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Sensitivity studies for extraction of GE
n from inclusive and semi-inclusive electron scattering
on polarized 3He
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The processes3HeW(eW ,e8) and 3HeW(eW ,e8n) are theoretically analyzed with the aim to search for sensitivities
in the electric form factor of the neutron,GE

n . Faddeev calculations based on the high-precisionNN force
AV18 and using consistent mesonic exchange currents are employed. While the inclusive process is too
insensitive, the semiexclusive one appears promising.
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I. INTRODUCTION

The experimental knowledge of electromagnetic form f
tors of the neutron is of basic interest for testing model
finally QCD based predictions. Quite intensive experimen
efforts are planned@1# and have been undertaken to extra
these form factors from electron scattering on the deute
@2–5# and 3He @6–9#. In Ref. @8# the magnetic neutron form

factorGM
n has been extracted from the process3HeW(eW ,e8) at

q250.1 and 0.2 (GeV/c)2. The analysis of the data relie
on precise solutions of the 3N Faddeev equations for3He
and the 3N continuum, thereby using modern nuclear forc
and consistent mesonic exchange currents~MEC’s!. The re-
sulting values forGM

n agreed perfectly with results extracte
from the cross section ratiod(e,e8n)/d(e,e8p) @3#. The ex-
perimental data for higherq2 values have not yet been an
lyzed in the same framework because it has to be expe
that relativistic corrections will play a significant role and t
theoretical framework for that extension has not yet be
settled enough to be reliably applicable. This is an import
challenge and task for theory.

In the case ofGE
n the experiments@6,7# for the process

3HeW(eW ,e8n) had the aim to extract the electric form factor
the neutron. The analysis, however, leaves more question
reliability open than in the case ofGM

n . Around q2

50.35 (GeV/c)2 a first result@6# was based on the simpl
assumption that polarized3He can be considered to be
polarized neutron. This was later corrected by a Fadd
calculation@9#, however, without taking MEC’s into accoun
Also, relativistic effects in that Faddeev calculation were n
included, though they might be not negligible. The corre
tions induced by final state interactions~FSI! turned out to be
substantial and moved the original value towards the reg
of GE

n values found in the experiments based on a deute
target @4,5#. The theoretical analysis of that experiment@9#
was also aggravated by a heavy averaging over the ex
mental conditions. At an even higherq2 value of q2

50.67 (GeV/c)2 the same process was again used under

same assumption of replacing3HeW by a polarized neutron to
extract a value ofGE

n @7#. Corrections coming from a ful
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3He wave function and rescattering processes have not
been estimated.

In such a situation it is of interest to theoretically inves
gate electron induced3He observables with respect to the
sensitivity toGE

n . The ideas@10# for choosing certain observ
ables are based on plane wave impulse approximation
the fact that the polarization of3He is carried with about
90% by the polarized neutron. Thus it is well known~see, for
instance, Ref.@11#! that under neglection of FSI and keepin
only the principalS state an asymmetry based on scatter
of a polarized electron on a3He target polarized perpendicu
lar to the~virtual! photon direction is proportional toGE

nGM
n .

In Ref. @12# inclusive scattering has been investigated un
the assumption of PWIA but keeping a full3He wave func-
tion with the pessimistic result that the proton contributi
overwhelms the signature ofGE

n . Note that PWIA in Ref.
@12# includes the action of theNN t-operator within the spec
tator pair of nucleons and thus takes FSI partly into accou
The question remains: What happens under the full dyn
ics? Based on the same simple picture one can form a rat
two asymmetries, one with the3He spin perpendicular and
one parallel to the photon direction. That ratio will be pr
portional toGE

n /GM
n . In order to focus more on the neutro

one uses the3HeW(eW ,e8n) reaction and measures the knock
out neutron in coincidence with the scattered electron. Ag
the important question arises: Will sensitivity toGE

n remain
when the full dynamics is taken into account?

We investigate these questions using full fledged Fadd
calculations and modern nuclear forces and including ME
as well. We restrict ourselves to a strictly nonrelativis
treatment even if we go into higherq2 ranges, where relativ-
ity should and will play a role. At least we can get insig
into the importance or decrease of importance of FSI.

The paper is organized as follows. In Sec. II we brie
review the theoretical framework. Our results for inclusi
scattering and for the semiexclusive processes are show
Sec. III. We summarize in Sec. IV and end with an outloo

II. THEORETICAL FRAMEWORK

The cross section for the process3HeW(eW ,e8) is given
as @13#
©2002 The American Physical Society02-1
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wherek08 , k̂8 are the energy and direction of the scatter
electron,vL , vT , vTL8 , vT8 are kinematical factors,RL, RT,
RTL8, RT8 response functions, andh is the helicity of the
initial electron. The asymmetry is defined as
A5

d3s

dk̂8dk08
U

h51

2
d3s

dk̂8dk08
U

h521

d3s

dk̂8dk08
U

h51

1
d3s

dk̂8dk08
U

h521

52
vT8R̃

T8cosu!12vTL8R̃
TL8sinu!cosf!

vLRL1vTRT , ~2!

where the dependence onu! andf! has been shown explicitly. These angles denote the direction of the3He spin in relation
to the direction of the photon.~In contrast to Ref.@11# we modified slightly the definition of theR̃ responses.! In Ref. @11# it
is shown that in PWIA and under the assumption of keeping only the principalS state of the3He wave function that
asymmetry is given as

APWIA5

2
q2

2mN
2
tan

Q

2 FAq2

QW 2
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2
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~Note that in Ref.@11# PWIA has another meaning compare
to Ref. @12#; we neglect all FSI.! There is a reminder of the
3He wave function, the quantitya, which, however, is nu-
merically insignificant@11#. We now replaceF1

n in the charge
density operator byGE

n . Because of the smallness ofF1
n the

‘‘relativistic correction’’

GE
n5F1

n2
q2

4mN
2 ~GM

n 2F1
n!'F1

n2
uQW u2

4mN
2 ~GM

n 2F1
n! ~4!

is mandatory.@Please note a misprint in Eq.~78! of Ref. @11#:
the square bracket in the denominator should end not be
but behind tan2(Q/2).] Our notation for the photon momen
tum is Q5(v,QW ) and 2Q25q25QW 22v2. Regarding Eq.
~3! we see thatu* 50° (90°) emphasizes (GM

n )2 (GE
nGM

n ).
In the present investigation we shall study the dependenc
A'[A(u* 590°,f* 50°) onGE

n including FSI and MEC’s.
We shall also provide insight into the contributions arisi
from photon absorption on the protons. This extends fi
studies carried through in Ref.@11#, where only FSI effects
were investigated.

The second process we are going to study is3HeW(eW ,e8n).
The sixfold differential cross section is given as@13#

d6s

dk̂8dk08dp̂ndEn

5CsMottpn

pmN
2

2 E dp̂$vLRL1vTRT1vTTRTT

1vTLRTL1h~vTL8R
TL81vT8R

T8!%, ~5!
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t

where in addition to what has been said beforep̂n , pn , En ,
p, p̂ denote the neutron direction, its momentum, its~nonrel-
ativistic! kinetic energy, the magnitude of the relative m
mentum of the two undetected protons, and its directionC
5 1

2 for two undetected protons. Note thatC51 for the
3HeW(eW ,e8p) reaction.

Now the asymmetry defined in the same manner in re
tion to the electron helicities is given as

A5
*dp̂~vT8R

T81vTL8R
TL8!

*dp̂~vLRL1vTRT1vTTRTT1vTLRTL!
. ~6!

We form the ratioA' /Ai , where A'(Ai) refers tou*
590° (0°) andstudy its sensitivity to changes inGE

n and
FSI as well as MEC influences. It will also be of interest
see the proton contribution to that ratio, which is mos
caused by rescattering. The technical performance in
mentum space and the necessarily involved partial wave
composition has been described in Ref.@9# and references
therein.

III. RESULTS

We first regard the process3HeW(eW ,e8). Throughout we
use the high precisionNN force Argonne V18 potentia
~AV18! @14# together withp- andr-like MEC’s @15# accord-
ing to the Riska prescription@16#. As a reference model we
take the Ho¨hler parametrization for all electromagnetic for
factors of the nucleons@17#. There are more recent param
2-2



in
e
tiv
a
th

et
re
r,
ne

ul
.

y
’s

al
so
e

an

ve

al-

h
e

si-

to

s-

e
a

the

y

a-
the

n-
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etrizations, which are based on newer data, fulfill constra
of pQCD, etc.@18#, and which, however, would not chang
the conclusions of our study. Besides the neglect of rela
istic corrections, the knowledge of the MEC’s might be
second concern about theoretical uncertainties. While
NN force chosen has been at least adjusted to the rich s
NN data, the choice of MEC’s is not constrained in a cor
sponding manner. The ones we are using are, howeve
least in harmony with the continuity equation. Also, o
might expect that the best knownp-like terms are the domi-
nant ones. Nevertheless, in view of this situation we wo
like to show results without and with inclusion of MEC’s
Thus one can see the magnitudes of the shifts caused b
MEC’s alone. The calculations including FSI and MEC
will be denoted by ‘‘full’’ in the following. What we call the
symmetrized plane wave approximation~PWIAS! does not
include FSI nor MEC’s but allows photon absorption on
three nucleons. This can also be expressed as photon ab
tion, say on nucleon 1, but then keeping fully antisymm
trized plane waves in the final state. We show in Figs. 1
2 the four response functionsRL , RT , RT8 , andRTL8 as a
function of the energy transferv. The first ~second! case
shown in Fig. 1~Fig. 2! corresponds roughly toq250.1
(0.2) (GeV/c)2. More precisely, in the two cases we ha

FIG. 1. RL , RT , RT8, and RTL8 for q250.1 (GeV/c)2. Full
~solid curves!, FSI without MEC ~dash-dotted curves!, full with
1.6GE

n ~dashed curves!, and with 0.4GE
n ~dotted curves!.
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chosen the initial electron energy to be 778~1728! MeV and
the electron scattering angle as 23.7(15.0)°. There are
ways four curves: one is the reference curve with theGE

n as
given in Ref.@17# and full dynamics and another one wit
FSI but without MEC’s. The two other curves are of full typ
but GE

n is multiplied by 1.6 and 0.4, respectively.RL is not
affected by MEC’s since we do not include two-body den
ties. Its dependence onGE

n is marginal, sinceRL is domi-
nated by the proton. Besides into the density operator,GE

n

also enters into the MEC’s, but there only as a difference
the proton form factor. Consequently changes ofGE

n hardly
affect RT andRT8 . Still the both response functions are vi
ibly changed by MEC’s.RTL8 is the only response function
of interest in searching forGE

n sensitivities. There we se
quite a strong effect of MEC’s, which might introduce
certain theoretical uncertainty. For the MEC’s chosen
660% changes inGE

n lead to about68% changes inRTL8
in its quasielastic peak region aroundv550 MeV. This is
for q250.1 (GeV/c)2.

For q250.2 (GeV/c)2 those changes are larger. The
amount to613% in the quasielastic peak region aroundv
5100 MeV. This is highly insufficient to serve as a sign
ture for GE

n . The reason for these small changes lies in
strong proton contribution as already shown in Ref.@12#,
based, however, on a PWIA calculation. This is now co
firmed using the full dynamics.

We performed one calculation for eachq2 in the peak

FIG. 2. The same as in Fig. 1 forq250.2 (GeV/c)2.
n. All

TABLE I. Response functions for inclusive scattering and for twoq2 values atv values in the peak

region. The full calculation is compared to calculations without absorption of the photon on the proto
responses are given in units of 1/MeV.

q250.1 (GeV/c)2, v550 MeV
RL RT RT8 RTL8

Full 1.9131022 1.0731022 1.8631023 9.6831024

Full ~no proton! 1.1931025 1.3831023 1.3531023 1.2431024

q250.2 (GeV/c)2, v5110 MeV
RL RT RT8 RTL8

Full 1.0431022 1.0631022 1.7231023 7.8231024

Full ~no proton! 1.8131025 1.4731023 1.4231023 1.5731024
2-3
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region dropping all proton electromagnetic form factors. T
results are shown in Table I. We see thatRL is totally domi-
nated by photon absorption on the proton. The reductions
RT by switching off the proton contribution are about 87%
while they are much less forRT8 , namely about 27%. Now
in case ofRTL8 one has reductions of 87% and 80% atq2

50.1 and 0.2 (GeV/c)2, which explains the insufficient sen
sitivity against changes inGE

n at theseq2 values. We re-
frained from investigating higherq2 values because missin
relativistic effects might change the results. There is no n
to compare with PWIAS calculations, since they are kno
@19# to be insufficient.

Since for those changes ofGE
n the shifts inRL andRT are

negligible, the changes in the asymmetryA' reflect directly
the changes inRTL8 . This is shown in Fig. 3, which for the
sake of completeness also includesAi . We see first of all the
strong shifts caused by the MEC’s. Then aroundv550 ~100!
MeV for q250.1(0.2)(GeV/c)2 small modifications ofA'

of about68(13)% are seen caused by the660% variations

FIG. 3. Ai andA' for q250.11 and 10.2 (GeV/c)2. Curves as
in Fig. 1.
04400
e
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in GE
n . The strong proton contribution explains the insuf

cient sensitivity againstGE
n .

The measurements of both asymmetries are neverthe
of great importance.Ai has been used recently@8# to extract
GM

n , as mentioned in the introduction. Pioneering measu
ments on the asymmetryA' have been performed in Re
@20#. They have been analyzed in Ref.@11#, however without
MEC’s and usingF1

n instead ofGE
n in the single nucleon

density operator. The agreement with those data was q
good. More recently the asymmetry given in Eq.~2! was
measured aroundu!5130 to 140° @21#. We analyzed the
data with calculations of the full type. The agreement w
quite good atq250.1 (GeV/c)2 but an overshooting of the
theory was observed forq250.2 (GeV/c)2. It has to be re-
marked that in those calculations stillF1

n has been used in th
single nucleon density operator. Despite the fact that a str
proton contribution is present, the changes by going fromF1

n

to GE
n are noticeable. We document that in Fig. 4 by comp

ing the data atq250.1 and 0.2 (GeV/c)2 @21# with two full
calculations usingF1

n andGE
n , respectively. UsingGE

n leads
to a slight deterioration in comparison to theF1

n result.

Let us now move on to the process3HeW(eW ,e8n) and check
whether it is more sensitive toGE

n . As emphasized before
our present strictly nonrelativistic framework does not allo
reliable predictions at highq2 values, say aboveq2

50.2 (GeV/c)2. Nevertheless we shall now exhibit resul
beyond that with the only aim to describe possible trends

FIG. 4. Comparison of data~Ref. @21#! at q250.1 and
0.2 (GeV/c)2 with two full point geometry calculations usingF1

n

~dashed curves! andGE
n ~solid curves!, respectively.
The
ativ-
TABLE II. Kinematical quantities for quasifree scattering conditions studied in the present work.
electron beam energy was fixed to 1 GeV. Subscripts ‘‘nrl’’ and ‘‘rel’’ refer to the nonrelativistic and rel
istic treatment of kinematics.

q2 vnrl Qnrl v rel Qrel Enrl
c.m. Erel

c.m.

@(GeV/c)2# ~MeV! (MeV/c) ~MeV! (MeV/c) ~MeV! MeV

0.05 27.0 225.2 26.6 225.2 12.5 12.2
0.10 54.8 320.9 53.2 320.7 31.1 29.7
0.15 83.6 396.2 79.9 395.4 50.3 47.2
0.20 113.3 461.6 106.5 459.7 70.1 64.5
0.25 144.2 520.4 133.1 517.4 90.6 81.8
0.30 176.3 575.4 159.7 570.5 112.0 98.9
0.35 209.8 627.7 186.4 620.3 134.4 116.0
0.40 244.9 678.2 213.0 667.4 157.8 132.9
0.45 281.9 727.7 239.6 712.3 182.5 149.7
0.50 321.1 776.6 266.2 755.6 208.6 166.5
2-4
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the significance of FSI and MEC’s. We cannot exclude t
these results might change in the future to an unknown
tent, when relativity will be correctly included.

With respect to extracting neutron information, it appe
optimal to choose a breakup configuration where the neu
is knocked out in the direction of the photon. On top one c
assume that the neutron receives the full photon momen
and moreover the photon energy equals the final neutron
ergy. This is often called the quasifree scattering conditi
We choose ten differentq2 values as shown in Table II. Th
related photon energyv, its three momentumuQW u, and the
c.m. energy of the final three nucleonsEc.m. ~all evaluated
nonrelativistically! are also given. For the sake of orient
tion, corresponding relativistic values are included as w
The comparison of these parameters shows already th
the highq2 values relativity cannot be neglected.

In the following figures, Figs. 5–7, we compare first of a
results for PWIAS, full, and calculations with FSI but with
out MEC’s. On top we add the result for the scattering o
free neutron at rest. This is treated fully relativistically a
will be referred to in the figures as the pure neutron res

FIG. 5. Ai as a function of the neutron energyEn for different
q2 values. Full~solid!, FSI without MEC~dashed, thick line!, full
without proton contribution ~dash-dotted, thick line!, PWIAS
~dashed, thin line!, PWIAS with the relativistic single nucleon cur
rent ~dotted! and PWIAS without proton contribution~dash-dotted,
thin line!; pure neutron result~filled square!. The dashed-dotted
lines occur only forq2 from 0.1 to 0.35 (GeV/c)2.
04400
t
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Though we concentrate in this paper on kinematical regi
which are optimal to extract neutron information, we wou
also like to use the occasion to point to other regions
phase space where one can study the reaction mecha
and thus nuclear dynamics. Therefore we not only show
high energy region of the knocked out neutron but the

FIG. 6. A' as a function of the neutron energyEn for different
q2 values. Curves and the symbol as in Fig. 5.

FIG. 7. The sixfold differential cross section as a function of t
neutron energyEn for different q2 values. Full~solid, thick line!,
PWIAS ~solid, thin line!, and full without proton contribution
~dash-dotted!.
2-5
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servables for all neutron energies, where for the lower o
the proton contribution in the photon absorption is very s
stantial. This is clearly exhibited by displaying also pred
tions where all electromagnetic proton form factors are se
zero and thus the photon is absorbed only on the neutro

Finally in PWIAS, which is based on a single nucleo
current, we show also results where the nonrelativistic sin
nucleon current is replaced by the fully relativistic one. Th
idea has been put forward before by Jeschonnek and D
nelly @22#. Our way to represent that relativistic curre
which is ideal for a straightforward extension of the part
wave representation we use up to now is given in the App
dix.

We show the observablesAi5A(u!50°) in Fig. 5 and
A'5A(u!590°) in Fig. 6. Furthermore as guidance for e
periments we also provide the sixfold differential cross s
tion in Fig. 7.

Lets start withAi . Roughly speaking the picture is th
same for allq2 values with the exception of the lowest on
The full result rises quickly from the highest neutron ener
En and then with some small oscillations remains essenti

FIG. 8. The ratioA' /Ai as a function of the neutron energyEn

for different q2 values. The thick lines are full with 1.0GE
n ~solid!,

full with 0.75GE
n ~dashed!, and full with 1.25GE

n ~dash-dotted!. The
thin lines are the corresponding cases for PWIAS. Filled squar
the pure neutron result.
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flat towards smaller energies. At the higher end of the n
tron energy it is close to the pure neutron value forq2

50.2 (GeV/c)2 and higher momentum transfers. The effe
of MEC is most pronounced at the first bump after the sh
rise. PWIAS is drastically different in the region of highe
neutron energies, except at the very end, where all cu
coincide. Thus FSI should be taken into account if, beca
of experimental reasons, some averaging over neutron e
gies is needed. The fully relativistic single nucleon curre
inserted into a PWIAS calculation has only a minor effect
the high neutron energies, but it changes the results at
lower ones aboveq250.3 (GeV/c)2 quite significantly.
For someq2 values we dropped artificially the proton con
tribution by switching off all electromagnetic proton form
factors. This leads to a drastic change in PWIAS and the
calculation at all energies~except the very highest ones!. The
two smallest q2 values are special, especiallyq2

50.05 (GeV/c)2, where the full calculation is far away
from the pure neutron result.

In this paper we are mainly concerned with theGE
n effects

in A' . Again we find that the rough overall behavior of th
full result is similar for all q2 values, except for the two
lowest ones. At the highq2 values oscillations develop as
function of the neutron energy and the effect of MEC’s d
minishes. In any case MEC effects are mild and disappea
the high energy region. But FSI remains important for allq2

values, as is obvious by comparing to the PWIAS resu
While the latter ones reach the pure neutron value at the h
energy end the full curves stay always below that value. T
effect of the relativistic single nucleon current is aga
strongly noticeable atq250.3 (GeV/c)2 and higher mo-
mentum transfers. The proton contribution is quite sign
cant, as shown in some examples. At the two smallq2 values
calculations without FSI would obviously be totally mea
ingless.

Figure 7 displays the sixfold differential cross secti
against the neutron energy for a few examples ofq2 values.
We see a steep rise at the high neutron energies due to
1S0 t-matrix pole in thepp subsystem near zero subsyste
energy. Since we did not include the Coulomb force the cr
section values at the very end might change if that appro
mation can be avoided in the future. The cross section dr
quickly by orders of magnitudes going to smallerEn values.
At the very low energies there is again a rise which is due
photon absorption on the protons, as also shown in the
ures. At the very high energy end the proton contribution
dying out. It is also clear that in all cases PWIAS is high
insufficient.

is

FIG. 9. Ai and A' as a function of the neutron energyEn for
q250.4 (GeV/c)2. FSI without MEC ~dotted!, full with p-like
MEC only ~dashed!, and full with p- andr-like MEC ~solid!.
2-6
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Now we focus on the central issue, namely the sensitiv
of A' and ofA' /Ai with respect to changes inGE

n . Since the
cross section drops rapidly with decreasing neutron ene
and since only at high energies results of the 3N calculations
can be used to extract neutron information, we presen
Fig. 8 only a high neutron energy range. We show results
choosingGE

n according to the fixed Ho¨hler parametrization
and to the values 1.25GE

n and 0.75GE
n . SinceAi is not af-

fected we display onlyA' /Ai in Fig. 8. There are six curves
three for PWIAS and three for the full calculations. As a
ready noticed in the results forA' , we also see that FSI ca
never be neglected. If one regards, for instance, the rang
about 20 MeV below the highest neutron energy, then
q250.35 (GeV/c)2 and higher the full dynamics shifts th
PWIAS results between 10% and 42%. This is comparabl
the signature we are after, namely the changes of the
result by modifyingGE

n by 625%. At the highest neutron
energy these changes start at632% for q2

50.25 (GeV/c)2 and decrease slightly to627% at q2

50.50 (GeV/c)2. Thus there are even enhancements in
changes of the ratioA' /Ai against the ones in the variatio
of GE

n . At the lower q2 values PWIAS results would b
totally meaningless. Atq250.20 (GeV/c)2 those changes in
the ratio increase to642% and atq250.15 (GeV/c)2 even
to 6204%. This drastic increase is, of course, caused by
smallness of that specific ratio. At the two smallestq2 values
the sensitivity drops rapidly,617% at q250.1 (GeV/c)2

and 62% at q250.05 (GeV/c)2. The reason is the stron
contribution of the proton as seen in Fig. 6. Clearly in
cases the pure neutron value is far off.

One can use the results presented in Fig. 8 to estim
roughly the error in theGE

n extraction using only PWIAS.
Regarding, for instance, the casesq250.3 or 0.35 (GeV/c)2

and assuming that the experimental value forA' /Ai mea-
sured near the high energy end would lie on the PWI
curve ~with GE

n multiplied by the factor 1!, then for the full
calculation to agree with the experimental value one wo
have to increase theGE

n value by 25% and more. Referred
the pure neutron value, this change would be even bigger
course, this estimate is very rough since the experime
conditions leading to averaging have to be taken into acco
and the magnitude of relativistic effects are basically u
known, but it clearly shows the need of full calculations f
any analysis of such experiments.

Since the effects of MEC’s are sometimes substantial,
investigated the separate contribution of thep-like MEC’s.
We found that it is by far the dominant one. This is illustrat
in Fig. 9, for the exampleq250.4 (GeV/c)2, which shows
Ai and A' . Three curves are displayed, FSI without ME
full with p-like MEC only, and full withp- andr-like MEC,
as in Figs. 5 and 6. Clearly ther-like MEC contribution is a
small effect, and therefore our MEC estimate should
rather reliable.
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IV. SUMMARY AND OUTLOOK

We performed Faddeev calculations for the proces
3HeW(eW ,e8) and 3HeW(eW ,e8n) based on theNN force AV18
and consistent MEC’s. The asymmetryA' in the inclusive
process turned out to be not sensitive enough toGE

n to allow
its extraction. This is due to the strong proton contributio
Our studies were performed atq250.1 and 0.2 (GeV/c)2,
which, however, show a tendency for a decrease of the
ton contribution with increasing four momentum transf
Thus we cannot rule out that at higherq2 valuesA' might be
useful to extractGE

n . Our nonrelativistic approach does n
allow that realm to be entered into reliably.

The situation is, however, favorable in the neutron kno

out process3HeW(eW ,e8n) to extractGE
n information by mea-

suringA' /Ai . In contrast to possible expectations FSI co
rections are mandatory, as documented for severalq2 values
up to the highest one which we studied,q250.5 (GeV/c)2.
Though we entered in the relativistic domain with pure
nonrelativistic calculations it appears likely that the FSI
fects found are fairly realistic. Therefore relying on 3N con-
tinuum calculations, whose quality has been tested bef
hand in pure 3N scattering processes@23#, one can extract
from such measurementsGE

n information. There are, how
ever, still theoretical uncertainties related to MEC’s and,
course, relativistic effects.

As a first step into relativity we used the fully relativist
single nucleon current operator in a PWIAS calculation a
found indeed quite significant changes, but fortunately no
the high energy end of the neutron spectrum, which is fav
able for theGE

n extraction.
Improvements in the theoretical framework in the ne

future are planned. 3N forces will be included, as it is stan
dard by now in pure 3N scattering~see, for instance, Ref
@24#! and further types of MEC’s. Of special interest there
will be to guarantee consistency to the nuclear forces.

Besides working with standard potential models, the
plication of effective field theory concepts in the form
chiral perturbation theory appears to be very promising in
low momentum region. This has already started in tw
three- and four-nucleon systems including the coupl
to the photon field. For a recent overview and referen
see Ref.@25#.
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APPENDIX: IMPLEMENTATION OF THE RELATIVISTIC SINGLE NUCLEON CURRENT

In this appendix we show how the relativistic single nucleon current is used in our calculations, especially in the co
the 3N system. The relativistic single nucleon current operator has the well-known form
2-7
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j m~0!5e(
ss8

E d lWE d lW8Am

l 0
Am

l 08
ū~ l 8s8!@F1gm1 iF 2smn~ l 82 l !n#u~ ls!b†~ l 8s8!b~ ls!, ~A1!

where l 0[Am21 lW2, l 08[Am21 l 8W 2 (m is the nucleon mass!, andb†( l 8s8) andb( ls) are nucleon creation and annihilatio
operators. It can be rewritten as

j m~0!5e(
ss8

E d lWE d lW8Am

l 0
Am

l 08
ū~ l 8s8!@Gmgm2F2~ l 1 l 8!m#u~ ls!b†~ l 8s8!b~ ls!

[e(
ss8

E d lWE d lW8Xs8
† Nm~ l ,l 8!X sb

†~ l 8s8!b~ ls!. ~A2!

The last form shows a four-component 232 matrix operator acting on Pauli spinorsXs . With

A[Am

l 0
Am

l 08
Al 081m

2m
Al 01m

2m
, ~A3!

the componentsNm( l ,l 8) are written as

N05AH @Gm2F2~ l 1 l 8!0#1@Gm1F2~ l 1 l 8!0#
lW8• lW

~ l 01m!~ l 081m!
J 1A@Gm1F2~ l 1 l 8!0#

isW •~ lW83 lW !

~ l 01m!~ l 081m!
, ~A4!

Nk52AF2S 12
lW8• lW

~ l 01m!~ l 081m!
D ~ l 1 l 8!k1AGmS l k

l 01m
1

l 8k

l 081mD
1AF2

~ l 1 l 8!k

~ l 01m!~ l 081m!
isW •~ lW83 lW !1AGmF 1

~ l 01m!
i ~ lW3sW !k1

1

~ l 081m!
i ~sW 3 l 8W !kG . ~A5!

Introducing standard Jacobi momentapW ,qW the current matrix element between initialw and finalw8 3N states can be
written as

^w8$M 8%PW 8u j m~0!uwMPW &53E dpW E dqW ^w8$M 8%upW ,qW &Nm~ l 8,l !K pW ,qW 1
2

3
PW 2

2

3
PW 8UwM L , ~A6!

where lW8[qW 1 1
3 PW 8, lW[qW 1PW 2 2

3 PW 8. PW andPW 8 are the initial and final total 3N momenta, respectively.
We choose the laboratory frame (PW 50W ) and denoteQW 5PW 82PW 5PW 8. Furthermore because of current conservation we

restrict ourselves only to transverse components ofNk, and choose the spherical componentsNt , t561. Then expressions
appearing in Eqs.~A4! and ~A5! can be evaluated as

lW8• lW5q22
1

3
qW •QW 2

2

9
Q2, lW83 lW5QW 3qW , l t5 l t85qt , ~sW 3 lW8!t5~sW 3qW !t1

1

3
~sW 3QW !t ,

~sW 3 lW !t52~sW 3qW !t1
2

3
~sW 3QW !t , ~A7!

and one can group some terms in Eq.~A5! together. One ends up with

Nt5AH GmS 1

l 01m
1

1

l 081mD 22F2S 12
lW8• lW

~ l 01m!~ l 081m!
D J qt1AGmS 2

3

~ l 01m!
1

1
3

~ l 081m!
D i ~sW 3QW !t

1AGmS 1

~ l 01m!
2

1

~ l 081m! D i ~qW 3sW !t1A2F2

qt

~ l 01m!~ l 081m!
isW •~QW 3qW !. ~A8!

In the nonrelativistic limit only the correspondingly reduced first two terms in Eq.~A8! remain; the first one is the
044002-8
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convection current, the second is the spin current. The partial wave decomposition can be carried through by straigh
extension of the forms given in Ref.@19#. As a subtle point we mention that the arguments of the electromagnetic form fa
are not the four-momentum squared of the photon but (l 02 l 08)

22( lW2 lW8)2. This is required in a Hamiltonian formalism whe
only the three-momenta are conserved at the vertices and not the four-momenta as in a manifest covariant formalis
to
P ki,

s.

s.
.
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