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Neutron electromagnetic form factors and inclusive scattering of polarized electrons
by polarized 3He and 3H targets
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The electromagnetic inclusive responses of polarized3He and3H are thoroughly investigated at the quasi-
elastic peak for squared momentum transfers up to 2 (GeV/c)2, within the plane wave impulse approximation.
Great emphasis is put on the effects in the bound state due to different two- and three-body nuclear forces, and
to the Coulomb interaction as well. A careful analysis of the polarized responses allows one to select possible
experiments for minimizing the model dependence in the extraction of the neutron electromagnetic form
factors. In particular, the relevant role played by the proton in the transverse-longitudinal response of polarized
3He, at low momentum transfer, can be utilized for obtaining valuable information on the proton contribution
to the total polarized response and eventually on the neutron charge form factor.@S0556-2813~97!03607-8#

PACS number~s!: 25.30.2c, 24.70.1s, 25.10.1s, 29.25.Pj
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I. INTRODUCTION

The relevance of an accurate knowledge of nucleon e
tromagnetic~em! form factors is well known, and this fac
has motivated an impressive amount of experimental w
for investigating these observables. A particularly diffic
problem is represented by the extraction of the neutron
form factors, since free neutron targets do not exist in nat
and therefore one is forced to consider nucleon bound
tems, such as deuteron~see, e.g.,@1#! or polarized3He @2#.
In the latter case, within a naive model, with only a symm
ric S-wave component in the bound state, the two proto
have opposite spins and therefore one should expect tha
em polarized response of3He essentially is the neutron on
Unfortunately, the presence of components with other sy
metries, e.g., theS8 wave, and higher angular momenta, e.
theD wave, prevents the application of the naive picture a
therefore also the polarized3He target is plagued by a non
negligible proton contribution. In spite of this, many expe
mental efforts@3–6# have been carried out with the aim o
measuring the inclusive response of polarized3He at the
quasielastic~qe! peak. Though such measurements were
fected by sizable statistical and systematic uncertaintie
first estimate of the neutron magnetic form factor
Q2'0.2 (GeV/c)2 @5# was extracted from the transverse p
larized response~with a'20% accuracy!, while no informa-
tion on the charge form factor could be reliably obtained@6#,
due to the large proton contribution in the transver
longitudinal polarized response. In order to improve the
curacy, in particular for the transverse polarized respons
new generation of inclusive experiments to be performed
the near future at TJNAF has been planned~see, e.g.,@7#!.
On the theoretical side, the inclusive polarized respon
have been analyzed within theplane wave impulse approxi
mation ~PWIA!, by calculating the spin-dependent spect
function of 3He @8,9# from realistic wave functions of the
three-nucleon system, pointing out the unpleasant pres
560556-2813/97/56~1!/64~12!/$10.00
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of the proton contribution, particularly in the transvers
longitudinal response investigated in the experiments
Refs.@3,4,6#. Nevertheless, a suitable choice of the polariz
tion angle can minimize the proton contribution, as discus
in detail in @8#. It is worth noting that~i! the inclusion of the
final state interaction~FSI!, between the knocked ou
nucleon and the spectator pair,~ii ! the meson exchange cu
rents,~iii ! the relativistic corrections, and~iv! the presence of
theD in the bound state are still open problems for the
clusive polarized responses of the three-nucleon system
far as the first topic is concerned, only for unpolarized cro
sections are refined calculations including FSI availa
@10,11#, exhibiting large FSI effects at very low momentu
transfer @Q2,0.1 (GeV/c)2#, while at
Q2.0.25 (GeV/c)2 PWIA calculations are able to give
good description of the experimental data at the qe pe
both for the unpolarized longitudinal and transverse respo
functions@12,13#.

Our aim is to study, within the PWIA, em inclusive po
larized responses of both3He and3H, at the qe peak, for a
wide range of momentum transfer, in order to explore
model dependence due to the initial state interaction~ISI!
~see also@6# for the particular case of the corresponding e
periment!. We have obtained the spin-dependent spec
function from bound-state wave functions, calculated us
the pair correlated hyperspherical-harmonic~PHH! basis@14#
and different realistic two- and three-body nuclear forc
moreover, we have also considered the Coulomb interac
in 3He. After a detailed analysis of the effects of two- a
three-body interactions on the polarized responses, we h
singled out possible experiments for minimizing the mod
dependence due to both the nuclear structure and the p
ence of the proton contribution, when neutron form facto
are extracted. First of all, we propose a measurement of
transverse-longitudinal polarized response of3He at low mo-
mentum transfer, in the range 0.1<Q2<0.3 (GeV/c)2,
since one could obtain valuable information on the pro
64 © 1997 The American Physical Society
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56 65NEUTRON ELECTROMAGNETIC FORM FACTORS AND . . .
contribution to this response, just taking advantage of
proton predominance in this kinematical region. Moreove
measurement of the polarization angle where the proton c
tribution to the polarized cross section is vanishing, co
give the ratio between the proton contributions to the tra
verse response and the transverse-longitudinal one; it wi
pointed out that an estimate of such a polarization angle
be obtained through a measurement of protons emitted a
the direction of the three-momentum transfer. Finally, futu
experiments for measuring the em response of polar
3H could close the chain for obtaining an almost model
dependent extraction of both electric and magnetic neu
form factors.

The paper is organized as follows: in Sec. II, the inclus
cross section of polarized electrons by a polarized thr
nucleon target will be reported, as well as the nuclear po
ized response functions obtained within the PWIA; in S
III, the three-nucleon ground-state and the spin-depend
spectral functions we have adopted will be illustrated in
tail; in Sec. IV, the comparison between our results, cal
lated by using different realistic two- and three-body int
actions, and the most recent experimental values for3He
asymmetries@5,6# will be presented, and em polarized r
sponses at the qe peak, for both3He and3H, will be inves-
tigated in detail up toQ252 (GeV/c)2; in Sec. V, possible
experiments for minimizing the model dependence in
extraction of neutron em form factors will be suggested;
Sec. VI conclusions will be drawn.

II. THE INCLUSIVE CROSS SECTION
AND THE em RESPONSES OF AJ51/2 NUCLEUS

In this section the PWIA formalism we have adopted w
be presented, with a particular emphasis on the em respo
in terms of the spin-dependent spectral function of the thr
body system.

First of all, the inclusive cross section of a longitudina
polarized electron with helicityh561 from a J51/2
nucleus is reported for the sake of completeness. After c
tracting the em tensors for the electron and for the nuc
target,A, the cross section can be cast in terms of the un
larized (RL

A , RT
A) and polarized (RT8

A , RTL8
A ) nuclear re-

sponse functions as follows~for a detailed discussion see@8#,
cf. also@9,15#!:

d2s~h!

dV2dn
5S1hD ~1!

with

S5sMottF S Q2

uqW u2
D 2RL

A~Q2,n!

1S Q2

2uqW u2
1tan2

ue
2 DRT

A~Q2,n!G , ~2!
e
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D52sMotttan
ue
2 H cosu*RT8

A
~Q2,n!F Q2

uqW u2
1tan2

ue
2 G 1/2

2
Q2

uqW u2A2
sinu* cosf*RTL8

A
~Q2,n!J , ~3!

where ue is the scattering angle;u* and f* are the azi-
muthal and polar angles of the target polarization vec
SWA, with respect to the direction of the three-momentu
transfer qW ; Q25uqW u22n2. In our analysis, in addition to
u* , another polarization angle,b, will be used, defined with
respect to the direction of the incoming electron beam, i
cosb[SWA•kW1 /ukW1u, wherekW1(2) is the three-momentum of th
initial ~final! electron. The relation between the polarizati
angles we have considered is

cosu*5
e1cosb2e2~sinbsinuecosf1cosbcosue!

uqW u
,

sinu* cosf*5
uqW ucosb2~e12e2cosue!cosu*

e2sinue
, ~4!

wheref is the polar angle with respect tokW1 /ukW1u. In the
case of coplanar kinematics~i.e., f50°, 180°) one can
have onlyf*50° or 180°.

Following @8#, the nuclear response functions can be e
pressed in terms of a 232 matrix P̂M

N (pW ,E) representing the
spin-dependent spectral function of a nucleon,N, inside a
nucleus with the component of the total angular moment
along the polarizationSWA equal toM. The elements of the
matrix P̂M

N (pW ,E) are given by

Ps,s8,M
N

~pW ,E!5 (
f ~A21!

N^pW ,s;c f ~A21!
ucJM&

3^cJMuc f ~A21!
;pW ,s8&N

3d~E2Ef ~A21!
1EA!, ~5!

where ucJM& is the ground state of the target nucleus w
polarizationSWA , uc f (A21)

& an eigenstate of the spectator sy
tem with quantum numbersf and interacting through the
same interactionof the target nucleus,upW ,s&N a plane wave
describing the nucleonN with the spin component, along th
z axis, equal tos; E is the missing energy. In a more com
pact form, forJ51/2, P̂M

N (pW ,E) can be written as

P̂M
N ~pW ,E!5

1

2
$B0,M

N ~ upW u,E!1sW •@SWAB1,M
N ~ upW u,E!

1 p̂~ p̂•SWA!B2,M
N ~ upW u,E!#%, ~6!

where the functionB0,M
N (upW u,E) is the trace ofP̂M

N (pW ,E) and
yields the usual unpolarized spectral function, wh
B1,M
N (upW u,E) andB2,M

N (upW u,E) describe the spin structure o
the probability distribution of finding a nucleon with a give
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momentum, missing energy and polarization. As a matte
fact the effective polarization of a nucleon is given by

PN5^cJ~1/2!uSWA•sW ucJ~1/2!&

5E dE E dpWTr @SWA•sW P̂1/2
N ~pW ,E!#

54pE dEE p2dpS B1,1/2
N ~ upW u,E!1

B2,1/2
N ~ upW u,E!

3
D .

~7!

In Sec. III, where more details will be given on the spi
dependent spectral function, the values ofPN in 3He will be
also presented for the different interactions we have used
we can anticipate thatPn is about 86–87 %, in line with the
analysis of the world calculations of Ref.@16#. Explicit ex-
pressions for the functionsB0(1,2),M can be found in@8#.

The evaluation of the response functionsRL
A , RT

A , RT8
A ,

andRTL8
A requires an off-energy-shell em nucleon tensor

the PWIA convolution formulas. In the literature differe
recipes for the off-energy-shell em nucleon current ha
been proposed~see, e.g.,@17,18#!. In particular, in the widely
f

ut

e

adopted prescriptionsCC1 andCC2 of @17# the longitudinal
component of the em current is eliminated in favor of t
charge component in order to restore the current conse
tion ~Coulomb gauge!. In the actual calculations we hav
adopted such an approximation, since we have checked
in PWIA it allows for a good description of the accura
experimental data for the unpolarized3He longitudinal and
transverse responses atQ2.0.25 (GeV/c)2 ~see also
@12,13#!, while the approximation, based on the eliminati
of the charge component in favor of the longitudinal o
~Weyl gauge!, underestimates the longitudinal response
the top of the qe peak~it should be pointed out that th
possible FSI effects are expected to further reduce the
sponse at the top of the qe peak@10#, worsening the com-
parison with the data!. It turns out that in the Landau gaug
~i.e., Jm→Jm1qmJ•q/Q2) the responses are essentially t
same as in the Coulomb one. In the following only the e
pressions corresponding to theCC1 prescription are re-
ported, since the numerical results obtained by usingCC2
slightly differ ~see Sec. IV!. After a lengthy algebra~cf. @8#
for the on-energy-shell case! one gets~in the following,

p [ upW u andq[uqW u)
RL
A~Q2,n!5

p

2 (
N5p,n

NA
NE

Emin

Emax~Q
2,n!

dEE
pmin~Q

2,n,E!

pmax~Q
2,n,E! p

qEp
dpB0

N~p,E!„~2Ep1 n̄ !2$@F1
N~Q2!#21 t̄ @F2

N~Q2!#2%

2q2@F1
N~Q2!1F2

N~Q2!#2…, ~8!

RT
A~Q2,n!5p (

N5p,n
NA

NE
Emin

Emax~Q
2,n!

dEE
pmin~Q

2,n,E!

pmax~Q
2,n,E! p

qEp
dpB0

N~p,E!„Q̄2@F1
N~Q2!1F2

N~Q2!#212p2sin2a$@F1
N~Q2!#2

1 t̄ @F2
N~Q2!#2%…, ~9!

RT8
A

~Q2,n!52p (
N5p,n

NA
N@F1

N~Q2!1F2
N~Q2!#E

Emin

Emax~Q
2,n!

dEE
pmin~Q

2,n,E!

pmax~Q
2,n,E! p

qEp
dpH pcosa@B1

N~p,E!1B2
N~p,E!#

3F S F1
N~Q2!2F2

N~Q2!
Q̄2

2M n̄
D n̄ pcosa

M1Ep
2F1

N~Q2!qG1@B1
N~p,E!1B2

N~p,E!cos2a#

3M n̄ S F1
N~Q2!1F2

N~Q2!
Q̄2Ep

2M2 n̄
D J , ~10!

RTL8
A

~Q2,n!52A2q2p (
N5p,n

NA
N@F1

N~Q2!1F2
N~Q2!#E

Emin

Emax~Q
2,n!

dEE
pmin~Q

2,n,E!

pmax~Q
2,n,E! p

qEp
dpH @B1

N~p,E!1B2
N~p,E!#

3S F1
N~Q2!1F2

N~Q2!
n̄

2M
D p2sin2a

2~M1Ep!
1F2

N~Q2!
pcosa

2M
qB1

N~p,E!1SB1
N~p,E!1

B2
N~p,E!

2
sin2a D

3M S F1
N~Q2!2F2

N~Q2!
n̄Ep

2M2D J , ~11!
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whereB0(1,2)
N [B0(1,2),1/2

N are the functions corresponding
the target nucleus,F1(2)

N is the Dirac~Pauli! nucleon form
factor,NA

p(n) the number of protons~neutrons! in the nucle-

us A, Ep5AM21p2, n̄ 5AM21p21q212pqcosa2Ep ,
Q̄2 5uqW u22 n̄ 2, and t̄ 5Q̄2/4M2.

In Eqs.~8!–~11! the integration limits and cosa are deter-
mined, as usual, by energy conservation@19#.

III. THE THREE-BODY GROUND STATE
IN THE HYPERSPHERICAL-HARMONIC METHOD
AND THE SPIN-DEPENDENT SPECTRAL FUNCTION

The spin-dependent spectral functions of3He and 3H,
Eqs.~5! and~6!, have been calculated from three-body wa
functions obtained using the PHH expansion. This techni
represents a very efficient and accurate method for des
ing the system, and explicitly includes pair correlation fun
tions in order to take into account the short range repuls
of the nucleon-nucleon (NN) interaction. In the following
the main features of the method@14# will be briefly recalled.

The three-nucleon wave function with total angular m
mentumJM and total isospinTTz can be written, in the
LS coupling scheme, as

cJM
TTz5 (

i51,3
H (

a51

Nc

Fa~xi ,yi !Ya~ jk,i !J ~12!

with

Ya~ jk,i !5$@Yl a
~ x̂i !YLa

~ ŷi !#La
@sa

jksa
i #Sa

%JM @ ta
jkta

i #TTz,
~13!

wherexi , yi are the moduli of the Jacobi coordinates,a runs
over the three-body channels included in the partial w
decomposition of the wave function, and (jk,i ) are cyclic
permutations of (12,3). The total number of channels c
sidered isNc . The two-dimensional amplitudesFa(xi ,yi)
are expanded in terms of the PHH basis

Fa~xi ,yi !5r l a1La f a~xi !S (
K5K0

Ka

uK
a~r! ~2!PK

l a1La~f i !D ,
~14!

wherexi5rcos(fi) and yi5rsin(fi) are the hyperspherica
variables,K05l a1La and

(2)PK
l a1La(f i) is a hyperspheri-

cal polynomial@20#. The pair correlation functionsf a(xi) are
introduced in order to accelerate the convergence of the
pansion and are determined by theNN potential as explained
in @14#. The unknown quantities in Eq.~14! are the hyperra-
dial functions uK

a(r), which are obtained through th
Rayleigh-Ritz variational principle.

Convergence and accuracy reached by increasing
number of terms in the expansions~12! and ~14! are dis-
cussed in@14# for realisticNN potentials with and without
three-nucleon interaction~TNI! terms included in the Hamil-
tonian of the system. Typically withNc518 and about 80
hyperradial functions an accuracy of the order of a few k
is obtained for the binding energy of the system. In the c
culations of the spin-dependent spectral function we h
used three-body wave functions corresponding to a variet
e
ib-
-
n

-

e

-

x-

he

l-
e
of

NN potentials and TNI’s. In particular we have consider
~i! NN interactions such as the Argonne Av14 interacti
@21# and the Reid soft-core@22# RSCv8 potential~that rep-
resents the local version of the original one with eight ope
tors only!, and~ii ! the Brazil~BR! three-body force@23# and
the Tucson-Melbourne~TM! one@24#. When the TNI’s have
been taken into account, the cutoff parameter was adjuste
order to give the triton experimental binding ener
B(3H)58.48 MeV. It should be emphasized that for th
3He ground state the Coulomb interaction between the
protons has been included, and this possibility represen
typical feature of the variational approaches. In Table
binding energies and probabilities of symmetricS, S8, D,
and P components of3H and 3He wave functions, corre-
sponding to the interactions we have adopted, are listed.
interactions we considered have sizable differences in t
structures~e.g., the RSCv8 interaction has a Yukawa-ty
repulsion at short distances, whereas the Av14 interac
remains finite!, and these differences are reflected in the c
responding three-body wave functions. In particular, the p
centages of the small components are affected by the ch
of the potential, as illustrated, e.g., byPS8 that varies up to
30% by changing from RSCv8 interaction to Av14 intera
tion 1 three-body forces.

In order to calculateN^pW ,s;c f (A21)
ucJ,m

T,Tz&, see Eq.~5!,
we Fourier transformed the following overlap:

Gf ,s,t
Tz ,m~yW !5^xs

1/2jt
1/2yW ;c f uc1/2,m

1/2,Tz&

5K 12 tT12t12U12TzL (
l mjmj

K J12m12

1

2
sU jmj L

3K l mjmjU12m L gl jf ~y!Yl m~ ŷ!, ~15!

where f[@J12, m12, S12, T12, t12, l, E12# ~cf. @25#!
represents the quantum numbers of the two-body wave fu
tion uc f(xW )&, corresponding to the particles~1,2! that interact
with the same potential as in the three-body Hamiltoni

TABLE I. Binding energies and probabilities of symmetr
S, S8, D, andP waves for 3H and 3He obtained with different
ISI’s ~see the text for the legend!.

3H

ISI B ~MeV! PS ~%! PS8 ~%! PD ~%! PP ~%!

Av14 7.683 89.831 1.126 8.967 0.076
RSCv8 7.600 88.920 1.342 9.654 0.084
Av14 1 BR 8.485 89.388 0.928 9.544 0.140
Av14 1 TM 8.485 89.645 0.933 9.261 0.161

3He

ISI B ~MeV! PS ~%! PS8 ~%! PD ~%! PP ~%!

Av14 7.032 89.680 1.314 8.931 0.075
RSCv8 6.958 88.757 1.550 9.610 0.083
Av14 1 BR 7.809 89.276 1.077 9.509 0.138
Av14 1 TM 7.809 89.526 1.083 9.233 0.158
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xs
1/2 and jt

1/2 are the spin and isospin functions of the thi
particle. The functionsgl j

f (y) are the overlaps between th
three-body ground state and the two-body wave funct
coupled to the third particle spin, isospin, and orbital m
mentum eigenfunctions. Once the functionsGf ,s,t

Tz ,m have been
obtained, the evaluation of the functionsB0(1,2),M

N is per-
formed following the expressions of@8#.

Before presenting the actual results of these functions
the case of3He, it is interesting to consider the effectiv
polarization of the nucleon,PN, Eq. ~7!, that represents an
integral property of the three-body wave function. In Table
the values ofPN for 3He are listed for the different interac
tions we have used~the corresponding values for3H can be
obtained by isospin symmetry once the Coulomb interac
is disregarded!. In particular, for the sake of completenes
we have also reported the effective polarization correspo
ing to the case when the Coulomb interaction is switched
in 3He. As pointed out in@16# the differences betweenPN
values can be traced back to the differences in the proba
ties ofS8 andD waves~see Table I!. It is worth noting that
Coulomb potential and TNI effects are small and beco
important, in percentage, for the proton effective polari
tion, since this quantity is small by itself.

In Figs. 1 and 2, the unpolarized spectral functi
B0,1/2
p(n)(upW u,E) and the functions uB1,1/2

p(n) (upW u,E)u and

uB2,1/2
p(n)(upW u,E)u obtained from the3He wave function corre-

sponding to the Av14 potential modelplus the Coulomb in-
teraction are shown~in the case of the proton the curve co
responding to a spectator deuteron is not presented!. It has to
be pointed out that the introduction of three-body forces d
not sizably change the overall behavior, and produces o
small differences in the values for any given (E,p); these
differences could be important in the calculation of tiny e
fects, such as the cross section of exclusive reactions w
the proton is detected, since large cancellations occur
tween contributions produced by a spectator pair in the d
teron state and in the continuum. The spin-dependent s
tral function was already calculated, without the Coulom
interaction:~i! in Ref. @8#, adopting a variational three-bod
wave function corresponding to the Reid soft-core inter
tion @22#; and~ii ! in @9#, using a Faddeev wave function an
the Paris potential@26#. The comparison between our resu
of Figs. 1 and 2, obtained without three-body forces but w
the Coulomb interaction, and the corresponding ones of@8#,
obtained with a different two-body nuclear force and
Coulomb interaction, illustrates the sensitivity to the cho
of the two-body part of the interaction, showing that t
gross features remain unchanged. Relevant changes ca

TABLE II. The values of the nucleon effective polarization
3He, obtained with different ISI’s~see the text for the legend!.

ISI Pn ~%! Pp ~%!

Av14 87.37 22.57
Av141Cou 87.30 22.49
Av141Cou1BR 86.65 22.77
Av141Cou1TM 87.01 22.68
RSCv8 86.12 22.67
RSCv81Cou 86.19 22.76
n
-

r

I

n
,
d-
ff

ili-

e
-

s
ly

re
e-
u-
c-

-

h

e

be

found only in uB1,1/2
p(n) (upW u,E)u and uB2,1/2

p(n)(upW u,E)u ~cf. also
Table II!. Moreover, a smoother behavior is observed in
present spectral functions, due to the improved accurac
the description of the bound-state wave functions.

FIG. 1. ~a! The proton unpolarized spectral function of3He,
obtained by using the Argonne v14NN potential@21# and the Cou-
lomb interaction ~see text!, vs the removal energyE and the

nucleon momentump[upW u. The deuteron channel is not presente
~b! The functionuB1,1/2

p u, obtained by using the Argonne v14NN
potential @21# and the Coulomb interaction~see text!, vs the re-

moval energyE and the nucleon momentump[upW u. ~c! The func-
tion uB2,1/2

p u, obtained by using the Argonne v14NN potential@21#
and the Coulomb interaction~see text!, vs the removal energyE

and the nucleon momentump[upW u.
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IV. THE em POLARIZED RESPONSES IN 3He AND 3H

The nuclear responses, for both3He and 3H, have been
obtained by using the spin-dependent spectral functions
culated from the variational wave functions described in S
III. The results corresponding toCC1 andCC2 prescrip-
tions for the off-energy-shell em nucleon tensor are ess
tially the same for RTL8, while, in the whole range
0.1<Q2<2 (GeV/c)2 we have investigated, the difference
for the proton and neutron contributions toRT8 are in general
less than 2%, except a 3% variation for the negligible n
tron contribution in3H. Therefore in the following we repor
only the results obtained by the prescriptionCC1, i.e., by
using Eqs.~8!–~11!.

FIG. 2. ~a! The same as Fig. 1~a!, but for the neutron.~b! The
same as Fig. 1~b!, but for the neutron.~c! The same as Fig. 1~c!, but
for the neutron.
al-
c.

n-

-

Before analyzing in detail the em polarized responses
us compare our predictions for the asymmetry of3He, de-
fined by

A5
D

S
~16!

@cf. Eqs.~2! and ~3!#, with the most recent data from inclu
sive experiments that should be proportional, at the qe p

to RT8

3He @5# andRTL8

3He @6#. In Figs. 3 and 4, the results ob
tained by using different ISI’s are shown. In particular,
Figs. 3~a! and 4~a! the theoretical predictions correspondin
to ~i! the Av14 potential1 Coulomb interaction,~ii ! the
RSCv8 potential1 Coulomb interaction, and~iii ! the Paris
potential without the Coulomb interaction, from@9#, are
compared with the experimental data; it is worth noting th

for the kinematics of Ref.@5#, whereApeak}RT8

3He, the asym-

FIG. 3. ~a! The asymmetry of 3He corresponding to
e15370 MeV, ue5291.4°, andb542.5° vs the energy transfe
n, calculated with different two-body interactions: solid line, Av1
1 Coulomb interaction; dashed line, RSCv81 Coulomb interac-
tion; dotted line, Paris potential without Coulomb interaction, af
@9#; dot-dashed line, the neutron contribution for the Av141 Cou-
lomb interaction case. The nucleon form factors of Ref.@27# have
been used. The arrow indicates the position of the qe peak, w
one hasu*.8.9° andQ250.19 (GeV/c)2. The experimental data
are from Ref.@5#. ~b! The same as~a!, but for different three-body
interactions: solid line, Av141 Coulomb interaction; dashed line
the Brazil three-body force@23# has been added to the Av141
Coulomb interaction; dotted line, the same as the dashed line,
for the Tucson-Melbourne three-body force@24#. The three curves
largely overlap for both the total asymmetry and the neutron c
tribution.
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70 56A. KIEVSKY, E. PACE, G. SALMÈ, AND M. VIVIANI
metry does not appreciably change by varying the two-b
ISI ~less than 2% at the qe peak!, while for the kinematics of

Ref. @6#, whereApeak}RTL8

3He , there is a little bit higher varia-
tion ~less than 4% at the qe peak!, in line with the findings of
the theoretical analysis contained in@6#. In particular for the
latter kinematics, the differences among the theoret
curves are smaller than the ones found in@6#, where the
original RSC interaction without the Coulomb potential w
considered. Differences are even smaller if we consider
effects of three-body forces, as shown in Figs. 3~b! and 4~b!.
These results are quite reasonable in view of the tiny
effects on the effective polarizations shown in Table II. O
can conclude that at least for low values of momentum tra
fer @Q2<0.2 (GeV/c)2#, changes in the asymmetry due
the ISI are small at the qe peak and therefore the mo
dependence seems to be under control, since it amoun
3–4 %, at most. In Figs. 3 and 4 the neutron contribution
the total responses is shown separately. From a compa
between such a contribution and the total responses one

see that the presence of the proton, in particular forRTL8

3He ,
represents the major obstacle in the extraction of neutron
form factors, as already pointed out in@6,8,9#.

In what follows we will carry out a systematic investig
tion of the model dependence, due to the ISI and pro
contribution, in the extraction of neutron form factors f
Q2 up to 2 (GeV/c)2, i.e., for a kinematical region relevan
for TJNAF. Moreover, we will show the corresponding r
sults for 3H in order to gain some insight on the possibili
to reduce the model dependence by taking advantage o

FIG. 4. ~a! The same as Fig. 3~a!, but for ue570.1°. The ex-
perimental data are from Ref.@6#. The arrow indicates the positio
of the qe peak, where one hasu*.87° andQ250.14 (GeV/c)2.
~b! The same as Fig. 3~b!, but for ue570.1°.
y
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isospin symmetry, partially broken by the Coulomb intera
tion.

The analysis of the polarized responses at the qe pea
motivated by the expectation of a clear disentangling of
nuclear structure from the nucleon form factors. For3He and
3H, even if the FSI’s are present, Eqs.~10! and ~11! can be
written as follows:

RT8

3He
~Q2,n!5

Q2

2qM
$2@GM

p ~Q2!#2HT8
p

~Q2,n!

1@GM
n ~Q2!#2HT8

n
~Q2,n!%, ~17!

RTL8

3He
~Q2,n!52A2@2 GE

p~Q2!GM
p ~Q2!HTL8

p
~Q2,n!

1GE
n~Q2!GM

n ~Q2!HTL8
n

~Q2,n!#, ~18!

RT8

3H
~Q2,n!5

Q2

2qM
$@GM

p ~Q2!#2T T8
p

~Q2,n!

12@GM
n ~Q2!#2T T8

n
~Q2,n!%, ~19!

RTL8

3H
~Q2,n!52A2@GE

p~Q2!GM
p ~Q2!T TL8

p
~Q2,n!

12GE
n~Q2!GM

n ~Q2!T TL8
n

~Q2,n!#, ~20!

where the Sachs form factors,GM
N 5F1

N1F2
N and

GE
N5F1

N2F2
N(Q2/4M2), have been introduced. The func

tions HT8(TL8)
N and T T8(TL8)

N in general contain both the
nuclear structure, which within PWIA is described b
B0,1,2, and ratios of nucleon form factors, and are defined

HT8~TL8!

p~n!
~Q2,n!5

RT8~TL8!

3He,p~n!
~Q2,n!

KT8~TL8!

p~n!
~Q2!

,

T T8~TL8!

p~n!
~Q2,n!5

RT8~TL8!

3H,p~n!
~Q2,n!

KT8~TL8!

p~n!
~Q2!

, ~21!

with RT8(TL8)

3He,p(n) andRT8(TL8)

3H,p(n) the proton~neutron! contribution

to the total responses,KT8
p(n)

5Q2Np(n)(GM
p(n))2/2qM and

KTL8
p(n)

52A2Np(n)GE
p(n)GM

p(n) . It should be stressed that th
usefulness of Eqs.~17! and~18! in the extraction ofGE

n and
GM
n is related to the possibility thatHT8(TL8)

N be independent
of nucleon form factors, at least at the qe peak. With
PWIA, actually, the functionsHT8(TL8)

N andT T8(TL8)
N become

independent of nucleon form factors at the qe peak, and e
almost independent ofQ2. The first feature can be immed
ately seen, since at the qe peakp'0, Ep'M , and
n̄ 5Q2/2M ; thus retaining onlyp-leading terms in Eqs.~10!
and ~11! one has, for3He,
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HT8
N

~Q2,npeak!'FT8

3He,N
~Q2,npeak!52pE

Emin

Emax~Q
2,npeak!

dEE
pmin~Q

2,npeak,E!

pmax~Q
2,npeak,E!

pdp@B1
N~p,E!1B2

N~p,E!cos2a#, ~22!

HTL8
N

~Q2,npeak!'FTL8
3He,N

~Q2,npeak!52pE
Emin

Emax~Q
2,npeak!

dEE
pmin~Q

2,npeak,E!

pmax~Q
2,npeak,E!

pdpSB1
N~p,E!1

B2
N~p,E!

2
sin2a D . ~23!

FIG. 5. ~a! The functionsHT8(TL8)
n (Q2,npeak)

for the neutron in 3He @see Eq.~21!# vs Q2,
and the corresponding approximatio

FT8(TL8)

3He,n (Q2,npeak) @see Eqs.~22! and ~23!#. All
the curves have been obtained from the Av141
Coulomb interaction and the nucleon form facto
of Ref. @27#: solid line, HT8

n (Q2,npeak); dot-

dashed line,HTL8
n (Q2,npeak); dashed line,FT8

3He,n

@see Eq.~22!#; dotted line,FTL8
3He,n @see Eq.~23!#.

The curves largely overlap and can be hard
singled out.~b! The same as~a!, but for the pro-
ton in 3He. ~c! The same as~a!, but for the proton
in 3H. ~d! The same as~a!, but for the neutron in
3H.
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For 3H the same approximations hold, but the structure fu
tionsB0,1,2, entering the analogous equations, are the ap
priate ones for such a nucleus, i.e., they are obtained with
Coulomb interaction and exchanging the proton with
neutron.

In Fig. 5, ~i! the functions HT8(TL8)
N (Q2,npeak) and

T T8(TL8)
N (Q2,npeak) calculated by using the full PWIA ex

pressions@cf. Eqs. ~10!, ~11!, and ~21!# and the Galster
nucleon form factors@27#; and ~ii ! their approximations

FT8(TL8)

3He,N (Q2,npeak) and FT8(TL8)

3H,N (Q2,npeak) @see Eqs.~22!
and ~23!# are shown. Since the approximations are qu
good, this indicates that, within PWIA, the function
HT8(TL8)

N (Q2,npeak) andT T8(TL8)
N (Q2,npeak) become indepen

dent of the nucleon form factors, namely the factorization
the latter quantities out of the nuclear structure is confirm
at a large extent. Therefore, the expectation of extrac
information on the neutron properties from polarized3He is
strengthened~cf. @2#, where only the spin-dependent mome
tum distribution was considered!. It should be pointed ou
that using different nucleon form factors, such as the G
Krumpelmann@28# or the Hoehler@29# ones, the factoriza-
tion is even better. Moreover, the nuclear structure functio
HT8(TL8)

N (Q2,npeak) andT T8(TL8)
N (Q2,npeak), have a constan

behavior over a wide range ofQ2 and this striking feature
can be of great help in disentangling nucleon form fact
from the nuclear structure, as shown in Sec. V. Finally, if
disregard the effects of the Coulomb force~an effect of the
order of a few percent for the neutron in3He! the functions
-
o-
ut
e

e

f
d
g

-

i-

s,

s

T T8(TL8)
p (Q2,npeak) measured in3H, represent a very good

approximation forHT8(TL8)
n (Q2,npeak).

In what follows, after a general analysis of the respons
we will sketch a possible way for minimizing the mod
dependence just exploiting the above-mentioned feature
the polarized responses.

In Figs. 6~a!, 6~b! and 7~a!, 7~b! our PWIA results of
RT8 andRTL8 for

3He and3H are shown through the ratio
RT8 /GD

2 and RTL8 /GD
2 @GD51/(11Q2/0.71)2#, at the qe

peak and forQ2 up to 2 (GeV/c)2. The variations due to the
different choices of two- and three-body nuclear forces or
the presence of the Coulomb interaction remain less t
5–6 % over the whole range ofQ2 explored. It turns out that
for 3He the effects due to the Coulomb potential and TNI a
larger, in percentage, in the proton contribution than in
neutron one~cf. also the values of the effective polarizatio
listed in Table II, where the same behavior can be foun!.

The Coulomb potential negligibly affectsRT8

3He, since it
yields a different sign effect in the proton and neutron co
tributions.

In view of the analysis we have carried out, Figs. 6~c! and
7~c! are of particular interest, since they illustrate the r
evance of the proton contribution in3He and the tiny effect
of the neutron in3H. We can see that while the neutron ca
be safely disregarded in3H ~the relative contribution is less
than 3%!, this fact does not occur for the proton in3He. In

the kinematical interval we have considered, forRTL8

3He the
relative proton contribution ranges between 80%, at low v
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ues ofQ2, and 40%, at the highest ones. ForRT8

3He the proton

contribution is not as dramatic as in the case ofRTL8

3He . As a

consequence of this limited effectRT8

3He andRT8

3H are nearly

proportional, i.e.,RT8

3He'(mn /mp)
2RT8

3H , cf. Figs. 6~a! and
7~a!; the experimental evidence of this proportionality cou
be an indication of the smallness of the proton contributi

However, even forRT8

3He this contribution is not negligible

FIG. 6. ~a! The ratioRT8

3He(Q2,npeak)/GD
2 (Q2) @see Eq.~10!#

vs Q2 @GD(Q
2)51/(11Q2/0.71)2#: solid line, the responseRT8

obtained from the Av141 Coulomb interaction; dot-dashe
line, the same as the solid line, but without Coulomb interact
~this line largely overlaps with the solid one!; dotted line: the
same as the solid line, but for the RSCv8 potential; dashed
the three-body interaction@23,24# has been added to th
Av141Coulomb interaction~the Brazil @23# and the Tucson-
Melbourne@24# three-body interactions essentially yield the sa
results!. The nucleon f.f. of Ref.@27# have been used.~b! The

same as~a!, but for the responseRTL8

3He(Q2,npeak) @see Eq.~11!#. ~c!

The ratiosRTL8

3He,p(Q2,npeak)/RTL8

3He(Q2,npeak) andRT8

3He,p(Q2,npeak)/

RT8

3He(Q2,npeak) vs Q
2, at the qe peak. The lines are the same

in ~a!.
.

('10%) and has a value about two times larger than
uncertainties due to ISI. The conclusions that can be dra
from Figs. 6 and 7 are in order:~i! the neutron in3H can be
safely disregarded at a level of a few percent; thus a m

surement ofRT8(TL8)

3H allows one to check PWIA prediction
such as factorizable responses, an almost constant beh
of T T8

N (Q2,npeak) andT TL8
N (Q2,npeak), and their equality;~ii !

if the small Coulomb effects are disregarded, one can ap
the isospin symmetry in order to identifyHT8(TL8)

n with

T T8(TL8)
p , obtained from measurements of3H responses, and

in this way one could reduce the model dependence in
extraction of neutron form factors;~iii ! the proton contribu-
tion in 3He cannot be neglected, even at highQ2. As a final
remark, let us note that an experimental observation o

n

e,

s

FIG. 7. ~a! The same as Fig. 6~a!, but for 3H: solid line, the
responseRT8 obtained from the Av14 interaction; dotted line, th
same as the solid line, but for RSCv8 potential; dashed line,
three-body interaction@23,24# has been added to Av14 interactio
~the Brazil@23# and the Tucson-Melbourne@24# three-body interac-
tions essentially yield the same results!. ~b! The same as~a!, but for

the responseRTL8

3H (Q2,npeak) @see Eq.~11!#. ~c! The same as Fig.
6~c!, but for neutron in3H. The lines are the same as in~a!.
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constant behavior ofT T8(TL8)
p (Q2,npeak) could give relevant

information both on the approximation of the nucleon fo
factors in the three-nucleon system as the free ones an
the prescriptions for the off-energy-shell em nucleon curre

In the following section we will illustrate how to mini
mize the model dependence related to the above-mentio
proton contribution.

V. THE EXTRACTION OF GE
n AND GM

n

The almost constant behavior of the proton structure fu
tionHTL8

p (Q2,npeak), shown in Fig. 5~b!, suggests a possibl
way for extracting information on the proton contribution

RTL8

3He(Q2,npeak). As a matter of fact if we divide thetotal

response RTL8
3He(Q2,npeak) by the proton form factors, as

sumed well known, or better byKTL8
p (Q2)522A2GM

p GE
p ,

we obtain, within PWIA, an almost constant term (HTL8
p )

plusaQ2-dependent one, i.e.,@see Eq.~18!#

RTL8

3He
~Q2,npeak!

KTL8
p

~Q2,npeak!
5HTL8

p
~Q2,npeak!

1
GE
n~Q2!GM

n ~Q2!

2GE
p~Q2!GM

p ~Q2!
HTL8

n
~Q2,npeak!.

~24!

For small values of the momentum transfer, t
Q2-dependent term should be linear inQ2, due to the pres-
ence of the neutron charge form factor,GE

n , and the almost
constant behavior of the neutron structure funct
HTL8

n (Q2,npeak); therefore Eq.~24! becomes

RTL8

3He
~Q2,npeak!

KTL8
p

~Q2,npeak!
'H̃TL8

p
1aQ2, ~25!

whereH̃TL8
p is a constant value. This behavior is confirm

by the direct calculations presented in Fig. 8, where the r

RTL8

3He(Q2,npeak)/KTL8
p (Q2), evaluated within the PWIA, is

plotted for 0.1<Q2<0.3 (GeV/c)2. This range of momen-
tum transfer can be easily understood, since at very low
ues ofQ2 the response vanishes, and therefore we hav
move from this particular region, while at high values
momentum transferGE

n /GE
p is no longer linear inQ2 ~see,

e.g., the parametrizations of@27,29#!.
The extraction of the proton contribution t

RTL8

3He(Q2,npeak) should proceed as follows: after measuri

RTL8

3He(Q2,npeak) in the proposed range, one should che
whether the data exhibit the linear behavior shown in Fig
and in the positive case one can determineH̃TL8

p , to be com-
pared with theoretical predictions. From the experimen

value ofH̃TL8
p , one obtainsRTL8

3He,p(Q2,npeak) over the whole
range of Q2, and singles out the neutron contributio
on
t.

ed

-

io

l-
to

k
,

l

RTL8

3He,n(Q2,npeak), which is sensitive to the neutron charg
form factor. It should be pointed out that the results shown
Fig. 8 rely on the factorization of the response, as discus
in Sec. IV, and on the absence of effects such as FSI; th
fore whether the linear behavior predicted by the PWIA@cf.
Eq. ~25!# is not observed, essential information on both t
reaction mechanism and the presence of other effects ca
extracted. For instance, a linear behavior inQ, and not in

Q2, would mean that the variation ofRTL8

3He(Q2,npeak) is

dominated byRTL8

3He,p , since theQ2 dependence of the neu

tron part inRTL8

3He is always governed byGE
n . In this case we

can compare the theoretical calculations of the proton c
tribution, that are not affected by unknown form factors, w

the experimental data, obtaining constraints onRTL8

3He,p .
Therefore, in any case, either the PWIA holds or not,

measurement ofRTL8

3He(Q2,npeak) at low Q2 will yield valu-
able information on the proton, to be used in further step

Once we have an experimental estimate of the proton c
tribution to the transverse-longitudinal respons

RTL8

3He,p(Q2,npeak), we could achieve an estimate of proto

contribution to the transverse response,RT8

3He,p(Q2,npeak), by
using theb kinematics analyzed in@8#. The choice of the
polarization angleb, with cosb5SWA•kW1 /ukW1u is suggested by
~i! the direct connection with the experimental setup and~ii !
more important, the low dependence ofbcritic ~see below!
upon kinematical conditions. It turns out that the proton co
tribution to the polarized cross section,Dp(Q2,npeak), @cf.
Eq. ~3!#, vanishes when the polarization angleu* reaches a
critical value or, see Eq.~4!, when the polarization angleb
reachesbcritic . An estimate of such an angle, at the qe pe
can be obtained by measuring the protons knocked out a
the direction ofqW , since at the qe peak protons should
emitted preferably along such a direction. It is worth noti
that an exclusive measurement of protons is much easier
the one of neutrons, and moreover row data are sufficient

FIG. 8. The ratio RTL8

3He(Q2,npeak)/KTL8
p , with KTL8

p

522A2GE
pGM

p , vs Q2 ~see text!. The solid line represents th
calculation obtained by using in Eq.~11! the spin-dependent spec
tral function corresponding to the Av141 Coulomb interaction and
the Galster nucleon form factors@27#: dot-dashed line, the ratio

RTL8

3He,p/KTL8
p , corresponding to the proton contribution, has be

shown as a reference line.
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estimatingbcritic , since one has only to determine the pola
ization angle where the polarized responseDp(Q2,npeak)
changes sign. After determiningbcritic at the qe peak, one ca
obtain the correspondingu* , see Eq. ~4!, and finally

RT8

3He,p(Q2,npeak)/RTL8

3He,p(Q2,npeak) from the equation
Dp(Q2,npeak)50, see Eq.~3!. It should be pointed out tha
the measurement ofbcritic is related to a ratio of respons
functions, and therefore, even in the presence of other
fects, the PWIA prediction should represent a good appro
mation; furthermore, it turns out thatbcritic does not sizably
vary as a function ofQ2 ~at most a few percent!, while
ucritic* does. In Fig. 9, the anglebcritic is shown for different
ISI’s, at a scattering angleue550°. It should be pointed ou
that an error of61° on the measurement ofbcritic produces

an uncertainty of the order 5% on the ratioRT8

3He,p/RTL8

3He,p

while an error of62° produces an uncertainty of the ord

12%. Even a large uncertainty onRT8

3He,p does not prevent the

extraction of the neutron magnetic form factor, sinceRT8

3He,p

is small, of the order of 10% of the total response, as sho
in Fig. 6~c!.

In conclusion, through an estimate ofRTL8

3He,p , from the

low Q2 behavior of the total responseRTL8

3He , and an estimate

of RT8

3He,p , from bcritic , one can obtain the neutron contrib

tion to the total responsesRTL8

3He andRT8

3He, respectively. From

the ratioRTL8

3He,n/RT8

3He,n one can obtain the ratioGE
n /GM

n , as-
suming that the functionsHTL8

n andHT8
n are equal, as in the

case of the PWIA; moreover, introducing a theoretical p
diction forHT8(TL8)

n one could extractGE
n andGM

n separately.
Finally a measurement of the polarized3H could give the

possibility of an almost model-independent extraction
both the neutron form factors, since the structure functi
HTL8

n andHT8
n could be estimated throughT TL8

p and T T8
p ,

disregarding the Coulomb effects.

FIG. 9. The polarization anglebcritic , where the proton contri-
bution to the polarized cross section of3He, at the qe peak, van
ishes, vsQ2 @see Eq.~3!#: solid line, Av141 Coulomb interaction;
dashed line, Av141 Coulomb interaction1 three-body forces;
dotted line, RSCv81 Coulomb interaction~the Brazil@23# and the
Tucson-Melbourne@24# three-body interactions yield essentially th
same results!. The nucleon form factors@27# have been used.
-

f-
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n

-
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VI. CONCLUSION

In this paper we have presented the results of our inv
tigation on the em inclusive responses of polarized3He and
3H, within the PWIA. We have calculated the spin
dependent spectral functions@8# of the three-nucleon system
from bound-state wave functions, obtained using the p
correlated hyperspherical-harmonic expansion@14#. Differ-
ent realistic two- and three-body nuclear forces, such as~i!
the Argonne v14 potential and the RSCv8 one, and~ii ! the
Brazil and Tucson-Melbourne three-nucleon interactio
have been considered; moreover, the Coulomb interac
has been taken into account in the case of3He. Then we
have evaluated the transverse-longitudinal polarized
sponse and the transverse one, focusing at the qe peak
Q2 up to 2 (GeV/c)2. The detailed analysis of theQ2 be-
havior of the inclusive responses has allowed one~i! to in-
vestigate the model dependence upon the initial state in
action and ~ii ! to suggest possible experiments f

determining the proton contribution toRTL8

3He(Q2,npeak) and

RT8

3He(Q2,npeak), which represents one of the major obstac
in the experimental extraction of the neutron form facto
The model dependence upon two- and three-nucleon inte
tions and the Coulomb potential as well, amounts to a f
percent; for3He the Coulomb and TNI effects are more re
evant for the proton contribution than the neutron one, as
the case of the effective polarization.

The presence of the proton affects quite differently t

polarized responses, since inRT8

3He(Q2,npeak) it is '10%,

while in RTL8

3He(Q2,npeak) it ranges between 80%, at low va
ues ofQ2, and 40%, at the highest ones. This proton p
dominance can be turned to our advantage, since the PW
predicts a linear behavior inQ2 for the ratio

RTL8

3He(Q2,npeak)/@22A2GM
p (Q2)GE

p(Q2)# at low momentum
transfer, 0.1<Q2<0.3 (GeV/c)2. Therefore a comparison

with the experimental data can yieldRTL8

3He,p or, at least, defi-
nite information on the proton contribution, e.g., on the pr
ence of factorization and/or FSI’s.

The proton contribution toRT8

3He can be measured from th

ratioRT8

3He,p(Q2,npeak)/ RTL8

3He,p(Q2,npeak) obtained through an
accurate determination of the polarization anglebcritic ,
where the proton contribution to the polarized cross sect
see Eq.~3!, is vanishing. The PWIA prediction of this angl
could be used as a reliable guideline for the experime
measurements, sincebcritic depends upon the ratio of re
sponses, possibly less sensitive to various effects, such a
FSI, than each response separately.

The proposed measurements could allow the extractio
the neutron contribution to the total responses and there
an estimate of the ratioGE

n /GM
n . If one introduces theoretica

calculations of the nuclear structure functionsHT8(TL8)
n , one

could even obtainGE
n andGM

n separately. Finally, it should
be pointed out that a measurement of the em inclusive
sponses of polarized3H could give the possibility to check
more directly the reaction mechanism, namely the factori
tion at the qe peak~essential for extracting the neutron for



s
de

th

s

S.
nd

O.

56 75NEUTRON ELECTROMAGNETIC FORM FACTORS AND . . .
factors!, and to obtain the nuclear structure function
T T8(TL8)
p . In this case, one can substantially lower the mo

dependence in the extraction ofGE
n andGM

n by using the
3H structure functions as an experimental estimate of
corresponding quantities for3He.

Calculations for taking into account FSI are in progres
s

T

,
l

e

.
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