part GF, as in Eq. (2.4).
After this substitution, both traces in Eqs. (3.4) and (3.5)
lead to the same overall matrix factor; hence, it is possi-
ble to write

XTrIAI'(pb, p, )6 (p, )y"6 (p„)I
p v

IPv(q) = gPv —« (3.6)
—counterterms. (3.2)

IP, (q)=F, (q )IP, '(q)+F2(q )IP, (q), (3.3)

The structure of the NNco vertex is typically neglected,
and A~ is replaced by the point vertex y"; however, the
resulting one-loop vacuum polarization generates a so-
called ghost pole in the vector propagator at spacelike
momenta (q (0), when the proper polarization is
summed using Eq. (3.1). Our approach to Eq. (3.2) is to
replace the proper vertex A" by point vertices y& and
i o"'q„and then, after performing the renormalization, to
multiply the finite results by the corresponding form fac-
tors described in Sec. II. This procedure allows us to re-
normalize the polarization with a single wave-function
counterterm, as usual. To improve this calculation, one
should retain the off-shell Ai" inside the integral and re-
normalize (3.2) directly. Note that it is impossible to sim-

ply multiply the lowest-order polarization by the on-shell
vertex of Eq. (2.6) before the renormalization, as this
would require an infinite number of counterterms.

Thus we write

which defines II„(q ). The matrix structure of the vector
polarization follows from baryon current conservation
and ensures that

q„II", (q) =q„IIt'"(q) =0;
it also allows us to write the solution of Eq. (3.1) as

r

jib V

Dyv( ) gpv+ q

q

1

q
—m„+Il„(q )

q m„q —m, +ie

(3.7)

(3.8)

Thus the noninteracting propagator agrees with Eq. (2.5),
and all corrections take the same form as in a massless
vector theory (like @ED). Here we are concerned only
with the first term, since this produces the ghost pole,
and we will not discuss the purely longitudinal second
term.

The unrenormalized polarizations are rendered finite
by adding to the Lagrangian a wave-function counter-
term

where II","and II","are the renormalized polarizations 5X =g 'F""F„„, - (3.9)

d4k
IP, (q)= ig, f —TrIy"G (k)y"G (k+q)I

(2m. )

—counterterms, (3.4)

which produces a subtraction of the form
(q g""—q"q")g, in Eqs. (3.4) and (3.5). After choosing
the renormalization point q"=0, a simple calculation
leads to

T

II, (q ) = —
q F

& (q )f dx x (1—x)lnz gU z 2 & M —
q x(1—x) 2 2 2gU 2

( 2) p&d
1

M —qx(1 —x)
4m 0

(3.10)

where we have assumed that the isospin degeneracy of
the vacuum is 2. This finite result is used in Eq. (3.8) to
calculate the RPA vector meson propagator D„. The
form factors F

& (q ) and 2MF2(q ) are taken from the

model calculations discussed in the preceding section.
We note the interesting result that when the point anom-
alous vertex is included in the polarization, renormahza-
tion can still be performed with a single subtraction in-
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volving the wave-function counterterm.
In Fig. 8, we show the lowest-order vertex-corrected

vector polarization that results from setting F2(Q ) =0 in

Eq. (3.10). The solid, dashed, and dot-dashed curves fol-
low from the interpolation parameters in the first three
rows of Table I, respectively. To set the scale, the dotted
curve shows the uncorrected polarization in this momen-
tum regime. Although the corrected polarizations can
differ by roughly 50% at the peak when different interpo-
lations are used, the qualitative behavior is insensitive to
the interpolation. Moreover, if one compares the shifts
from the uncorrected to the corrected polarizations,
which is more appropriate, the effect of different interpo-
lations is rather small (=10%). This small sensitivity is
unimportant compared to our major approximation of
using the on-shell form factors [Eq. (3.3)] rather than the
off-shell integration [Eq. (3.2)] to include the vertex
corrections. Similar conclusions are obtained from exam-
ining the sensitivity to the interpolation of F2, as we veri-

fy below.
In Figs. 9 and 10, we compare the vector polarizations

that result from Eq. (3.10) in the three following cases:
first (solid), the vector polarization corrected by F, (Q )

and F2(Q ); second (dashed), the vector polarization
corrected by F, (Q ) only [Fz(Q )=0]; third (dot-

dashed), the vector polarization without any vertex
corrections [F,(Q )=1 and F2(Q )=0]. When the ver-
tex corrections are included, F, (Q ) is computed using
the second row in Table I and F2(Q ) is computed using
the fifth row.

In Fig. 11 we show the inverse RPA vector propaga-
tors D '(q )—= —

q +m„—II„(q ) produced by the vec-
tor polarizations depicted in Fig. 9. [See Eq. (3.8).] The

Vector Polarization

20

15—

10—

FIG. 9. Lowest-order vector vacuum polarization. The dot-
dashed line represents the polarization without the vertex
correction, the dashed line gives the polarization corrected by
F,(Q ) only, and the solid line gives the polarization corrected
by both F, (Q') and F2(Q ).

dotted line shows the inverse noninteracting vector prop-
agator (II, =O) for comparison. In Fig. 12 we examine
the uncertainty in the vertex-corrected propagator aris-
ing from the different interpolations. The dashed curves
both use the second row in Table I to compute F„and
the fourth and fifth rows to compute F2. The solid
curves use the third row in Table I for F„and the fourth
and fifth rows for F2. We conclude that the qualitative
behavior of the propagator is insensitive to the interpola-
tion, and there is no indication of a ghost pole. Taken to-
gether, the solid and dashed curves give a reasonable en-

velope for the uncertainty in the propagator introduced

20—
Vector Polarization

15—

10—

0
0

I I I

4

FIG. 8. The lowest-order vector vacuum polarization

II„(Q ), including the charge form factors depicted in Fig. 4.
The solid line corresponds to the interpolation from the first

row in Table I, the dashed line (which is almost completely hid-

den) uses the second row, and the dot-dashed line uses the third

row. The uncorrected polarization [F,(Q )= I] produces the

dotted curve.

I—

0 0.5 1.5 2

FIG. 10. The same as Fig. 9 in the low-momentum regime.
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Inverse Vector Propagator
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FIG. 11. The inverse vector meson propagator. The dotted
curve is the noninteracting result (II„=O). The other curves are
labeled and calculated as described in Fig. 9.

by our ignorance of the vertex functions at intermediate
momenta.

We find that the scale at which the damping of the ver-
tex becomes relevant is similar to the scale at which the
lowest-order vacuum polarization becomes large; of these
two competing effects, the strong damping of the vertex
dominates the behavior of the vertex-corrected polariza-
tion, yielding a vacuum contribution that decays at large
~q ~. (See Fig. 9.) Note that the addition of the anoma-
lous part of the vertex function changes the quantitative
results, but does not destroy the damping of the vertex-
corrected polarization.

Inverse Vector Propagator

10.0

7.5

5.0
l

A

2.5

0.0

I I I I I I I

FIG. 12. The inverse vector meson propagator. The dotted
curve is the noninteracting result (II, =0), and the dot-dashed
curve is the inverse RPA propagator without any vertex correc-
tions. The solid and dashed curves include vertex corrections as
described in the text.

The vector propagator changes dramatically when the
vertex corrections are included. Figure 11 indicates that
the vector vacuum polarization (without the vertex
correction) becomes large at large ~q ~; in particular, at
Q =2.2, its magnitude equals

~

—
q +m„~, which pro-

duces an unphysical ghost pole in the RPA vector propa-
gator. The vertex correction modifies the asymptotic be-
havior of the vacuum polarization so that there is no in-
dication of a ghost pole in the new RPA propagator. The
vacuum contribution to the modified RPA vector propa-
gator is largest for Q =4; at higher momenta, the polar-
ization falls off rapidly, and the new RPA vector propa-
gator asymptotically approaches the noninteracting prop-
agator. Note also that for Q 5 1, the vertex corrections
play a minor role, and the corrected polarization (and
propagator) is similar to the lowest-order result.

Thus we find that this model calculation yields a
vertex-corrected vacuum contribution that becomes van-
ishingly small at large momentum transfer. Because
QHD is not asymptotically free, this prediction must ulti-
mately fail at very large ~q . Nevertheless, our calcula-
tion provides a method for introducing the infrared struc-
ture of the vertex into the vacuum polarization calcula-
tion at low and intermediate rnomenta, and in that re-
gime it produces meaningful results.

IV. SUMMARY

In this work we study vacuum polarization and the
meson-baryon vertex in a renormalizable QHD model
containing baryons and neutral vector mesons. Just as in
QED and QCD, the proper vertex in this model is strong-
ly damped at large spacelike momenta due to processes
involving virtual bremsstrahlung across the vertex.
These processes reAect the infrared structure of the
theory, since the damping arises from loop momenta that
are on the order of the vector meson mass. Moreover, al-
though the lowest-order vector vacuum polarization
grows at large spacelike momenta q (0, the vertex
corrections oppose this growth, and we examine the in-
terplay of these two competing effects.

First we construct a model of the on-shell, proper,
meson-baryon vertex that can be used at all spacelike
momentum transfers. At large ~q ~, we use the asymptot-
ic form in Eq. (2.21), which decays faster than any fixed
power of 1/~q . At small ~q ~, we use the lowest-order
vertex correction, which should be dominant, as it has
the lowest-mass intermediate state. By comparing the
lowest-order calculation with the corresponding term in
the asymptotic expression, we find that the asymptotic re-
girne sets in at rnornenta of roughly five times the nucleon
mass. Since the lowest-order result is valid only at small
momenta, we interpolate to define the vertex function in
the intermediate region.

We emphasize that our model (charge) vertex has the
correct high-q limit and the correct low-q limit, as well
as the correct infrared behavior when the meson mass
goes to zero. The structure of the vertex function is
determined primarily by the asymptotic behavior, which
is in turn determined by the vector coupling and the
meson mass; no ad hoc parameters are necessary. Similar
results are obtained for the anomalous part of the vertex,
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which is small in this model.
We then include the vertex modifications in the calcu-

lation of the vector vacuum polarization by multiplying
the lowest-order, zero-density, renormalized vacuum loop
with point y" and io." q vertices by the model on-shell
charge and anomalous form factors, respectively. (The
vertex corrections are included at one vertex only, con-
sistent with Dyson's equations on the full polarization. )

We then sum this vertex-corrected polarization to all or-
ders to compute a modified RPA vector propagator.

Our most important result is that the vertex-corrected
polarization loop is damped at large spacelike momenta.
This damping occurs because the lowest-order polariza-
tion grows asymptotically like ~q ~ln( (q ~ ), while the ver-
tex decays much more rapidly, and the asymptotic re-
gime sets in at about the same momentum scale for both.
The resulting RPA propagator is finite, and there is no
indication of a ghost pole with our approximations. We
also find that the vector propagator is insensitive to the
interpolation used to construct the on-shell vertex at in-
termediate momentum transfers. Moreover, for
~q ~

~M, the vertex-corrected polarization is close to
the lowest-order result computed with a y" coupling.
This occurs because the charge form factor is always nor-
malized to unity at q =0 and the anomalous moment is
small.

There are several improvements that must be made in
this calculation before definitive conclusions can be
drawn. First, one must compute the off-shell vertex and
include it in the polarization loop before renormalization.
The results of Sudakov [16] show that the off-shell vertex
is also damped, but not as strongly as the on-shell vertex;
thus, the present calculation probably overestimates the
damping from the vertex modifications. One must also
study the density-dependent parts of the vertex correc-
tion and include the effects of scalar mesons, which will

be present in any realistic relativistic theory of the nu-

clear many-body problem. It is also important to exam-
ine how these vertex corrections can be treated in a self-
consistent manner and to include pions to describe the
long-range vertex structure more accurately. All of these
improvements can be studied systematically within the
QHD framework [3] and form the basis for future work
on this problem.

In spite of these necessary improvements, two impor-

tant qualitative conclusions are suggested by our results.
First, contributions from vacuum polarization loops and
from vertex modifications have opposite behavior at large
spacelike momenta in any hadronic theory containing
vector mesons. It is therefore impossible to produce
meaningful results for vacuum corrections in these
theories without including both effects simultaneously.
Moreover, the polarization loop becomes large at essen-
tially the same momentum scale at which the vertex
damping becomes important. Although it is easy to ar-
gue that this scale is determined roughly by the baryon
mass, the canceling effects make it difficult to determine
precisely where the net vacuum contributions become
strong in these theories. It is therefore possible that in-
frared vertex contributions can provide sufficient damp-
ing to make low-energy nuclear observables insensitive to
short-distance vacuum contributions. The investigation
of this possibility is an important topic for future work.
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APPENDIX: RENORMALIZATION
OF THE LOWEST-ORDER VERTEX

The lowest-order vertex correction at zero density is

given by Eqs. (2.3), (2.4), and (2.5). We retain only the
g" part of the vector propagator, since the longitudinal
part is irrelevant for the on-shell vertex due to baryon-
current conservation. The denominator of the resulting
integrand can be rewritten by introducing two Feynman
parameter integrals, and after some straightforward alge-
bra and a shift of integration variable, the momentum in-

tegrals can be performed in n dimensions. In the on-shell
case (p, =pb =M ), where the vertex correction is a func-
tion of the momentum transfer q"=pt' —p& only, one
finds

I "(q)=— ) l(1 ~~lb xP. +M]r"l(1 x—)A VPb+M)X.— —
2

dx dy 2 216~ (xp, +ypb) +m, (1—x —y)

2 a v p

+ I (2—n/2) dx dy
32m. 0 o [(xp, +ypb) +m, (1—x —y)]

(A 1)

Here the first term is finite, and the divergence in the
second term has been isolated in the pole of the I func-
tion at the physical dimension n =4.

Nevertheless, it remains to express (Al) in a form that
depends only on the momentum transfer q". For the
second term, we use the on-shell relation p, .p„

I

=M —
—,'q to rewrite the denominator, and carry out

the matrix algebra in the numerator in n dimensions [25]
to arrive at a term proportional to y". For the first term,
we first simplify the matrix algebra, leaving only terms
proportional to y" and the unit matrix, and then apply
the Gordon decomposition [24]:
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2Mr"=pt,'+p,"+i o""q„=2p,"+q"+io"'q„

=2pg —q"+i0""q„, (A2)

which is valid when the external legs are on mass shell.
In the end, the vertex correction indeed depends only on
the momentum transfer and can be written as

gV 1 1 —X
2 2 "(q)I "(q)= dx dy

o o M (x+y) xy—q +m„(1—x —y)

r&[l —(2—n/2)] I'(2 —n/2)+
2

dx
o o [M2(x+y} —xyq +m, (1—x —y)]

Here 2 "(q) is

p&(q)= —r"[2M2(1 —x —y) —M (x +y) q(1——x)(1 y)]—+icr" q [2Mx 2My—(x +y)],

(A3)

(A4)

where we have dropped a term proportional to q" whose
coefficient is identically zero, as required by current con-
servation.

The second term in Eq. (A3) is singular at the physical
dimension n=4. The divergence is proportional to y&, as
expected in this renormalizable theory, and we renormal-
ize by introducing a vector vertex counterterm

I'" (p,p) „=0.
y "p„=M (A6)

This is analogous to the renormalization condition
chosen 'in QED [22]. It is now straightforward to show
that the renormalized vertex is given by

(A7)

where the counterterm is determined from

The renormalization condition is specified by requiring
that the physical coupling g„ is unchanged for on-shell
baryons when the momentum transfer q&=0: A simple calculation leads to

(A8)

gU & &
—x 2M (1—x —y) —M (x+y)~

dx dy
8H o o M (x+y} +m„(1—x —y)

[1—(2—n/2)] I'(2 —n/2)+ dx dy
8H o o [M (x +y) +m„(1—x —y)]

This result, together with Eqs. (A3) and (A7), produces the renormalized lowest-order vertex function

I ~z(q)= —r" dx dy 2 2 2

i —x 2M'(1 —x —y) —M~(x +y) —
q (1—x)(1—y)

8H M (x +y) —xyq +m, (1—x —y)

(A9)

2
NV

8'

f 2M (1—x —y) —M (x+y)dx dy
M~(x+y) +m„(1—x —y)

f M (x+y) —xyq +m„(1—x —y)
dx dy ln

0 0 M~(x +y)2+ m„(1—x —y)
2g. i &

—~ Mx —My(x +y)+io" q dx dp
4Q o o M~(x +y)2 —xyq +m, (1—x —y)

(A10)

from which the charge and anomalous form factors in Eqs. (2.7) and (2.8) can be deduced.
It is a straightforward exercise to show that the vertex counterterm given in Eq. (A9} is identical to the wave-function

counterterm needed to renormalize the O(g, } exchange correction to the baryon self-energy [7]. (Note that one must
be careful to perform all gamma-matrix algebra in n dimensions when comparing intermediate, divergent quantities like
counterterms. ) This verifies that the renormalization prescription defined by Eq. (A6) is consistent with the Ward iden-
tity following from the conservation of the baryon current.
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