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Inclusive scattering of polarized electrons on polarized3He: Effects of final state interaction
and the magnetic form factor of the neutron
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Effects of final state interaction on asymmetries in inclusive scattering of polarized electrons on polarized
3He are investigated using a consistent3He bound state wave function and 3N continuum scattering states.
Significant effects are found, which influence the extraction of the magnetic neutron form factor fromAT8 . The
enhancement found experimentally forATL8 near the 3N breakup threshold, which could not be explained in
calculations carried through in plane wave impulse approximation up to now, occurs now also in theory if the
full final state interaction is included.@S0556-2813~98!02301-2#

PACS number~s!: 13.40.Gp, 13.60.Hb, 21.45.1v, 24.70.1s
o
il

st
tu

fo
on
g

s
io

ed
.

tu

m

ra
po

s
fac-
r in

cts
ho-

ti-
-

ee-

lts
in

c
-
tic
act
s.
to
in-
nt

ng

ss
-

-
.
tic
I. INTRODUCTION

The electromagnetic form factors of the nucleons are
fundamental interest in nuclear and particle physics. Wh
the proton form factors have been determined from ela
electron-proton scattering over a wide range of momen
transfers with good accuracy@1#, this is not the case for the
neutron, since no free neutron targets exist. One is there
forced to extract information on the neutron from electr
scattering on light nuclei. Obviously ambiguities arisin
from nuclear structure and reaction mechanisms should
minimized. So far mainly the deuteron has been used a
target@2#. The 3He nucleus has also attracted much attent
as an ideal target@3,4#. If one assumes that the3He wave
function is spatially symmetric~antisymmetric in spin-
isospin space!, then the spins of the two protons are coupl
to zero and the spin of3He is carried by the neutron alone
Under this simplifying assumption a polarized3He nucleus
can be considered to be a polarized neutron. Now this pic
of the 3He wave function, the so-called principalS-state ap-
proximation, is valid to about 92% with respect to its nor
~This refers to BonnB potential @5#, which we use in this
article.! Motivated by that attractive feature, recently seve
experiments have been performed, where longitudinally
larized electrons with helicitiesh(561) have been inclu-
sively scattered on polarized3He targets@6–10#. The aim
was to measure the asymmetries
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s~h511!2s~h521!

s~h511!1s~h521!
, ~1!

depending on the spin direction of3He. These asymmetrie
are expected to be sensitive to the electromagnetic form
tors of the neutron. The data have been analyzed so fa
plane wave impulse approximation@11,12# and based on a
single nucleon current operator. That approximation negle
the interaction between the nucleon which absorbed the p
ton and the two other nucleons.

It is the aim of this investigation to remove that theore
cal uncertainty and to treat the3He bound state wave func
tion and the 3N continuum representing the final 3N scatter-
ing state on an equal footing, using exact solutions of thr
body Faddeev equations based on realisticNN forces. Our
theoretical formalism is described in Sec. II and our resu
in comparison to the data in Sec. III. A summary is given
Sec. IV.

II. THEORY

In recent articles@13–17# we studied elastic and inelasti
electron scattering on3He corresponding to unpolarized ex
periments. So far our dynamical picture is a nonrelativis
framework, a single nucleon current operator, and the ex
treatment of realisticNN forces among the three nucleon
For the relatively low momentum transfers considered up
now that picture was quite successful and the final state
teraction~FSI! among the three nucleons played a significa
role. Now we apply that dynamical picture to the scatteri
of polarized electrons on polarized3He targets under inclu-
sive conditions. The derivation of the corresponding cro
section is known@18#. However to stay in line with the no

al
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40 57S. ISHIKAWA et al.
tation in our previous articles and to show its extensions
just mention the new ingredients. In the evaluation of
cross section the fixed electron polarization in the initial st
leads to an additional term proportional to the helicityh on
top of the usual expression for the electron tensor

Lmn[(
s8

ū~k8s8!gmu~ks!@ ū~k8s8!gnu~ks!#*

5
1

2m2 ~kmk8n1k8mkn2gmnk•k81 ihemnabkakb8 !.

~2!

That additional last term in Eq.~2! has been evaluate
under the condition that the electron massm can be ne-
glected in relation to its energy. Straightforward contract
with the hadronic tensor yields the inclusive cross section
the lab system

ds

dk̂8dk0

5sMott@vLRL1vTRT1h~vT8RT81vTL8RTL8!#.

~3!

The unprimed terms are the familiar ones for the unpo
ized setup@17#. The primed terms are kinematical facto
from the electron tensor

vT85A2Q2

QW 2
1tan2

Q

2
tan

Q

2
, ~4!

vTL85
1

&

Q2

QW 2
tan

Q

2
, ~5!

and structure functions related to the hadronic tensor

RT85 (
m8t8

E d f8d~M1v2P08!~ uN1u22uN21u2!, ~6!

RTL852 (
m8t8

E d f8d~M1v2P08!2 Re@N0~N11N21!* #.

~7!

HereQ5(v,QW ) is the four momentum of the photon,Q
the electron scattering angle,M the target mass, andP08 the
total energy of the final state. The summation over all s
and isospin magnetic quantum numbers and momenta in
final state is indicated bym8, t8, andd f8. The nuclear ma-
trix elementsN0 andN61 are

N05^C f 8m8t8
~2 ! ur~QW !uC 3He&, ~8!

N615^C f 8m8t8
~2 ! u j 61~QW !uC 3He&, ~9!

whereuC 3He& is the 3He ground state,uC f 8m8t8
(2) & a 3N scat-

tering state with the asymptotic quantum numbersf 8m8t8,
r(QW ) the electromagnetic hadronic density operator, a
j 61(QW ) the spherical components of the electromagne
e
e
e

n
n

r-

n
he

d
c

hadronic current operator. Since we use a nonrelativi
framework, the argument of thed function in Eqs.~6!–~7! is

M1v2P085e3He1v2
QW 2

6mN
2Ef 8[E2Ef 8 , ~10!

where e3Heis the 3He binding energy~negative!, mN the
nucleon mass, the final total momentumPW 85QW , andEf 8 the
internal 3N energy related to the quantum numbersf 8.

In evaluating the primed structure functions we can g
eralize a method proposed in@15#. Let us define

RAB[ (
m8t8

E d f8d~E2Ef 8!^C f 8m8t8
~2 ! uAuC 3He&

3^C f 8m8t8
~2 ! uBuC 3He&*

5 (
m8t8

E d f8^C 3HeuB†uC f 8m8t8
~2 ! &d~E2Ef 8!

3^C f 8m8t8
~2 ! uAuC 3He&

5 (
m8t8

E d f8^C 3HeuB†d~E2H !uC f 8m8t8
~2 ! &

3^C f 8m8t8
~2 ! uAuC 3He&

5^C 3HeuB†d~E2H !AuC 3He&. ~11!

We introduced the 3N Hamiltonian H and used the com
pleteness relation~the ground state does not contribute, sin
E lies in the 3N continuum!. In our case the operatorsA and
B are eitherr(QW ) or j 61(QW ).

In terms ofRAB the four structure functions can be e
pressed as

RL5Rrr , ~12!

RT5Rj 11 j 11
1Rj 21 j 21

, ~13!

RT85Rj 11 j 11
2Rj 21 j 21

, ~14!

RTL8522 Re@Rj 11r1Rj 21r#. ~15!

The 3He state polarized in the directionu* , f* is

uC 3Hem&u* f* 5(
m8

uC 3Hem8&Dm8,m
~1/2!

~f* ,u* ,0!, ~16!

whereuC 3Hem8& is quantized with respect to thez direction
andDm8,m

(1/2) is the WignerD function @19#. This modifies the
expession forRAB as

RAB5(
m8

(
m9

Dm8,m
~1/2!* Dm9,m

~1/2! RAB;m9,m8 , ~17!

where

RAB;m9,m85^C 3Hem8uB†d~E2H !AuC 3Hem9&. ~18!

Using
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57 41INCLUSIVE SCATTERING OF POLARIZED ELECTRONS . . .
Dm8,m
~1/2!* ~f* ,u* ,0!Dm9,m

~1/2!
~f* ,u* ,0!

5(
J

~2 !m82mCS 1

2

1

2
J,2m8m9DCS 1

2

1

2
J,2m,mD

3D2m81m9,0
~J!

~f* ,u* ,0! ~19!

and the explicit expressions for theD function

DM ,0
J ~f* ,u* ,0!5A 4p

2J11
YJM* ~u* ,f* !, ~20!

we obtain the following expression forRAB :

RAB5
1

2 (
m8
RAB;m8,m8

1
1

2
cosu* ~RAB; 1/2 1/22RAB;2 1/22 1/2!

1
1

2
sin u* ~e2 if*RAB; 1/22 1/21eif*RAB;2 1/2 1/2!,

~21!

where we have chosenm5 1
2 . In other words the3He spin

points into the directionu* f* .
If the operatorsA and B are different the method pro

posed in@15# to evaluateRAB;m9m8 has to be generalized t

RAB;m9m85
1

2p i K C 3Hem8UB†
1

E2 i e2H
AUC 3Hem9L

2
1

2p i K C 3Hem8UB†
1

E1 i e2H
AUC 3Hem9L

[
1

2p i
^C 3Hem8uB†uCA

~2 !m9&

2
1

2p i
^C 3Hem8uB†uCA

~1 !m9&. ~22!

We introduced

uCA
~6 !m9&[

1

E6 i e2H
AuC 3Hem9& ~23!

Now

^C 3Hem8uB†uCA
~2 !m9&

5^CA
~2 !m9uBuC 3Hem8&*

5 K C 3Hem9UA†
1

E1 i e2H
BUC 3Hem8L *

[^C 3Hem9uA†uCB
~1 !m8&* ~24!

with

uCB
~1 !m8&5

1

E1 i e2H
BuC 3Hem8&. ~25!
Therefore we get

RAB;m9m85
1

2p i
~^C 3Hem9uA†uCB

~1 !m8&*

2^C 3Hem8uB†uCA
~1 !m9&!. ~26!

The statesuCA,B
(1)m&, defined in Eqs.~23! and~25! contain

all the complexity of the interaction among the three nuc
ons and are evaluated as in@15,17# using the Faddeev
scheme. We get

uCC
~1 !m&5G0~11P!uUCm& ~27!

with

uUCm&5~11tG0!C~1!uC 3Hem&1tG0PuUCm&. ~28!

Here C is either A or B ~for instancer or j 61! and we
assumed thatA or B can be decomposed as

C5(
i 51

3

C~ i !. ~29!

Furthert is theNN t matrix, G0 the free 3N propagator,
andP the sum of a cyclic and anticyclic permutation of thr
objects. The Faddeev equation~28! has been introduced an
handled numerically before in@17#.

Inserting Eq.~28! into Eq. ~26! we get

RAB,m9m85
1

2p i
~^C 3Hem9uA†G0~11P!uUBm8&*

2^C 3Hem8uB†G0~11P!uUAm9&!

5
3

2p i
~^C 3Hem9uA~1!†G0~11P!uUBm8&*

2^C 3Hem8uB~1!†G0~11P!uUAm9&!. ~30!

In the last step we used Eq.~29! and the fact that the states t
the left and right ofA† or B† are antisymmetrical.

Further consideration requires a partial wave decomp
tion. We introduce our standard basis in momentum sp
@20#

upqaJM &5Upq~ ls! j S l
1

2D JJM S t
1

2DTMTL , ~31!

wherep andq are magnitudes of Jacobi momenta and the
of discrete quantum numbersa comprises angular momenta
spins, and isospins for a three-nucleon system. We indi
the dependence onJM explicitly.

Let us introduce

SAB;m9m8[^C 3Hem8uB~1!†G0~11P!uUAm9&

5(E 1

E1 i e2 p2/m2 ~3/4m!q2

3^pqaJM u~11P!B~1!uC3Hem8&* ^pqaJM uUAm9&,

~32!



g-

t

e

cit

x
our

42 57S. ISHIKAWA et al.
where the sums in(* include the summation over the ma
netic quantum numberM of the total 3N angular momentum
J. Equation~30! is then expressed as

RAB;m9m85
3

2p i
~SBA;m8m9

* 2SAB;m9m8!. ~33!

Since we choose thez axis to lie in the directionQ̂ of the
virtual photon, the density operatorr (1) conserves the 3N
magnetic quantum number@17#, while j 11 ( j 21) increases
~decreases! the magnetic quantum number by 1. This leads
the following conditions:

^pqaJM u~11P!r~1!uC 3Hem&

5dM ,m^pqaJM u~11P!r~1!uC 3Hem&, ~34!

^pqaJM uUrm&5dM ,m^pqaJM uUrm&, ~35!

^pqaJM u~11P! j 61
~1! uC 3Hem&

5dM ,m61^pqaJM u~11P! j 61
~1! uC 3Hem&, ~36!

^pqaJM uU j 61
m&5dM ,m61^pqaJM uU j 61

m&. ~37!

As a consequence the only nonzero expressionsSAB;m9m8 are

Srr;1/2 1/2, Srr;2 1/22 1/2,

Sj 61 j 61 ; 1/2 1/2, Sj 61 j 61 ;2 1/22 1/2,

Sj 11r;2 1/2 1/2, Sj 21r; 1/22 1/2,

Sr j 11 ; 1/22 1/2, Sr j 21 ;2 1/2 1/2. ~38!

Now a detailed look into the partial wave decompos
forms @17# reveals the following symmetry properties:

K pqaJ2
1

2 U~11P!r~1!UC 3He2
1

2 L
5~21!J2 1/2P K pqaJ

1

2 U~11P!r~1!UC 3He

1

2 L ,

~39!

K pqaJ2
1

2 UUr2
1

2L 5~21!J2 1/2P K pqaJ
1

2UUr

1

2 L ,

~40!

K pqaJ2
1

2 U~11P! j 21
~1!UC 3He

1

2 L
5~21!J2 1/2P K pqaJ

1

2U~11P! j 11
~1!UC 3He2

1

2L ,

~41!

K pqaJ2
1

2 UUU j 21

1

2L
5~21!J2 1/2P K pqaJ

1 UU j 11
2

1 L , ~42!

2 2
o

d

K pqaJ2
3

2 U~11P! j 21
~1!UC 3He

21

2 L
5~21!J2 1/2P K pqaJ

3

2U~11P! j 11
~1!UC 3He

1

2L ,

~43!

K pqaJ2
3

2 UU j 21

21

2 L 5~21!J2 1/2P K pqaJ
3

2 UU j 11

1

2 L ,

~44!

whereP is the parity of the stateupqa&.
As a consequence of Eqs.~39!–~44!,

Srr;2 1/22 1/25Srr; 1/2 1/2, ~45!

Sj 21 j 21 ;61/261/25Sj 11 j 11 ;71/271/2, ~46!

Sj 21r; 1/22 1/25Sj 11r;2 1/2 1/2, ~47!

Sr j 21 ;2 1/2 1/25Sr j 11 ; 1/22 1/2. ~48!

Further, using Eq.~33! one gets

Rrr; 1/2 1/25Rrr;2 1/22 1/252
3

p
Im Srr; 1/2 1/2, ~49!

Rj 11 j 11 ;61/261/25Rj 21 j 21 ;71/271/2

52
3

p
Im Sj 11 j 11 ;61/261/2, ~50!

Rj 11r;2 1/2 1/25Rj 21r; 1/22 1/2

5
3

2p i
~Sr j 11 ; 1/22 1/2* 2Sj 11r;2 1/2 1/2!.

~51!

The final step is to use Eqs.~12!–~15! and~21! to arrive at

RL5Rrr; 1/2 1/2, ~52!

RT5Rj 11 j 11 ; 1/2 1/21Rj 11 j 11 ;2 1/22 1/2, ~53!

RT85cosu* ~Rj 11 j 11 ; 1/2 1/22Rj 11 j 11 ;2 1/22 1/2!, ~54!

RTL852sin u* cosf* 2 Re~Rj 11r;2 1/2 1/2!. ~55!

For easier use we display in the Appendix the expli
expressions for the four structure functions~52!–~55! using
Eqs. ~32! and ~49!–~51!. The partial wave projected matri
elements occuring therein are evaluated according to
standard techniques@13–17#.

The only structure functions depending onu* andf* are

RT8[R̃T8cosu* , ~56!

RTL8[R̃TL8 sin u* cosf* . ~57!

Then according to Eqs.~1! and ~3! the asymmetries are
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A[
ds/dk̂8dk08uh512 ds/dk̂8dk08uh521

ds/dk̂8dk08uh511 ds/dk̂8dk08uh521

5
vT8R̃T8 cosu* 1vTL8R̃TL8 sin u* cosf*

vLRL1vTRT

. ~58!

Putting the angleu* between the direction of the3He

target spin (m5 1
2 ) and the directionQ̂ of the virtual photon

to zero one selects the transverse asymmetryAT8 ~propor-
tional to R̃T8!, whereas putting that angle to 90° one gets
transverse-longitudinal asymmetryATL8 ~proportional to
R̃TL8!.

Let us now regard the most simplified picture. We negl
all final state interactions, thereby excluding also thepd
breakup channel. Also the antisymmetrization is kept only
the two-body subsystem described bypW . Finally we restrict
the 3He wave function to the principalS state. In order to
define clearly our notation we start from the matrix eleme
for the symmetrized plane wave impulse approximat
~PWIAS!

NPWIAS
m [

1

A3!
^pW qW m1m2m3t1t2t3u~12P23!~11P! j m~QW !

3uC 3Hem&u* f*

5
3

A3!
^pW qW m1m2m3t1t2t3u~12P23!~11P! j ~1!

m ~QW !

3uC 3Hem&u* f* . ~59!

As before we reduced the single nucleon current operato
one term. The subscript 1 indicates the particle numb
which in our notation is described byqW . Now we drop the
permutation operatorP, apply P23, and insert the principa
S-state approximation. The resulting nuclear matrix eleme
are

Ñ0[A6^pW qW m1m2m3t1t2t3ur~1!~QW !uC 3He
PS m&u* f* ,

~60!

Ñ6[A6^pW qW m1m2m3t1t2t3u j 6
~1!~QW !uC 3He

PS m&u* f* .
~61!

The principalS state is

uC 3He
PS m&5ufS&ujam&, ~62!

whereujam& is the totally antisymmetrical spin-isospin sta

ujam&5
1

&
FUS t50

1

2DT5
1

2 L US s51
1

2DS5
1

2
mL

2US t51
1

2DT5
1

2 L US s50
1

2DS5
1

2
mL G ~63!

and ufS& is the totally symmetrical space part belonging
total orbital angular momentumL50. In terms of our stan-
dard notation@20# one easily gets
e

t

n

s
n

to
r,

ts

uC
3He

PSm&5 (
l even

(
s,t

E dpp2E dqq2

3Upq~ l l !0S s
1

2DS5
1

2
mS t

1

2DT5
1

2L
3f l~pq!

1

&
~ds1d t02ds0d t1! ~64!

with

f l~pq!5
1

&
„C~ l l !0~1 1/2!1/2~0 1/2!1/2~pq!

2C~ l l !0~0 1/2!1/2~1 1/2!1/2~pq!… ~65!

andCa(pq) are the wave function components^pqauCm&
determined in the Faddeev scheme. Using Eqs.~16! and~62!
the nuclear matrix elements~60! and ~61! turn into

Ñ05A6F1
~t1!

~QW !(
m8

Dm8,m
~1/2! fSS pW ,qW 2

2

3
QW D

3^m1m2m3t1t2t3ujam8&, ~66!

Ñ615A6F1
~t1!

~QW !
q61

mN
(
m8

Dm8,m
~1/2! fSS pW ,qW 2

2

3
QW D

3^m1m2m3t1t2t3ujam8&2A12GM
~t1!

3~QW !
uQW u
2mN

(
m8

Dm8,m
~1/2! fSS pW ,qW 2

2

3
QW D

3^m171m2m3t1t2t3ujam8&. ~67!

Thereby the single particle current operator has been c
sen according to@14#. Despite the approximate, not full
antisymmetrized final state in Eqs.~60! and~61!, we stick to
the summation prescription over all final states in the eva
ation of the structure functions, which corresponds to
fully antisymmetrized final states in Eq.~59!:

(E [
1

6 (
m1m2m3

(
t1t2t3

E dpW dqW . ~68!

Then a straightforward evaluation yields

RL5
2mN

3 E
0

pmax
dpp2qE dp̂E dq̂UfSS pW ,qW 2

2

3
QW D U2

3S 1

3
@F1

~n!~QW !#21
2

3
@F1

~p!~QW !#2D , ~69!
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RT5
2mN

3 E
0

pmax
dpp2qE dp̂E dq̂UfSS pW ,qW 2

2

3
QW D U2

3F8p

9

uqW u2

mN
2 uY1,1~ q̂!u2$@F1

~n!~QW !#212@F1
~p!~QW !#2%1S 2

3
@GM

~n!~QW !#21
4

3
@GM

~p!~QW !#2D uQW u2

4mN
2 G , ~70!

RT85
2mN

3 E
0

pmax
dpp2qE dp̂E dq̂UfSS pW ,qW 2

2

3
QW D U2

3S 2
1

6
cosu* D @GM

~n!~QW !#2
uQW u2

mN
2 , ~71!

RTL85
2mN

3 E
0

pmax
dpp2qE dp̂E dq̂UfSS pW ,qW 2

2

3
QW D U2

3
&

3
F1

~n!~QW !GM
~n!~QW !

uQW u
mN

cosf* sin u* . ~72!

The energy conserving delta function givespmax andq to be

pmax5AmNE, ~73!

q5A4

3
~pmax

2 2p2!. ~74!

Note thatRL andRT receive contributions from neutrons and protons, whereas due to the principalS-state assumptionRT8 and
RTL8 are fed only by the neutron contribution. It results in the asymmetry

A5FvT8S 2
1

6
cosu* D @GM

~n!~QW !#2
uQW u2

mN
2 1vTL8

&

3
F1

~n!~QW !GM
~n!~QW !

uQW u
mN

cosf* sin u* G Y FvLS 1

3
@F1

~n!~QW !#2

1
2

3
@F1

~p!~QW !#2D1vTH $@F1
~n!~QW !#212@F1

~p!~QW !#2%a~v,uQW u!1S 2

3
@GM

~n!~QW !#21
4

3
@GM

~p!~QW !#2D uQW u2

4mN
2 J G , ~75!

where

a~v,uQW u!5
~8p/9!*0

pmaxdpp2q*dp̂*dq̂ufS@pW ,qW 2~2/3!QW #u2uqW u2/mN
2 uY1,1~ q̂!u2

*0
pmaxdpp2q*dp̂*dq̂ufS@pW ,qW 2 ~2/3!QW #u2

5
1

3

*0
pmaxdpp2q~q2/mN

2 !( l*21
1 dx~12x2!f l

2@p,uqW 2 ~2/3!QW u#

*0
pmaxdpp2q( l*21

1 dxf l
2@p,uqW 2 ~2/3!QW u#

~76!

with x5q̂•Q̂.
That factora(v,uQW u) is due to the convection current, whose contribution survives solely inRT and prevents that the

dependence on the3He wave function drops out. It is typically of the order 1023, and together withF1
2(QW ) of neutron and

proton it is negligible in relation to the other term at the momentum transferuQW u considered.
If we insert the explicit expressions for the kinematical factorsv and use the nonrelativistic approximationQ2'2QW 2 we

get

A5
~Q2/2mN

2 !tan ~Q/2!@A~2Q2/QW 2! 1tan2 ~Q/2!~GM
~n!!2 cosu* 1~2mN /uQW u!F1

~n!GM
~n!cosf* sin u* #

~F1
~n!!212~F1

~p!!22 ~Q2/4mN
2 !$~GM

~n!!212~GM
~p!!21a~6mN

2 /uQW u2! @~F1
~n!!212~F1

~p!!2#%@112 tan2 ~Q/2!#
, ~77!

where we kept (2Q2/QW 2) under the square root in order to facilitate the comparison to the asymmetry gained by scatt
polarized electron on a polarized nucleon target. That well-known expression is
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Anuc5
~Q2/2mN

2 !tan~Q/2!@A~2Q2/QW 2!1tan2~Q/2!GM
2 cosu* 1~2mN /uQW u!GEGM cosf* sin u* #@12~Q2/4mN

2 !#

GE
22~Q2/4mN

2 !GM
2 @112~12Q2/4mN

2 !#tan2~Q/2!
.

~78!

TABLE I. The experimental setup of Refs.@8–10#.

k0

~MeV!
Q
~°!

uA

~°!
fA

~°!
v

~MeV!
vQE

~MeV!
QQE

(MeV/c)
uQE*
~°!

fQE*
~°!

Ref. @8# 370 91.4 42.5 180 91–150 107 460 8.9 180
Ref. @9# 370 70.1 42.5 0 73–97 76 386 88.1 0
Ref. @10# 370 70.1 42.5 0 40–52 76 386 88.1 0
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The numerators in Eqs.~77! and~78! are equal except tha
we useF1 instead ofGE . Our single nucleon current opera
tor @14# containsF1 . In the denominator of Eq.~77!, how-
ever, there are also contributions from the protons in3He
and the correction terma resulting from the convection cur
rent. In 3He the nucleons are moving in contrast to the c
of a fixed single nucleon target.

Regarding the expression~77! we see that the transvers
asymmetry AT8 defined for u* 50° is proportional to
(GM

(n))2, whereas the transverse-longitudinal asymme
ATL8 defined foru* 590° is proportional toF1

(n)GM
(n) . Will

that simple result survive under more realistic condition
This is just the aim of our study to learn how a more realis
3He wave function, the inclusion of antisymmetrization
the final state, and the inclusion of final state interactio
among the three final nucleons modifies that simple pict
and whether these modifications will still leave sufficie
sensitivity to the value of the magnetic form factorGM

(n) of
the neutron.

Let us now define the various levels of evaluating the t
asymmetriesAT8 andATL8 . The form~77! based on the prin-
cipal S state and plane wave impulse approximation with
antisymmetrization in the final state@see Eqs.~60!–~61!# will
be denoted by PWIA~PS!. If we include the realistic3He
wave function we denote the result by PWIA. The cor
sponding structure functions are determined by Eq.~30!
dropping the factor 3, the permutation operatorP, andUB

andUA should be chosen by Eq.~28! without the two terms
proportional to theNN t matrix t. If one restrictsuC 3He& to
the principalS state the results should be identical to t
structure functions evaluated according to Eqs.~69!–~72!
and to the asymmetry from Eq.~77!. This is a very nontrivial
check and turned out to be very well fulfilled.

The next improvement of the theory is to keep pla
waves in the final state but antisymmetrize them correc
This is achieved using Eq.~30! and dropping only in theU
amplitudes of Eq.~28! the terms proportional tot. This ap-
proximation will be denoted by PWIAS.

An intermediate step for including the full final state i
teraction is to keep in the nuclear matrix elements the in
action in the pair of nucleons which are spectators to
absorption process of the photon on the third nucleon. T
approximation is described by the nuclear matrix elemen
e

y

?
c

s
e
t

o

t

-

.

r-
e
is

N085A6^pW qW m18m28m38u~11tG0!r~1!~QW !uC 3Hem&u* f* ,
~79!

N685A6^pW qW m18m28m38u~11tG0! j 6
~1!~QW !uC 3Hem&u* f* ,

~80!

for the ppn-breakup process and by

N0,d85^wdqW m18md8ur
~1!~QW !uC 3Hem&u* f* , ~81!

N61,d85^wdqW m18md8u j 6
~1!~QW !uC 3Hem&u* f* , ~82!

for the pd-breakup process. Note that we did not antisy
metrize the final state except in the two-body subsyste
This leads to the expression~30! without the factor 3 and the
permutation operatorP, and theU amplitudes are just given
by the driving term in Eq.~28!. The corresponding result
will be denoted by PWIA8. If on top of that we antisymme-
trize the final state the result will be denoted by PWIAS8.
This is evaluated using Eq.~30! as it is, but theU amplitude
as for PWIA8. Finally evaluating Eqs.~28! and~30! exactly
and thus including the final state interaction to all orders a
between all three nucleons, as well as including the antis
metrization fully will be denoted by full.

III. RESULTS

We used the BonnB NN potential@5# and kept its force
components up to total two-nucleon angular momentumj
52 in the treatment of the 3N continuum. The effects of the
j 53 components stayed below the percentage level.
electromagnetic nucleon form factors are from@21#.

The experimental setup for the spin-dependent asymm
can be characterized by the initial electron energy (k0), the
electron scattering angle~Q!, two angles which parametriz
the direction of the target polarization (uA ,fA) ~see Fig. 7 of
Ref. @11#, e.g.!, and the measured energy transfer~v!. These
values used in the recent experiments@8–10# are summa-
rized in Table I, together with energy transfer (vQE), three-
momentum transfer (uQW uQE) and the angles defining the po
larization with respect to the directionQ̂ of the three-
momentum transfer~uQE* and fQE* ! at the quasielastic~QE!
condition. The asymmetry measured in Ref.@8# near the
quasielastic kinematics is essentially the transverse asym
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try AT8 because of the condition,u* .0°, and then is ex-
pected to be sensitive to the neutron magnetic form fac
Thus hereafter the asymmetry measured in this experim
will be referred to as simplyAT8 . On the other hand, thos
measured near the quasielastic kinematics@9# and a lower-v
region just above the three-body breakup threshold@10# are
essentially the transverse-longitudinal asymmetryATL8 be-
cause of the conditionu* .90°, and then are expected to b
sensitive to both of the neutron charge and magnetic fo
factors. Hereafter the asymmetry measured in these ex
ments will be referred to as simplyATL8 . These experimen
tal results were analyzed by recent theoretical works@11,12#
with realistic 3He wave functions and plane wave impul
approximation. In this article we call that approximatio
PWIA8. In Ref. @8#, the neutron magnetic form factorGM

n

was extracted based on PWIA8 with reasonable agreemen
with experimental data. On the other hand, agreement
tween the PWIA8 calculations and the measured asymm
tries in Refs.@9,10# is rather poor. The PWIA8 prediction of
the asymmetry in the quasielastic region was found to
large compared to the experimental data@9# at the (122.5)s
level. At the lowerv region@10#, the experimental asymme
try was found to be enhanced in contradiction with PWI8
calculations.

Let us now regard our results in comparison to the exp
mental data forAT8 in Fig. 1 and forATL8 in Fig. 2. We
display six theoretical curves. The most naive predict
PWIA~PS! lies within the error bars for four of the six dat
points forAT8 in Fig. 1. In case ofATL8 shown in Fig. 2 that
prediction is essentially zero and clearly disagrees with
data. Replacing the principalS-state approximation of3He
by the full expression, called PWIA, causes a visible cha
for AT8 at low v’s and a much larger one forATL8 . Now for
ATL8 one deviates even stronger from the data. Appare
RTL8 is more sensitive to the3He wave function thanRT8 .
Symmetrizing the final state using PWIAS has a small eff
for AT8 but a big one onATL8 . It risesATL8 for small v’s
qualitatively similar to what happens in the data but mis
the data aroundv560– 70 MeV. A strong move occurs b
keeping the final state interaction among the two spect

FIG. 1. The transverse asymmetryAT8 as a function ofv. The
data are from Ref.@8#. The six theoretical curves are PWIA~PS!
~dashed-dotted!, PWIA ~dotted!, PWIAS ~short dashed!, PWIA8
~long dashed!, PWIAS8 ~dashed-dotted, declined curve!, and full
~solid!. Note PWIA8 and PWIAS8 overlap.
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nucleons PWIA8. For lowerv’s it appears to be somewha
too high forAT8 and again at lowv’s near the threshold for
3N breakup it does not show the quick rise of the one d
point in ATL8 . However between 50 and 100 MeV it follow
the data forATL8 . Now symmetrizing in addition the fina
state PWIAS8, it does not cause a visible change forAT8 ,
but overshoots now the data forATL8 for v’s below about 70
MeV. Finally the full calculation leads again to a strong sh
and agrees now quite well with the data for bothAT8 and
ATL8 . At very low v’s it now follows the experimental trend
for ATL8 though still misses the error bar of the last da
point to the left. More precise data forATL8 , especially in
that region would be of interest to quantitatively challen
our present day understanding of final state interactions
possibly also effects related to the choice of the current
erator.

Though the data show still some scatter forAT8 we would
like to quantify these results by providing ax2 for AT8 :

x2[(
i

@AT8
theory

~ i !2AT8
exp

~ i !#2

@DAT8
exp

~ i !#2 . ~83!

The sum runs over the six data points. They are 4.2,
4.0, 6.1, 6.3, 3.4 for PWIA~PS!, PWIA, PWIAS, PWIA8,
PWIAS8, and full, respectively. The full calculation de
scribes the data best and the correct antisymmetrization
the treatment of the full final state interaction is required
achieve quantitative insight. Note that the often used pl
wave impulse approximation, here called PWIA8 is insuffi-
cient.

The aim of the experiments were to achieve informat
on the magnetic neutron form factor. Therefore the influen
of the badly known electric form factor of the neutronGE

(n)

or in our nonrelativistic formF1
(n) should be known. We

restrict our investigation toAT8 and in addition to PWIA~PS!
and PWIAS. As an extreme assumption we putF1

(n) to zero,
the effect onAT8 was negligible~below 1%!. We expect that
this remains true even for the full calculation and therefo
we expect that the specific choice ofF1

(n) will not influence
significantly the extraction of information onGM

(n) from AT8 .

FIG. 2. The transverse-longitudinal asymmetryATL8 as a func-
tion of v. The data~L! are from Ref.@9# and the data~d! from
Ref. @10#. Curves as in Fig 1. The PWIAS8 curve rises to the data
point atv540 MeV.
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We add the remark that this extreme assumption p
ATL850 for PWIA~PS!, of course. Obviously the data ar
different from zero andATL8 receives contributions from in
gredients, which go beyond that most simplistic picture. T
can already be seen comparing PWIA~PS! and PWIA in Fig.
2. The difference is just the replacement of the principaS
state3He wave function by the realistic one. Apparently t
S8- andD-state pieces contribute very strongly toATL8 . This
was noticed before in@11#.

Being free of that dependence onF1
(n) for AT8 , we now

altered the neutron magnetic form factor by615% and
630% and achieved the results, for the full calculation d
played in Fig. 3. Clearly630% changes lie outside the bu
of the data and also615% changes are not acceptable giv
the data. One can quantify these studies and extract the
timal f factor multiplying the neutron magnetic form facto
GM

(n) of @21# such thatx2 is minimal. This study was per
formed for the full calculation. We display the resultingx2

in Fig. 4 and extract the optimalf factor to be 1. As a
measure of the accuracy of extracting that value we take

FIG. 3. The dependence of the transverse asymmetryAT8 in the
full calculation on the strength factorf multiplied to the neutron
magnetic form factorGM

(n) from @21#. f 50.7 ~short-dashed!, f
50.85 ~dotted!, f 51 ~solid!, f 51.15 ~dashed-dotted!, and f 51.3
~long-dashed!. Comparison to data from@8#.

FIG. 4. The x2 from Eq. ~83! for AT8 as a function of the
strength factorf from Fig. 3. A parabola is fitted to the calculate
values denoted by~L!. The valuexmin

2 11 is shown as dashed hor
zontal line and provides a spread ofD f 566.6%.
ts

s

-

p-

e

spread inf for xmin
2 11. This is66.6%. Clearly more precise

data would be very welcome to improve on the accuracy
extracting information onGM

(n) .
The possibly most serious theoretical uncertainty in o

analysis is that we do not take MECs into account. Th
quantitative contribution remains to be investigated. In
study @22# based on the GFMC method theLT8 and TT8

interference Euclidean response functions of3He at uQW u
5300 MeV/c have been determined. They show a dep
dence on two-body currents. Not shown is their effect on
physical responses nor any comparison with data. It also
mains to be seen whether different choices ofNN forces
could change the results. For inclusive scattering without
larization we found only a very weak dependence@17#. Sim-
plified calculations keeping onlyj max51 NN force compo-
nents, now for the polarization case, also did not show
dependence on the choice of theNN force.

For future experimental work we would like to propose
separateRT8 and RTL8 . The sensitivity ofRT8 to GM

(n) is
larger than for the asymmetryAT8 . This is demonstrated in
Fig. 5 in comparison to Fig. 3 again for the full calculatio
Again we quantify that study by evaluating ax2, defined
now as

x2~RT8 ,AT8!

[(
i

@RT8
~ i !

~AT8
~ i !

!~ f 51!2RT8
~ i !

~AT8
~ i !

!~ f 51.3!#2

@RT8
~ i !

~AT8
~ i !

!~ f 51!#2 , ~84!

wherei runs over thev values, in which we carried out th
calculations. We findx2(RT8)53.1 andx2(AT8)52.3. Thus
RT8 has a stronger dependence on the magnetic neutron
factor ~modified by the strength factorf ! thanAT8 . For the
sake of curiosity Fig. 5 also includes the results putti
GM

(n)50 ( f 50).

IV. SUMMARY

Inclusive scattering of polarized electrons on polariz
3He has been evaluated taking the final state interaction f
into account. RealisticNN forces have been used and the 3N

FIG. 5. The transversal structure functionRT8 as a function ofv
in the full calculation for various strength factorsf : f 51.3 ~long
dashed!, f 51 ~solid!, f 50.7 ~short dashed!, and f 50 ~dotted!.
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bound state and the 3N continuum are evaluated consisten
solving the corresponding Faddeev equations. A formal
proposed in@15#, which is ideal for inclusive processes an
avoids the tedious direct integration of over all final sta
configurations, has been generalized to handle new type
structure functions composed of different current com
nents.

The most simple picture of polarized3He to be a polar-
ized neutron target fails quantitatively for the energy a
momentum transfers considered. That picture relies on
assumption, that the principalS state is by far dominant. This
is not at all true for the transverse-longitudinal asymme
ATL8 , which receives important contributions from the r
maining pieces of the3He wave function, but also for the
transverse asymmetryAT8 , where the results change signifi
cantly when the principalS-state approximation is replace
by the full and correct3He wave function.

We also find that the often used plane-wave impulse
proximation ~here denoted by PWIA8! is insufficient. In
PWIA8 one takes theNN force in the final state into accoun
for the pair of nucleons which are spectators to the sin
nucleon photon absorption of the third nucleon. This is qu
insufficient for AT8 and ATL8 . The correct antisymmetriza
tion of the final 3N continuum is important and above all th
final state interaction only all three nucleons~full calcula-
tion!.

In the full calculation the data forAT8 can be described
quite well using the Gari-Kru¨mpelmann electromagneti
nucleon form factors. The dependence of that observableAT8
on the neutronF1 form factor is weak and unimportant. W
m

of
-

d
e

y

-

le
e

optimized the choice ofGM
(n) to the data, with the result tha

the factorf 51 for the choice of Gari-Kru¨mpelmann param-
etrization was best. This appears to agree with prelimin
results achieved in electron scattering on the deuteron@23#.

In the case ofATL8 the full calculation shows now the
enhancement near the 3N breakup threshold, which is
present in the data and which was not provided by the pl
wave impulse approximation used up to now. For both o
servablesAT8 and ATL8 more precise data would be ver
welcome in order to probe the theoretical assumptions m
stringently and to extract more accurate information onGM

(n) .
A more thorough investigation ofATL8 with respect to the

contribution of the proton and the3He wave function com-
ponent is planned. Because of lack of computer time it co
not be included in this study.

We would also like to point out that data forRT8 andRTL8
would be more sensitive to electromagnetic nucleon fo
factors than the asymmetries. From the theoretical poin
view mesonic exchange currents should be added and
treatment of relativity remains a pending problem.
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APPENDIX

We show explicit expression for the four structure functions:

RL5Rrr1/2 1/252
3

p
ImSrr;1/2 1/2

52
3

p
ImF(E 1

E1 i e2p2/m2~3/4m!q2 K pqaJ
1

2U~11P!r~1!UC 3He

1

2L K pqaJ
1

2UUr

1

2L G ,
RT5Rj 11 j 11 1/2 1/21Rj 11 j 1121/221/252

3

p
Im~Sj 11 j 11 1/2 1/21Sj 11 j 1121/221/2!

52
3

p
ImF(E 1

E1 i e2p2/m2~3/4m!q2 S K pqaJ
1

2 U~11P! j 1
~1!UC 3He2

1

2 L * K pqaJ
1

2 UU j 1
2

1

2 L
1 K pqaJ

3

2 U~11P! j 1
~1!UC 3He

1

2 L * K pqaJ
3

2 UU j 1

1

2 L D G . ~A1!

We see thatRL andRT are independent of the3He target polarization:

RT85cosu* ~Rj 11 j 11 1/2 1/22Rj 11 j 1121/221/2!52
3

p
cosu* Im~Sj 11 j 11 1/2 1/22Sj 11 j 1121/221/2!

5cosu*
3

p
Im(E F 1

E1 i e2p2/m2~3/4m!q2 S K pqaJ
1

2 U~11P! j 1
~1!UC 3He2

1

2 L * K pqaJ
1

2 UU j 1
2

1

2 L
2 K pqaJ

3

2 U~11P! j 1
~1!UC 3He

1

2 L * K pqaJ
3

2 UU j 1

1

2 L D G ,
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RTL852sin u* cosf* 2 Re~Rj 11r21/2 1/2!52sin u* cosf*
3

p
Im~Sr j 11 1/221/2* 2Sj 11r21/2 1/2!

5
3

p
Im(E F 1

E1 i e2p2/m2~3/4m!q2 K pqaJ
1

2 U~11P! j 1
~1!UC 3He2

1

2 L * K pqaJ
1

2UUr

1

2 L
2

1

E2 i e2p2/m2~3/4m!q2 K pqaJ
1

2 U~11P!r~1!UC 3He

1

2 L K pqaJ
1

2UU j 1
2

1

2 L * Gsin u* cosf* . ~A2!
-
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