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Effect of recent Rp and Rn measurements on extended Gari-Kru¨mpelmann model fits
to nucleon electromagnetic form factors

Earle L. Lomon
Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics,
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~Received 12 April 2002; published 3 October 2002!

The Gari-Krümpelmann~GK! models of nucleon electromagnetic form factors, in which ther, v, andf
vector meson pole contributions evolve at high momentum transfer to conform to the predictions of perturba-
tive QCD, was recently extended to include the width of ther meson by substituting the result of dispersion
relations for the pole and the addition of ther8 ~1450! isovector vector meson pole. This extended model was
shown to produce a good overall fit to all the available nucleon electromagnetic form-factor data. Since then
new polarization data shows that the electric to magnetic ratiosRp andRn obtained are not consistent with the
olderGEp andGEn data in their range of momentum transfer. The model is further extended to include thev8
~1419! isoscalar vector meson pole. It is found that while this GKex cannot simultaneously fit the newRp and
the oldGEn data, it can fit the newRp andRn well simultaneously. An excellent fit to all the remaining data
is obtained when the inconsistentGEp and GEn is omitted. The model predictions are extended beyond the
data, if needed, to momentum transfer squared,Q2, of 8 GeV2/c2.

DOI: 10.1103/PhysRevC.66.045501 PACS number~s!: 13.40.Gp, 21.10.Ft
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I. INTRODUCTION

A variety of related models of the nucleon electroma
netic form-factor~emff! @1# were fitted to the complete set o
data available before September 2001. One group of mo
included variants of the basic Gari-Kru¨mpelmann ~GK!
model ofr, v, andf vector meson pole terms with hadron
form factors and a term with perturbative QCD~pQCD! be-
havior which dominates at highQ2 @2#. Four varieties of
hadronic form-factor parametrization@of which two are used
in Ref. @2## were compared. In addition to the GK type mo
els we considered a group of models~generically designated
DR-GK! that use the analytic approximation of Ref.@3# to
the dispersion integral approximation for ther meson con-
tribution @similar to that of Ref.@4##, modified by the four
hadronic form-factor choices used with the GK model, a
the addition of the well establishedr8 ~1450! pole. Every
model had an electric and a magnetic coupling paramete
each of the three pole terms, four ‘‘cutoff’’ masses for t
hadronic form factors, and the QCD mass scale,LQCD, for
the logarithmic momentum transfer behavior in pQCD.
addition the effect of a normalization parameter was som
times considered for the dispersion relation behavior of thr
meson in the DR-GK models.

When the set of parameters in each of the eight mod
was fitted to the full set of data available before publicatio
for GEp , GMp , GEn , GMn , and the lowerQ2 values ofRp
[mpGEp /GMp , three GK and all four DR-GK models at
tained reasonablex2 ~when the inconsistency of some lo
Q2 GEn andGMn data was taken into account!, but the ex-
tended DR-GK models had significantly lowerx2. Further-
moreLQCD was reasonable for three of the DR-GK mode
but for only the one of the GK models that had an unreas
ably large anomalous magnetic couplingkr . It was con-
cluded that the three DR-GK models were the best nucl
emff to use in prediction of nuclear electromagnetic prop
0556-2813/2002/66~4!/045501~7!/$20.00 66 0455
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ties. All thee were found to be moderately consistent in th
predictions up toQ2 of 8 GeV2/c2.

However, the part of the above data set from recentRp

ratio data@5# for 0.5 GeV2/c2<Q2<3.5 GeV2/c2, swamped
statistically by all the other data, was systematically low
than the fitted models@Fig. 3 of Ref. @1## contributing dis-
proportionately tox2. This ratio is determined by an asym
metry measurement in the scattering of polarized electr
on protons. Multiplied by the well determined values ofGMp

one obtains values forGEp which are not subject to the un
certainty inherent in the Rosenbluth separation meas
ments in whichGEp is obtained by subtracting the muc
larger contribution ofGMp from the unpolarized cross sec
tion. As expected theGEp derived from the measuredRp are
consistently below those of the older Rosenbluth separa
values.

It is plausible to expect that the oldGEp data is respon-
sible for restricting the best fit of the models to be subst
tially above the experimentalRp values. With this in mind
the particularly high data of Ref.@6# was omitted from the fit
to the model type DR-GK8~1! of Ref. @1# and the flexibility
of a r meson dispersion integral normalization parameteN
was included. In this article the original version is designa
as GKex~01! and when fitted to the smaller data set
GKex~01-!. As seen in Tables I and II and Figs. 1 and
there is only a small change in the fit toGEp and Rp , al-
though the parameters of the fit change substantially.

After the publication of Ref.@1# new data@13# extended
the measurements ofRp up to Q255.6 GeV2/c2, exacerbat-
ing the discrepancy with the predictions of the best model
Ref. @1#. Very recentlyRn[mnGEn /GMn has been obtained
directly @14# by the scattering of polarized electrons on de
terium and detecting the polarized recoil neutron
Q250.45, 1.15, and 1.47 GeV2/c2. The preliminary results
are consistent with the Galster@15# parametrization from
lower Q2 data
©2002 The American Physical Society01-1
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Rn
Galster~Q2!52

mnt

115.6t
, t5

Q2

4mN
2

, ~1!

which, in parallel to the situation forRp , implies much
lower values ofGEn in their Q2 range when coupled with
GMn values @either the precision data of Ref.@16# or the
model fits#.

In this paper, in addition to the above comparison
GKex~01! and GKex~01-!, we fit the model of type
DR-GK8~1!, with the added isoscalar vector mes

TABLE I. Model parameters. Common to all models arekv
53.706, ks520.12, mr50.776 GeV, mv50.784 GeV, mf

51.019 GeV,mr851.45 GeV, andmv851.419 GeV.

Parameters Models

GKex~01! GKex~01-! GKex~02L! GKex~02S!

g(r8)/ f (r8) 0.0636 0.0598 0.0608 0.0401
k (r8 20.4175 215.9227 5.3038 6.8190
gv / f v 0.7918 0.6981 0.6896 0.6739
kv 5.1109 1.9333 22.8585 0.8762
gf / f f 20.3011 20.5270 20.1852 20.1676
kf 13.4385 2.3241 13.0037 7.0172
mf 1.1915 1.5113 0.6848 0.8544
g(v8)/ f (v8) 0.2346 0.2552
k(v8) 18.2284 1.4916
L1 0.9660 1.1276 0.9441 0.9407
LD 1.3406 1.8598 1.2350 1.2111
L2 2.1382 1.2255 2.8268 2.7891
LQCD 0.1163 0.1315 0.150a 0.150a

N 1.0a 0.8709 1.0a 1.0a

aNot varied.

TABLE II. Contributions to the standard deviationx2 from each
data type for each of the models. The number of data points
tributing is in parentheses. For each data type the first row co
sponds to the data set for which the model parameters were
mized, the second row to the full data set.

Data Data GKex~01! Models GKex~02L! GKex~02S!

type set GKex~01-!

GMp Opt 43.3~68! 43.6~68! 48.1~68! 47.9~68!

Full same as above
GEp Opt 67.2~48! 48.2~44! 75.3~44! 30.5~36!

Full 67.2~48! 74.8~48! 112.2~48! 136.8~48!

GMn Opt 122.4~35! 120.2~35! 121.0~35! 122.7~35!

Full same as above
GEn Opt 64.8~23! 64.2~23! 24.1~15! 24.2~15!

Full 65.3~24! 65.0~24! 68.2~24! 68.3~24!

Rp Opt 29.0~17! 22.6~17! 23.1~21! 11.8~21!l
Full 114.0~21! 106.5~21! 23.1~21! 11.8~21!

Rn Opt 0.0~0! 0.0~0! 0.6~3! 0.6~3!

Full 9.6~3! 17.7~3! 0.6~3! 0.6~3!

Total Opt 326.7~191! 298.9~187! 336.3~195! 237.7~178!
Full 421.8~199! 427.8~199! 369.2~199! 388.1~199!
04550
f

v8(1419) pole, to the following data sets, chosen to de
mine the effect of the oldGEn andGEp data in direct conflict
with the values ofRn andRp from modern polarization mea
surements:

~a! The fit GKex~02L! from the full data set of Ref.@1#
with the addition of Refs.@13,14#, the omission of Ref.@6#
@as above for GKex~01-!# and the GEn values for Q2

>0.779 GeV2/c2 of Refs.@9,17,18#.
~b! The fit of GKex~02S! to the same data set as abo

except for the omission of theGEp values for Q2

>1.75 GeV2/c2 of Ref. @7#.
It will be seen that the omission of the conflictingGEn

data, GKex~02L!, has a much bigger influence than the om
sion of Ref.@6#, GKex~01-!, enabling a much better fit toRp
in addition to a very good fit toRn , compared to GKex~01!.
With the removal of the conflictingGEp data, GKex~02S!,
the fit to all the remaining data, includingRp , is very satis-
factory.

In Sec. II we will specify the models and parameters us
in this article, and the data sets used in Sec. III. In Sec. IV
present the results of the four GKex fits in comparison w
each other. We extrapolate beyond the present experime
range of momentum transfer where necessary for predic
available deuteron emff data. The model GKex~02S! fits the
modern and consistent older data well and meets the req
ments of dispersion relations and of QCD at low and h
momentum transfer. Conclusions are presented in Sec. V

n-
e-
ti-

FIG. 1. GEp normalized toGd , comparing the GKex~01! fit
@dotted# with the fit GKex~01-! @solid# obtained when the data o
Ref. @6# is omitted. The otherGEp data is from Refs.@7–11#. The
data symbols are listed in the figure.

FIG. 2. Rp , the ratiompGEp /GMp , comparing the GKex~01! fit
@dotted# with the fit GKex~01-! @solid# obtained when the data o
Ref. @6# is omitted. The data is from Refs.@5,12#. The data symbols
are listed in the figure.
1-2



od
r

e
x.

-
se

a
fo

e
it

nt

e
li

er

a

-

d by

m-

EFFECT OF RECENTRp AND Rn MEASUREMENTS ON . . . PHYSICAL REVIEW C 66, 045501 ~2002!
II. THE NUCLEON EMFF MODEL

In fitting the nucleon emff data including the newRn and
Rp results we have chosen to use the extended GK m
DR-GK8~1! of Ref. @1# with the addition of a pole term fo
the well established isoscalar vector mesonv8(1419),
whose mass is lower than that of the already included isov
tor vector mesonr8(1450). We denote this model as GKe
The choice of the particular parametrization DR-GK8~1! was
made because of its lowx2 value and the fact that its pre
dicted values ofRp were a little closer to the data than tho
of the other extended models. In addition DR-GK8~1! has the
following good physical properties:

~i! It uses the QCD cutoffL2 for the helicity flip meson-
nucleon form factors, rather than the meson cutoffL1 used
by DR-GK~3! and DR-GK8~3!.

~ii ! The evolution of the logarithmic dependence onQ2 is
controlled by the quark-nucleon cutoffLD , along with
LQCD. DR-GK~1! and DR-GK~3! useL2 instead ofLD .

~3! Fitted to the data set of Ref.@1# it finds LQCD
50.1163, close to the expected value. The form factors
not very sensitive to this parameter which is fixed at 0.15
the fits to the new data sets.

So that the reader need not make constant referenc
Ref. @1# we repeat the relevant formulas here together w
the newv8(1419) terms.

The emff of a nucleon are defined by the matrix eleme
of the electromagnetic currentJm :

^N~p8!uJmuN~p!&

5eū~p8!H gmF1
N~Q2!1

i

2mN
smnQnF2

N~Q2!J u~p!,

~2!

where N is the neutron,n, or proton, p, and 2Q25(p8
2p)2 is the square of the invariant momentum transf
F1

N(Q2) and F2
N(Q2) are, respectively, the Dirac and Pau

form factors, normalized atQ250 as

F1
p~0!51, F1

n~0!50, F2
p~0!5kp , F2

n~0!5kn . ~3!

The Sachs form factors, most directly obtained from exp
ment, are then

GEn~Q2!5F1
N~Q2!2tF2

N~Q2!

GMn~Q2!5F1
N~Q2!1F2

N~Q2!. ~4!

Expressed in terms of the isoscalar and isovector electrom
netic currents

2Fi
p5Fi

is1Fi
iv , 2Fi

n5Fi
is2Fi

iv ~ i 51,2!. ~5!

The GKex model has the following form for the four iso
topic emff:
04550
el
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F1
iv~Q2!5N/2

1.031710.0875~11Q2/0.3176!22

~11Q2/0.5496!
F1

r~Q2!

1
gr8

f r8

mr8
2

mr8
2

1Q2
F1

r~Q2!

1S 121.1192N/22
gr8

f r8
D F1

D~Q2!,

F2
iv~Q2!5N/2

5.782410.3907~11Q2/0.1422!21

~11Q2/0.5362!
F2

r~Q2!

1kr8

gr8

f r8

mr8
2

mr8
2

1Q2
F2

r~Q2!

1S kn26.1731N/22kr8

gr8

f r8
D F2

D~Q2!,

F1
is~Q2!5

gv

f v

mv
2

mv
2 1Q2

F1
v~Q2!1

gv8

f v8

mv8
2

mv8
2

1Q2
F1

v~Q2!

1
gf

f f

mf
2

mf
2 1Q2

F1
f~Q2!

1S 12
gv

f v
2

gv8

f v8
D F1

D~Q2!,

F2
is~Q2!5kv

gv

f v

mv
2

mv
2 1Q2

F2
v~Q2!

1kv8

gv8

f v8

mv8
2

mv8
2

1Q2
F2

v~Q2!

1kf

gf

f f

mf
2

mf
2 1Q2

F2
f~Q2!

1S ks2kv

gv

f v
2kv8

gv8

f v8

2kf

gf

f f
D F2

D~Q2!,

~6!

where the pole terms are those of ther, r8, v, v8, andf
mesons, and the final term of each equation is determine
the asymptotic properties of pQCD. TheFi

a , a5r, v, or f
are the meson-nucleon form factors, while theFi

D are effec-
tively quark-nucleon form factors.

For GKex the above hadronic form factors are para
etrized in the following way:

F1
a,D~Q2!5

L1,D
2

L1,D
2 1Q̃2

L2
2

L2
21Q̃2

,

1-3
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F2
a,D~Q2!5

L1,D
2

L1,D
2 1Q̃2 S L2

2

L2
21Q̃2D 2

,

wherea5r,v andL1,D is L1 for Fi
a , LD for Fi

D ,

F1
f~Q2!5F1

aS Q2

L1
21Q2D 1.5

, F1
f~0!50,

F2
f~Q2!5F2

aS L1
2

mf
2

Q21mf
2

L1
21Q2D 1.5

,

with Q̃25Q2
ln@~LD

2 1Q2!/LQCD
2 #

ln~LD
2 /LQCD

2 !
. ~7!

This parametrization, together with Eq.~6!, guarantees tha
the normalization conditions of Eq.~2! are met and that as
ymptotically

F1
i ;@Q2ln~Q2/LQCD

2 !#22, F2
i ;F1

i /Q2, i 5 is,iv
~8!

as required by pQCD. The form factorF1
f(Q2) vanishes at

Q250, and it andF2
f(Q2) decrease more rapidly at largeQ2

than the other meson form factors. This conforms to
Zweig rule imposed by thess̄ structure of thef meson@2#.

This model has at most 14 free parameters:
~i! Eight couplings to the pole terms, the 4gm / f m and the

4 km for the r8, v, v8, andf mesons.
~ii ! Four cutoff masses in the hadronic form factors,L1 ,

L2 , LD , andmf .
~iii ! The mass determing the size of the logarithmicQ2

behavior,LQCD.
~iv! The normalization factorN for the dispersion relation

contribution of ther meson.
However, at most 12 of these parameters are freely va

in any of the fits made in the following section to the chos
data sets.

III. DATA BASE AND FITTING PROCEDURE

As previously stated, GKex~01! is the same as
DR-GK8~1! of Ref. @1#. This model had the best fit to the fu
data set available at the publication of Ref.@1# with gv8 / f v8
5kv8 50 and withN51. For GKex~01-! the four data points
of Ref. @6# were omitted from that data set. In this ca
gv8 / f v8 andkv8 were still supressed butN was freely varied.

In the fits GKex~02L! and GKex~02S! gv8 / f v8 andkv8 were
freely varied, but these fits fixedN51 again~implying neg-
ligible error in the dispersion relation evaluation! andLQCD
was fixed at the physical value of 0.15 GeV/c. The important
difference from the data set of GKex~01-! is the addition of
the higher QRp data points of Ref.@13# and theRn data
points of Ref.@14# and the omission of theGEn values for
Q2>0.779 GeV2/c2 of Refs. @9,17,18#. In the shorter data
set of GKex~02S! the GEp values forQ2>1.75 GeV2/c2 of
Ref. @7# are also omitted. The free parameters were o
04550
e

d
n

i-

mized using aMATHEMATICA program that incorporates th
Levenberg-Marquardt method.

IV. RESULTS

Table I presents the parameters which minimizex2 for the
above four cases. For all four parameter sets the hadr
form factor cutoff masses,L1 , L2 , LD , andmf are reason-
able. The relatively large value ofL2, which controls the
spin-flip suppression in QCD, is consistent with the slo
approach to asymptopia observed in polarized hadron s
tering. For the two cases in whichLQCD is a fitted parameter
as well as the two for which it is fixed, it is consistent wi
high energy experiment. The addition of thev8(1.419) me-
son in GKex~02L! and GKex~02S! has movedkv closer to
the expected small negative value than all earlier fits,
there is still the implication of some effect from a high
mass isoscalar meson. The adequacy of the fits is an ind
tion that the form factors with more poles would be simil
to those already obtained.

In Table II the values ofx2 are listed for the four case
and the contribution from each of the six form factor class
of measurement are detailed. Also shown are the value
x2 when any data points omitted from the fit are reinsert

We note, as can also be seen in Figs. 3 and 4 that
quality of fit to the magnetic form factors,GMp and GMn
changes negligibly as we refit to the datas sets that diffe
the electric form factors and the electric to magnetic for
factor ratios. As discussed in Ref.@1#, the large excess ofx2

FIG. 3. GMp normalized tompGd . Comparison of the models
GKex~01! @solid#, GKex~02L! @dotted#, and GKex~02S! @dash-
dotted# with the data of Refs.@6–9,11,12,19,20#. ~a! The full data
range.~b! Expansion of the rangeQ2<3.0 GeV2/c2. The data sym-
bols are listed in the figure.
1-4
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EFFECT OF RECENTRp AND Rn MEASUREMENTS ON . . . PHYSICAL REVIEW C 66, 045501 ~2002!
over the number of data points forGMn is due to obvious
inconsistencies in the data set forGMn at Q2,0.8 GeV/c2.
The displacement of adjacent data points well beyond t
error bars in this range is evident in the figures and cont
utes about 90 to thex2 of GMn .

The interesting changes are, of course, in the fits toGEp ,
GEn , Rp , and Rn . As noted in the introduction, removin
the four very high values ofGEp data@6# does surprisingly
little to allow a better fit to theRp data already in GKex~01!.
Several of the parameters, all threekm , L2, andLD , have
large changes~see Table I!, but this results in a small shif
between the predictions of GKex~01! and GKex~01-! as is
evident in Table II and Figs. 1 and 2. The figures show
slightly better fit toRp correlated with a very slightly worse
fit to GEp . The former is reflected in Table II by the decrea
in the x2 contribution of the 17Rp points to which those
cases were optimized from 29.0 to 22.6. When the f
higherQ2 of Ref. @13# are added thex2 contribution is much
larger than the number of points~21!. The drop in thex2

contribution toGEp from 67.2 to 48.2 is entirely due to th
omission of the four data points of Ref.@6#, but thex2 for the
full set of 48 points is a little larger because of the compe
tion with Rp . The implication is that there is a constraint o
the fit toRp from data independent ofGEp , arising from the
model correlations between all the nucleon emff. This
shown to be the case below.

Substituting the newRn values for the conflictingGEn
data of Refs.@9,17,18# causes a large difference between t
GKex~02L! and GKex~01-! fits to GEp , GEn , Rp , andRn ,
as seen in Table II and Figs. 5–8. In particular f
GKex~02L! the x2 contribution for all 21Rp data points is

FIG. 4. GMn normalized tomnGd . Comparison of the models
GKex~01! @solid#, GKex~02L! @dotted#, and GKex~02S! @dash-
dotted# with the data of Refs.@9,16–18,21–27#. The data symbols
are listed in the figure.~a! The full data range.~b! Expansion of the
rangeQ2<2.0 GeV2/c2.
04550
ir
-

a
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23.1. Fig. 6 shows the strong improvement in the fit toRp .
The figure also shows that the goodness of thex2 value is
somewhat misleading because that fit is systematically h
for the three highestQ2 data points. On the other hand, th
x2 contribution for all 44GEp data points increases from
48.2 in GKex~01-! to 75.3 in GKex~02L! because of the
compromise of better fittingRp . Thex2 contribution for the
threeRn points now included is only 0.6.GEn now contrib-
utes 24.1 for the remaining 15 data points@which still in-
clude highly scattered lowQ2 data as discussed in Ref.@1##
instead of 64.8 for the 23 data points in GKex~01-!.

For the GKex~02S! case theGEp data of Ref.@7#, which is

FIG. 6. Rp , the ratiompGEp /GMp . Comparison of the models
GKex~01! @solid#, GKex~02L! @dotted#, and GKex~02S! @dash-
dotted# with the data. The data is from Refs.@5,12,13#.

FIG. 5. GEp normalized toGd . Comparison of the models
GKex~01! @solid#, GKex~02L! @dotted#, and GKex~02S! @dash-
dotted# with the data. The data references are the same as in F
and the data symbols are listed in the figure. The points labeled
open circles are obtained by multiplyingRp data Refs.@5,13# by the
GMp of GKex~02S! normalized bympGd . ~a! The full data range.
~b! Expansion of the rangeQ2<2.0 GeV2/c2.
1-5
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EARLE L. LOMON PHYSICAL REVIEW C66, 045501 ~2002!
clearly inconsistent with the newRp data Refs.@5,13#, is also
omitted. The results are very good if the modern data
chosen when in conflict with the older Rosenbluth separa
results. Thex2 contribution from the remaining 36GEp
points is only 30.6 and for all 21Rp points only 11.8. For the
remaining types of form-factor measurements there is a n
ligible change ofx2 between the GKex~02L! and GKex~02S!
cases.

Figures 5–8 show the successive improvements inGEp ,
Rp , GEn , and Rn as the optimization data sets are vari
from GKex~01! to GKex~02L! and to GKex~02S!. To demon-
srate the correlation between the electric form factors and

FIG. 7. GEn normalized toGd . Comparison of the models
GKex~01! @solid#, GKex~02L! @dotted#, and GKex~02S! @dash-
dotted# with the data of Refs.@9,17,18,26,28–36#. The data of Refs.
@30,32,34# are the reevaluated values of Ref.@37#. The slope at
Q250 is from Ref. @38#. The points labeled by open circles a
obtained by multiplyingRn data @14# by the GMn of GKex~02S!
normalized bymnGd . ~a! Q2<8.0 GeV2/c2. ~b! Expansion of the
rangeQ2<2.0 GeV2/c2.

FIG. 8. Rn , the ratiomnGEn /GMn . Comparison of the models
GKex~01! @solid#, GKex~02L! @dotted#, and GKex~02S! @dash-
dotted# with the data. The dashed curve isRn

Galster(Q2) of Eq. ~1!.
The ‘‘experimental’’ points are described in the text@14#.
04550
is
n

g-
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ratio of electric to magnetic form factors we have, in Figs
and 7, entered~as circles! the electric form factor values
obtained by multiplying the experimentalRp andRn values
by the case GKex~02S! model values of the magnetic form
factors normalized by the magnetic moments. The corre
tion with the model prediction for the electric form factors
excellent.

The figures show the model extrapolations ofRp , GMn ,
GEn , and Rn up to Q2 of 8 GeV2/c2 for the guidance of
future experiments and because of their relevance to d
teron and other nuclear electromagnetic scattering pre
tions. The extrapolation is sensitive to the weight given
the polarized vs the Rosenbluth separation data in the
The resolution of this dichotomy will, in the context of th
physical model employed here, greatly restrict the nucle
emff over a large range of momentum transfer.

The polarization measurements ofRp andRn may soon be
extended to largerQ2, so it is of interest to examine th
predictions of the good fit GKex~02S! as Q2 increases. As
seen in Fig. 5 the model curve is, as is the data, appr
mately linear in the range 0.5 GeV2/c2<Q2<5.6 GeV2/c2,
but the model curve’s slope is gradually decreasing in m
nitude. A linear fit to the data would change sign nearQ2

58 GeV2/c2 where the model predicts 0.19. The mod
crosses zero nearQ2514 GeV2/c2 with a very small slope.

Figure 8 shows the Galster curve,Rn
Galster(Q2) of Eq. ~1!,

to compare with the model and the data. The model fits
data but deviates from the Galster curve after that. T
model increases faster, reaching a maximum of 0.426 atQ2

54 GeV2/c2 where the Galster value is only 0.309, whi
Rn

Galster(Q2) increases monotonically to an asymptotic val
of 0.342. A measurement of the present quality atQ2

54 GeV2/c2 could distinguish between the two.

V. CONCLUSIONS

The GKex model, consistent with vector meson dom
nance and perturbative QCD in the appropriate momen
transfer regions, represents well a consistent set of neu
and proton emff. This set includes polarization measu
ments, which are directly related to the ratios of electric
magnetic form factors, and differential cross section m
surements of the magnetic form factors. The values of
electric form factors from the Rosenbluth separation of
differential cross section is, in our final selection GKex~02S!,
only used for the lower range ofQ2 where the magnetic
contributions are less dominant. Because of the phys
properties of the model and the good quality of the fit w
expect that the model predictions are sufficiently accurate
be used for predictions of the electromagnetic properties
nuclei. The model values may also be useful in plann
future experiments.

The above conclusions are only valid to the extent t
adequate physics is included in the GKex models. Only thr
meson exchange includes the width of the vector mes
~from dispersion relation results!. There will be corrections
from the widths of the other exchanged vector mesons. H
ever, the next most important—thev andf—have very nar-
row widths. The higher masses of ther8(1450) and the
1-6
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v8(1420) reduces the importance of their substantial wid
because of their distance from the physical region and t
partial replacement by the pQCD term.

In assuming vector dominance we have neglected
multimeson exchange continuum contributions. In particu
the two-pion continuum may have an influence at very l
Q2<0.4 GeV2/c2. Indeed, as remarked in Ref.@1# and can
be seen in Fig. 5~b!, the GEp data of Ref.@8# has a more
negative slope forQ2<0.3 GeV2/c2 than the higherQ2 data
and the model fit. The addition of a two-pion exhange te
to the model may enable a change of slope between the
s

04550
s
ir

e
r

o

regions, but would have little effect on the model fit forQ2

>0.5 GeV2/c2.
One may also want to consider some higher mass ve

mesons. This would have some importance in the fits
Refs. @3,4#, but are much less important in these GK ty
models because of the transition to pQCD behavior.
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