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Deuteron electroweak disintegration
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We study the deuteron electrodisintegration with inclusion of the neutral currents focusing on the helicity
asymmetry of the exclusive cross section in coplanar geometryA(qc.m.). We stress that a measurement of
A(qc.m.) in the quasielastic region is of interest for an experimental determination of the weak form factors of
the nucleon, allowing one to obtain the parity-violating electron neutron asymmetry. Numerically, we consider
the reaction at low-momentum transfer and discuss the sensitivity ofA(qc.m.) to the strangeness radius and
magnetic moment. The problems coming from the finite angular acceptance of the spectrometers are also
considered.@S0556-2813~97!01006-6#

PACS number~s!: 24.80.1y, 14.20.Dh, 25.10.1s , 25.30.Fj
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I. INTRODUCTION

Parity-violating~PV! electron scattering probes weak ne
tral currents and can provide very interesting information
the strange-quark contributions to the electroweak~ewk!
form factors of the nucleon and on the weak-coupling c
stants at the hadronic level. Since different theoretical m
els give largely different predictions for the strange vec
@GE

s (Q2), GM
s (Q2)# and axial-vector@GA

s (Q2)# form factors
as well as for the radiative corrections to the weak-coupl
constants, one has to make recourse to an experimenta
termination of these quantities. For this, one needs to iso
observables which are selectively sensitive to one or
other unknown quantity. It will take a number of measu
ments in neutrino scattering, PV atomic experiment, and
electron scattering to determine these form factors and c
pling constants. The best information onGA

s (Q2) is expected
from elastic neutrino scattering experiments where theor
cal uncertainties in higher-order processes are small.
BNL experiment 734@1# already determined a nonzer
GA
(s)(0) even if with large errors@2#. Results of the spin-

dependent deep inelastic lepton scattering experiments
protons@3–5# and off neutrons@6–9# confirm such a finding,
again with large theoretical errors because of the applica
of SU~3! flavor symmetry to hyperon decays. The LSN
experiment on neutrino oscillations@10# presently underway
at LAMPF should better constrainGA

(s)(0). Thesuggestion
that the strangeness magnetic momentms5GM

s (0) could be

determined measuring the PV asymmetry in elasticeWp scat-
tering at backward angles was put forward by McKeo
@11# and Beck@12#. A first experiment@13# aiming to place
limits on ms is already underway at the Bates Laborato
Measurements at forward angles could be used to cons
GE
s (Q2). The accuracy of such experiments using only

proton target is strongly limited, because of the compli
tions from radiative corrections@14# to the dominant isovec
tor axial-vector coupling. Measuring PV asymmetry in ele
tron scattering from nuclei, where different isosp
combinations can be realized, seems a promising way to
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entangle radiative corrections and strange-quark contr
tions. In particular, the PV electron scattering from isosca
and spinless nuclei, such as4He, where only the electric
weak current can contribute, could lead to a determination
GE
s (Q2) @15#. Two experiments of PV electron scattering o

complex nuclei have already been carried out@16,17# and
several others are in preparation at Bates, CEBAF,
MAMI. For a review we refer to the paper by Musolfet al.
@18# who present a very detailed discussion of t
intermediate-energy semileptonic probes of the hadro
neutral current. Different theoretical approaches have b
pursued ranging from the relativistic Fermi gas model@19# to
the relativistic mean-field theory@20# to the continuum shell
model @21#. Also the case of the deuteron has been stud
extensively@22,23#.

Up to now, only the helicity asymmetry of the elast
cross section and of the inclusive inelastic cross section
PV electron scattering has been considered@18–20#. In this
paper we study the helicity asymmetry of the cross sec
for the exclusive PV electron deuteron scattering in the
plane kinematics. In general, namely, in the out-of-plane
ometry, the helicity asymmetry is not zero even in the par
conserving~PC! electrodisintegration where it is given b
the so-called fifth structure function. Instead, the helic
asymmetry of the in-plane kinematics reaction must van
in a PC theory. This can be seen using simple geometr
considerations. In fact, the image of the reaction given b
mirror parallel to the scattering plane is the same as the o
nal reaction apart from the change of helicity of the inco
ing electron. Therefore, if parity is conserved the two p
cesses proceed with equal probability leading to a vanish
asymmetry.

We expect that the obvious drawback of the reduc
counting rates of the coincidence experiments might be c
pensated by the enhanced sensitivity to the form factors
the nucleon detected in coincidence with the electron. In f
this is the case in the PC electron-deuteron scattering a
quasielastic~QE! peak. It turns out that the deuteron can
confidently used as a quasi-free neutron target in that reg
3115 © 1997 The American Physical Society
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3116 55B. MOSCONI AND P. RICCI
Therefore, from measurements of (eW ,e8p) and (eW ,e8n) reac-
tions it should be possible to get information on the isosca
form factors which take contributions from the stran
quark.

We shall neglect the effects of the PV nuclear inter
tions. In fact, previous studies have shown these PV eff
to be small in deuteron photodisintegration@24# as well as in
elastic and inelastic electron deuteron scattering@25# except
for very low-energy electrons.

In Sec. II we describe our treatment of the PVe-d inelas-
tic scattering and we give the general expression of the
licity asymmetry of the coincidence cross secti
Ap(qc.m.). We also discuss its sensitivity to the wea
nucleon form factors. In Sec. III we present our numeri
results for the exclusive asymmetry in QE kinematics
Q2 5 0.1 ~GeV/c! 22. Finally, in Sec. IV we state our con
clusions.

II. FORMALISM

A. Parity-violating exclusive cross section

The invariant amplitude for the parity-violating exclusiv
deuteron electrodisintegration, to lowest order, is the sum
the one-photon and the one-Z0 boson exchange process

M5M[g]1M[Z0] , ~2.1!

with

M[g]524pa j mD [g]
mn ~Q2!Jn

~em! ~2.2!

and

M[Z0]5
G

2A2
MZ

2~gV
e j m1gA

e j m5!D [Z0]
mn

~Q2!Jn
~NC! ,

~2.3!

whereQ252qm
2.0 is the four momentum transfer square

a is the fine-structure constant,G is the weak Fermi con-
stant,MZ is the Z0 mass, andgV

e and gA
e are the neutral

vector and axial-vector couplings of the electron which,
the standard model, are given by gA

e51,
gV
e52114sin2qW.20.092, qW being the Weinberg or
weak-mixing angle. The conventions of Musolfet al. @18#
for the weak-coupling constants are assumed.

The electron vector and axial-vector currents are given
the Dirac form

j m5ū~k8,s8!gmu~k,s!,

j m55ū~k8,s8!gmg5u~k,s!, ~2.4!

whereu(k,s) is the electron spinor, (k,s) and (k8,s8) being
the four-momentum and spin of the incoming and outgo
electron, respectively.

As for the hadronic currents,J(em) is the electromagnetic
~em! current andJ(NC) the neutral current which consists of
vector and an axial-vector component

J~NC!5J~NC!V1J~NC!A. ~2.5!

Finally, the photon propagator is given by
r

-
ts

e-

l
t

of

,

y

g

D [g]
mn ~Q2!5

1

Q2S gmn1
qmqn

Q2 D , ~2.6!

in the Landau gauge, while theZ0 propagator

D [Z0]
mn

~Q2!5
gmn2qmqn/MZ

2

Q21MZ
2 , ~2.7!

in the limit Q2!MZ
2 , which we are interested in, becomes

D [Z0]
mn

~Q2!.
gmn

MZ
2 . ~2.8!

It is convenient to rewrite the propagators~2.6! and~2.8!
in terms of the three polarization vectorse (l)

m (l50,61)
with the properties

qme~l!
m 50, ~2.9!

gmne~l!
m* e

~l8!

n
5~21!ldl,l8 , ~2.10!

(
l

~21!le~l!
m* e~l!

n 5gmn1
qmqn

Q2 . ~2.11!

If the momentum transferq is in the ẑ direction the po-
larization vectors take the form

e~6 !
m 57

1

A2
~0,1,6 i ,0!,

e~0!
m 5

1

Q
~qlab,0,0,v lab!, ~2.12!

in the laboratory~lab! frame whereqm5(v lab,0,0,qlab).
Using the completeness relation~2.11!, the propagators

can be written as

D [g]
mn ~Q2!5

1

Q2(
l

~21!le~l!
m* e~l!

n , ~2.13!

D [Z0]
mn

~Q2!5
1

MZ
2F(

l
~21!le~l!

m* e~l!
n 2

qmqn

Q2 G , ~2.14!

and the invariant amplitude becomes

M52
4pa

Q2 (
l

~21!l~ j •e~l!
* !~J~em!

•e~l!!

1
G

2A2(
l

~21!l@gV
e~ j •e~l!

* !1gA
e~ j 5•e~l!

* !#

3~J~NC!
•e~l!!2

G

2A2
1

Q2gA
e~ j 5•q!~J~NC!A

•q!,

~2.15!

where we have applied the continuity equations

~ j •q!5~J~NC!V
•q!50. ~2.16!
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55 3117DEUTERON ELECTROWEAK DISINTEGRATION
Clearly expansions~2.13! and ~2.14! have allowed us to
express the scattering amplitude as the sum of product
separately Lorentz invariant terms~as done by Dmitrasinovic
and Gross@26# in the purely em process!. In actual calcula-
tions we shall evaluate the scalar products involving the e
tron current in the lab system and those involving the nuc
current in the center of mass~c.m.! system of the outgoing
nucleons. Of course, the transformation ofe (l)

m from the lab
frame to the c.m. frame must be taken into account.

The next step is to evaluate(s8uMu2, wheres8 is the spin
of the final electron. First of all, we neglect the purely we
component terms, completely negligible being;G2. More-
over, we assume, as usual, the extreme relativistic li
~ERL! for the electron (me!Ee). It is straightforward to see
that in this limit

(
s8

~ j •e~l!
* !~ j 5

1
•q!50. ~2.17!

Then, theg2Z0 interference contribution involving the las
term of Eq. ~2.15! vanishes. This means that the ter
;qmqn in the Z0 propagator~2.14! does not contribute and
that theg andZ0 propagators can be expressed through
completeness relation~2.11! satisfied by the polarization
vectorse (l)

m .
Therefore we obtain

(
s8

uMu25
4EeEe8cos

2~qe8/2!

4me
2 (

ll8
~21!l2l8

3S qc.m.Q D 22ulu2ul8uS 4pa

Q2 D 2
3$vll8

~VV!
~J~em!

•e~l!!~J
~em!1

•e
~l8!
* !

2geff~gV
evll8

~VV!
1gA

evll8
~VA!

!

3@~J~em!
•e~l!!~J

~NC!1
•e

~l8!
* !

1~J~NC!
•e~l!!~J

~em!1
•e

~l8!
* !#%, ~2.18!

where

geff5
Q2

4pa

G

2A2
, ~2.19!

is the effective weak-coupling constant determining the m
nitude of the PV effects in the low and mediumQ2 and
qe8 is the electron lab scattering angle.

The electron tensorsvll8
(VV) , vll8

(VA) which depend on elec
tron kinematic variables only, correspond to the products
vector current-vector current and vector current–axial-vec
current. More precisely, they are defined by
of

c-
ar

it

e

-

f
r

(
s8

~ j •e~l!
* !~ j1

•e~l8!!5
4EeEe8cos

2~qe8/2!

4me
2

3S qc.m.Q D 22ulu2ul8u

vll8
~VV! ,

(
s8

~ j •e~l!
* !~ j 5

1
•e~l8!!5

4EeEe8cos
2~qe8/2!

4me
2

3S qc.m.Q D 22ulu2ul8u

vll8
~VA! .

~2.20!

It is straightforward to obtain from Eq.~2.18! the expres-
sion of the parity-violating exclusive deuteron electrodisin
gration cross section for the polarized electron beam.
terms of the transition matrix elements it reads

d3s

dEe8dVe8dVN
c.m.5

1

3

sM

Md
(
ll8

(
smsmd

$vll8
~VV!Tsmslmd

~em! Tsmsl8md

~em!*

2geff~gV
evll8

~VV!
1gA

evll8
~VA!

!

3@Tsmslmd

~em! Tsmslmd

~NC!* 1Tsmslmd

~NC! Tsmsl8md

~em!* #%,

~2.21!

wheresM is the Mott cross section andMd is the deuteron
mass. The superscripts~em! and~NC! indicate to which par-
ticular nuclear current theT-matrix element refers to.

TheT-matrix elements are related to the hadronic curr
matrix elements

Tsmslmd
52Apc.m.Ec.m.

N Ec.m.
d

16p3

3~21!lS qc.m.Q D 12ulu

^smsuĴ•e~l!umd&,

~2.22!

where Ĵ is the hadronic current operator and the nucle
states are defined in the usual noncovariant normalizat
namely umd& is the deuteron state normalized to one, w
spin projectionmd on the momentum transfer, while the fin
np state usms&, characterized by spins and its projection
ms on the relative momentumpc.m., is normalized so that it
becomes

usms&5eipcm•rxsms
, ~2.23!

in plane wave~PW! approximation. Of course, in order t
calculate the matrix elements in Eq.~2.22!, the same quanti-
zation axis has to be taken for both initial and final stat
This simply amounts to the rotation leadingq into pc.m. or
vice versa. Finally,Ec.m.

N andEc.m.
d are the nucleon and deu

teron c.m. energy, respectively. Note that, owing to the f
torization of (sM /Md) in Eq. ~2.21!, theT matrix is dimen-
sionless as that introduced in Ref.@27#.

Further, we remark that the spherical componentl50 of
the nuclear current, given in the c.m. frame by
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3118 55B. MOSCONI AND P. RICCI
J•e~0!5
qc.m.
Q

r~q!2
vc.m.

Q
~J–q̂!, ~2.24!

can be conveniently written in the case of the em current
of the vector component of the neutral current by means
the charge density as

J•e~0!5S Q

qc.m.
D r~q!, ~2.25!

by using the continuity equation to express (J–q̂) in terms of
r(q).

In the ERL the electron beam may only have longitudin
polarization of degreeh. Therefore, both the electron tenso
vll8
(VV,VA) consist of two terms, vll8

(VV,VA)
5vll8

(VV,VA)0

1hvll8
(VV,VA)h which correspond to unpolarized and polariz

electrons, respectively.
It is easy to show thatvll8

(VA) are related to thevll8
(VV) in the

following way:

vll8
~VA!0

5vll8
~VV!h ,

vll8
~VA!h

5vll8
~VV!0. ~2.26!

Of course, the kinematic functionsvll8
(VV) coincide with

those (vll8) appearing in parity conserving electron scatt
ing @27,28#. From now on we shall omit any superscript
writing these kinematical functions. We recall that they a
symmetric and satisfy the relations

vll85vl8l ,

v2l2l8
0

5~2 !l1l8vll8
0 , ~2.27!

v2l2l8
h

5~2 !l1l811vll8
h ,

induced by parity conservation. Because of Eqs.~2.26! and
~2.27! all the possible components ofvll8 can be simply
derived from the following six components:

vL
05z2j2,

vT
05h1

1

2
j,

vTL
0 5

1

A2
zjAh1j ,

~2.28!

vTT
0 52

1

2
j,

vT
h5Ah~h1j!,

vTL
h 5

1

A2
zjAh ,

where the indicesL, T, TL, and TT correspond to
(l,l8)5(0,0), (1,1), (1,0), and (1,21); j5Q2/qlab

2 and
d
f

l

-

e

h5tan2(qe8/2). Note that the definitions~2.28! of the v8s
include the appropriate factors ofz5(qlab/qc.m.) which are
necessary because we calculate the nuclear matrix elem
in the c.m. frame.

The cross section~2.21! is the sum of a purely electro
magnetic term due to the one-photon exchange process
of theg2Z0 interference term

S d3s

dEe8dVe8dVN
c.m.D 5S d3s

dEe8dVe8dVN
c.m.D

[g]

1S d3s

dEe8dVe8dVN
c.m.D

[g2Z0]

.

~2.29!

The dependence of these two terms on the anglef between
the reaction plane and the scattering plane can be easily s
rated out observing that theT-transition matrices depend o
f through the phase

Tsmslmd
5ei ~l1md!ftsmslmd

. ~2.30!

The reducedt matrices so defined depend only on the po
nucleon emission angleqc.m. and on the relative momentum
upc.m.u.

The two cross sections defined in Eq.~2.29! can be writ-
ten in the form

S d3s

dEe8dVe8dVN
c.m.D

[g]

5
sM

Md
~F1hF~h!!,

S d3s

dEe8dVe8dVN
c.m.D

[g2Z0]

5
sM

Md
~G1hG~h!!, ~2.31!

where

G5geff~gV
eG11gA

eG2!,

G~h!5geff~gA
eG11gV

eG2!. ~2.32!

The functionsF,F(h),G1 ,G2 are given by

F5vL
0 f L

~em!1vT
0 f T

~em!1cos2fvTT
0 f TT

~em!1cosfvTL
0 f TL

~em! ,

F~h!5sinfvTL
h f TL

~em!h ,

G15vL
0 f L

~em2V!1vT
0 f T

~em2V!1vTL
0 ~cosf f TL

~em2V!

1sinf f TL
~em2A!!1vTT

0 ~cos2f f TT
~em2V!

1sin2f f TT
~em2A!!,

~2.33!

G25vT
h f T

~em2A!h1vTL
h ~cosf f TL

~em2A!h1sinf f TL
~em2V!h!,

in terms of the structure functions

f ll8
~em!

52S 11dl1l8,1

11dl,0
DRe~wll8

~em!
!, ~2.34!
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55 3119DEUTERON ELECTROWEAK DISINTEGRATION
f ll8
~em!h

522S 11dl1l8,1

11dl,0
D Im~wll8

~em!
!,

f ll8
~em2V!

522S 11dl1l8,1

11dl,0
DRe~wll8

~em2V!
!,

f ll8
~em2V!h

52S 11dl1l8,1

11dl,0
D Im~wll8

~em2V!
!,

f ll8
~em2A!

52S 11dl1l8,1

11dl,0
D Im~wll8

~em2A!
!,

f ll8
~em2A!h

522S 11dl1l8,1

11dl,0
DRe~wll8

~em2A!
!,

where

wll8
~em!

5
1

3 (
smsmd

tsmslmd

~em! tsmsl8md

~em!* ,

wll8
~em2V!

5
1

3 (
smsmd

~ tsmslmd

~em! tsmsl8md

~NC!V* 1tsmslmd

~NC!V tsmsl8md

~em!* !,

~2.35!

wll8
~em2A!

5
1

3 (
smsmd

~ tsmslmd

~em! tsmsl8md

~NC!A* 1tsmslmd

~NC!A tsmsl8md

~em!* !.

The hadronic tensorswll8 satisfy the symmetry relations

wll8
* 5wl8l , ~2.36!

w2l2l8
~em!

5~21!l1l8wll8
~em! , ~2.37!

w2l2l8
~em2V!

5~21!l1l8wll8
~em2V! , ~2.38!

w2l2l8
~em2A!

5~21!11l1l8wll8
~em2A! , ~2.39!

which have already been used together with Eqs.~2.26! and
~2.27! to write Eq. ~2.33! in terms ofl50,1;2l<l8<l
only.

The property~2.36! is an immediate consequence of de
nitions ~2.35!. The other properties~2.37!–~2.39! derive
from the symmetry relations induced on thet-matrix ele-
ments by the parity conservation

ts2ms2l2md

~em!,~NC!V 5~21!11s1ms1l1mdtsmslmd

~em!,~NC!V ,

ts2ms2l2md

~NC!A 5~21!s1ms1l1mdtsmslmd

~NC!A . ~2.40!

The structure functionf i
(em) are the usual structure func

tions of the PCe-d inelastic scattering. The function
f i
(em2V) ,f i

(em2A) are the additional structure functions arisin
in ewk inelastic scattering from the interference between
em current and the weak vector, axial-vector currents.

Integrating Eq.~2.31! over the outgoing nucleon soli
angle, we recover the well-known expression of the inclus
cross section, first given by Walecka@29# on the basis of
symmetry considerations and covariance requirement
such an integration, all theTL and TT interference terms
e

e

In

drop to zero and the surviving five exclusive structure fun
tions transform into the inclusive response functions.

B. Nucleon electromagnetic and weak form factors

The general expressions of the matrix elements of
single-nucleon ewk currents consistent with Lorentz cova
ance and with parity and time-reversal invariance are

Jm
~em!5

1

2M ~11t!
ū~p8!@GE~p1p8!m

1GM~2Mtgm1 ismnq
n!#u~p!, ~2.41!

Jm
~NC!V5

1

2M ~11t!
ū~p8!@G̃E~p1p8!m

1G̃M~2Mtgm1 ismnq
n!#u~p!, ~2.42!

Jm
~NC!A5ū~p8!@G̃Agm1 i ~G̃P /M !qm#g5u~p!, ~2.43!

whereM is the nucleon mass,t5Q2/4M2, p andp8 are the
four-momentum of the incoming and outgoing nucleon,
spectively.

In the following, we do not need to care about the induc
pseudoscalar current because it does not contribute to
servables in PV electron scattering to leading order in e
coupling. We have chosen the Sachs form ofJ(em) and
J(NC)V because the study of the PC deuteron electrodisi
gration has revealed that, unlike the Dirac form ofJ(em), it
leads to nonrelativistic~NR! results close to the full theory
results, minimizing the effect of the relativistic correction
From the same analysis we also know that the cross sec
is almost insensitive to meson exchange and isobar ex
tion currents in the QE region. In conclusion we shall n
consider relativistic corrections and interaction currents
our calculations.

From the structure of the em and weak-vector current
erators in terms of the SU~3!-singlet and -octet currents i
follows that the nucleon weak-vector form factors are giv
by

G̃E,M~Q2!5
1

2
jV
T51GE,M

V ~Q2!t31
A3
2

jV
T50GE,M

S ~Q2!

1jV
~0!GE,M

~s! ~Q2!, ~2.44!

with t3511, -1 for the proton and neutron, respective
GE,M
S(V) is the isoscalar~isovector! combination of the em

Sachs form factors,GE,M
(s) is the strange-quark contribution

and the couplings are appropriate linear combinations
quark weak-vector charges. In the standard model they h
the values

jV
T5152~122sin2qW!, A3jV

T50524sin2qW ,

jV
~0!521. ~2.45!

According to @18#, we take the strangeness weak vec
form factors in the form
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GE
~s!~Q2!5rstGD

V~Q2!~11lE
~s!t !21,

~2.46!

GM
~s!~Q2!5msGD

V~Q2!~11lM
~s!t !21,

which is an extension of the Galster parametrization@30#
commonly used for the nucleon em form factors

GE
p~Q2!5GD

V~Q2!,

GE
n~Q2!52mntGD

V~Q2!~115.6t!21,
~2.47!

GM
p ~Q2!5mpGD

V~Q2!, GM
n ~Q2!5mnGD

V~Q2!,

whereGD
V(Q2)5(11Q2/MV

2)22, with a cutoff mass square
MV

250.71 (GeV/c)2.
Expression~2.46! of GE

(s) implements the only theoretica
constraint about the strangeness form factors. The nuc
has no net strangeness, so thatGE

(s)(0)50 and the lowQ2

behavior of GE
(s) is characterized by the dimensionle

strangeness radius

rs[FdGE
~s!~Q2!

dt G
t50

. ~2.48!

Also commonly used in the literature is the Dirac strangen
radius

r s
2[26FdF1~s!~Q2!

dQ2 G
Q250

. ~2.49!

Because of the well-known relations between the Sa
and the Dirac form factors,rs , ms , and r s

2 are linearly re-
lated by

rs52
2

3
M2r s

22ms . ~2.50!

Very little is known about the values ofms andr s
2 even if

many calculations of the strangeness vector form fac
have been carried out using different approaches~lattice cal-
culations, effective Lagrangian, dispersion relations, h
ronic models!. The predictions of the strangeness mome
are quite different in different approaches and can a
largely vary within a given approach because of the need
additional assumptions and approximations. In particu
r s
2 is predicted to be positive in the dispersion theory analy
of the nucleon isoscalar form factors@31,40#, of the same
order of magnitude but negative by the chiral quark-soli
model@32# and negative but two orders of magnitude sma
by the kaon-loop calculations@33#. A negative value ofr s

2 is
also preferred by the analysis@2# of the np/ n̄p elastic scat-
tering data@1# which, however, has been criticized for th
use of a unique cutoff mass for the three SU~3! axial-vector
form factors.

The different existing models widely disagree also ab
sign and magnitude ofms which is predicted to range from
ms50.460.3 mN @41# in the chiral hyperbag model to
ms520.7560.30 mN @34# using QCD equalities among th
octet baryon magnetic moments. Clearly, a mod
independent determination of the strangeness moments
on

s

s
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-
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possibly, of theQ2 dependence of the strangeness form f
tors, can only come from the experiments.

Analogously to Eq.~2.44!, the axial-vector form factor
can be decomposed in terms of the third and eighth SU~3!
octet components and of the possible strange componen

G̃A~Q2!5
1

2
jA
T51GA

~3!~Q2!t31
1

2
jA
T50GA

~8!~Q2!

1jA
~0!GA

~s!~Q2!, ~2.51!

with coupling constants dictated at the tree level by the qu
axial charges

jA
T51522, jA

T5050, jA
~0!51. ~2.52!

Note that in this limit the isoscalar component ofG̃A fully
comes from the strange quark contribution. Information
theQ250 value of the SU~3! octet form factors derives from
charged current weak interactions. From neutronb
decay and strong isospin symmetry it follow
GA
(3)(0)5(D1F)[gA51.260160.0025 @35#, while from

hyperonb decays and flavor SU~3! symmetry it follows
GA
(8)(0)5(1/A3)(3F2D)50.33460.014@36#, D andF be-

ing the associated SU~3! reduced matrix elements. TheQ2

dependence of these form factors can be adequately pa
etrized with a dipole form

GD
A~Q2!5~11Q2/MA

2 !22, ~2.53!

with a cutoff massMA51.032 GeV/c. The same dipole form
is suggested in@18# for the strange axial-vector form facto

GA
~s!~Q2!5hsgAGD

A~Q2!~11lA
~s!t !21. ~2.54!

Here again, lacking theoretical constraints onGA
(s)(0) and

because of the model dependence of the theoretical
mates, values ofhs5GA

(s)(0)/gA have to be extracted from
the experiments. As mentioned in the Introduction, the fi
indications came from the BNLnp/ n̄p experiment and from
the EMC data.

As for the weak-coupling constants we emphasize that
values~2.45! and~2.52! are those predicted by the ewk sta
dard model at the tree level. In a realistic evaluation of
amplitude of any electron-hadron process one has to cons
the radiative corrections to these values. Such correct
RV,A
(a) , amounting to a factor~11RV,A

(a) ) in all the coupling
constants except injA

T50 which becomesA3RA
T50 , are very

difficult to calculate because they receive contributions fr
a variety of processes~higher-order terms in ewk theory
hadronic physics effects, . . . !. They have been estimated b
various authors~for a review see Ref.@18#, and citations
therein! using different approaches and approximations w
results in qualitative agreement. More precisely,RV

(a) are es-
timated to be of the order of a few percent andRA

(a) of the
order of some tenth of a percent. Therefore, whileRV

(a) can
be neglected, the radiative correctionsRA

(a) must, in prin-
ciple, be taken into account.
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C. Asymmetry

As said in the Introduction we are interested in the he
ity asymmetry of the coincidence cross section, which is
fined as

A~qc.m.,f!5
s~h511!2s~h521!

s~h511!1s~h521!
, ~2.55!

wheres(h561) is the exclusive cross section for electro
polarized parallel (h511) and antiparallel (h521) to
their momenta. From Eq.~2.31! we have

A~qc.m.,f!5
F~h!1G~h!

F1G .
F~h!1G~h!

F , ~2.56!

becauseG is negligible with respect toF. The termF(h) is
the purely em contribution to the helicity-dependent part
the cross section~proportional to the fifth structure functio
f TL
(em)h) which vanishes in coplanar geometry@see Eq.~2.33!#.
Thus, considering the in-plane kinematics and to leading
der inG, the helicity asymmetry is given by the interferen
of weak and em amplitudes and reads

FA~qc.m.!5geff@gV
e~vT

h f T
~em2A!h6vTL

h f TL
~em2A!h!

1gA
e~vL

0 f L
~em2V!1vT

0 f T
~em2V!6vTL

0 f TL
~em2V!

1vTT
0 f TT

~em2V!!#, ~2.57!

where the sign6 corresponds tof50°,180°. Note that the
z axis is alongq and they axis is normal to the reaction
plane in the directionke3ke8 .

In an experiment, the finite angular acceptance of
spectrometers makes it unavoidable to also collect nucle
emitted out-of-plane and thus, apparently, to include in
measured asymmetry the effect of the PC contributionF(h)
which could mask the PV asymmetry. Actually, the expe
mental results correspond to an average of the theore
expression~2.56! over the spectrometer solid angle. In su
an average the influence of the fifth structure function sho
vanish becausef TL

(em)h enters the cross section multiplied by
factor sinf, if the spectrometer is exactly centered and sy
metrical. Since this is not the case in a real experiment,
has to consider the PC asymmetry in the out-of-plane k
matics close to the electron scattering plane. In the next
tion we shall give a quantitative estimate of how symmetri
the hadron spectrometer must be in order to make possib
extract the PV asymmetry from the measured asymmetr

The PV exclusive asymmetry~2.57! shows a very rich
structure. In fact, it depends on six structure functions wh
probe different components of the weak vector and axial c
rents. In principle, the effects of a particular compone
could be singled out. For example, the longitudinal parts
the weak currents appearing in longitudinal-transverse st
ture functionsf TL

(em2A)h and f TL
(em2V) could be derived from

the difference ofA(qc.m.) measured at the sameqc.m. in the
half-planef50° and f5180°. Other structure function
could be isolated by some generalized Rosenbluth decom
sition. However, it does not seem to us sensible to furt
elaborate on this point since such a program is, at the
ment, completely beyond experimental feasibility.
-
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To get an idea of how the exclusive asymmetry depe
on the weak form factors of the nucleon it is convenient
consider the simplified form ofA(qc.m.50°) obtained in the
PWIA model, which consists of taking into account only th
dominant contribution arising from the knocked-out nucle
in the plane wave~PW! approximation for the final state
and in theS-wave deuteron state. In that approximatio
which accurately reproduces the full theory results for nuc
ons detected in forward direction (qc.m..0°), onefinds

A~qc.m.50°!

.22geff
2gV

evT
hAtGMG̃A1gA

e~vL
0GEG̃E12vT

0tGMG̃M !

vL
0GE

212vT
0tGM

2 .

~2.58!

Therefore, a measurement of the asymmetry for neutr
emitted atqc.m.

n 50° or, equivalently, for protons outgoing a
qc.m.5180°, allows one to determine the neutron weak fo
factors. The difference with the asymmetry in theeWd inclu-
sive reaction can be easily appreciated recalling the appr
mate form of the inclusive asymmetry~the so-called static
approximation@18#! which is similar to expression~2.58! but
depends on the incoherent sum of the contributions com
from the proton and neutron. Thus, while the inclusive asy
metry is sensitive to the average of the nucleon form facto
the exclusive asymmetry feels the influence of the individ
form factors. This enhanced sensitivity might make it inte
esting to measure the exclusive asymmetry not withstand
the reduced rate of the coincidence cross section.

Apart from minor differences deriving from the not com
pletely covariant treatment of theeWd inelastic scattering, ex-
pression~2.58! coincides with the PV electron-free nucleo
asymmetry.

Thus, the limiting cases well known from the analysis
the PVeWp scattering apply in the PVeWd exclusive disinte-
gration, namely, the magnetic interactions dominate for e
trons backwardly scattered, while the electric interactio
play a major role for electrons forwardly scattered. The
fect of the axial form factor is suppressed because of
small value of the electron weak vector charge, as is alre
clear in the general expression~2.57!.

III. RESULTS

In this paper we limit our considerations to the low
momentum transfer region@Q2.0.1 (GeV/c)2 as in the
SAMPLE experiment# in order to minimize the impact of the
uncertainties in theQ2 dependence of the strange form fa
tors. To be explicit, in the calculations we take the valu
lE
(s)55.6, lM

(s)50, lA
(s)50 of the parameters which de

termine theQ2 fall off in the expressions~2.46! and~2.54! of
the strange form factors. Because of the lowQ2 considered,
these assumptions should not be crucial.

Furthermore, as reference values for the axial radia
corrections we adoptRA

T50520.62 andRA
T51520.34 given

by Musolf and Holstein@14# using for the hadronic contri-
butions the so-called best estimates for the weak mes
nucleon vertices of Ref.@37#. Finally, we use the value
hs520.12, deduced from the neutrino scattering expe
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ment, of the strangeness axial charge and, lacking a reli
estimate of the radiative correction to the strangeness a
coupling constant, we takeRA

(0)50. Because all the con
stants entering the calculations, except the strangeness r
and magnetic moment, have been fixed, we can concen
on the effect ofr s

2 andms on the exclusive asymmetry.
In the following we report the proton asymmetry as

function of the proton polar anglesqc.m.. To distinguish the
half-plane f50° and f5180°, we assign the positiv
~negative! sign toqc.m. for protons emitted in the half-plan
f50° (f5180°). The same figures can be used to ded
the neutron asymmetryAn , i.e., the PV asymmetry in the
(eW ,e8n) reaction. Obviously, the value ofAn for neutrons
outgoing at (qc.m.,f) corresponds to the value of the proto
asymmetry at (p2qc.m.,p1f).

Let us start considering the angular distribution
Ap(qc.m.) in the QE region for backward scattering electr
(qe5160°), where the role ofGE

(s) is strongly suppressed. I
Fig. 1 we plot the c.m. angular distribution ofAp(qc.m.)
calculated with Jaffe’s values@31# of the strangeness radiu
(r s

250.16 fm2) and magnetic moment (ms520.31mN). In
order to study the dependence of the asymmetry on theNN
potential models, we have used the deuteron wave funct
as well asnp continuum wave functions calculated with th
Paris potential@38# and with the one boson exchange fold
diagram potential OBEPF@39# which gives predictions of
theNN data in close agreement with the full Bonn potenti
Actually, the final state interactions are taken into accoun
the multipole amplitudes up toL56, while all the other mul-
tipole amplitudes are evaluated in free-wave approximat
as described in Ref.@27#. The angular distribution of
Ap(qc.m.) is characterized by two minima@note that
Ap(qc.m.) is negative in all the range ofqc.m.] almost sym-
metric with respect toq and by a maximum at 180°, wher
the asymmetry is a factor 1.5 higher than atqc.m.50°. Ob-
viously such a maximum at backward proton angles co
sponds to the emission of neutrons at forward angles.

The very weak dependence on theNN potential model in
all the angular ranges suggests some reason beyond the
that the asymmetry is defined as a ratio of cross secti
which could be the dominance of the transitions from
S-wave deuteron state. The advantage of the exclusive
teron ewk disintegration which we already have alluded
lies in the possibility of performing simultaneous measu
ments ofAp atqc.m.50° and atqc.m.5180° or equivalently

FIG. 1. Angular distribution of the proton asymmetryA(qc.m.
p )

in the quasielastic region atQ250.1 (GeV/c)2, qe5160°, with
ms520.31mN , r s

250.16 fm2 @31#. Calculations are with the Pari
potential~full line! and the OBEPF potential~dashed line!.
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of An at qc.m.
n 50°. When combined with the results of th

eWp asymmetry they can lead to an accurate determinatio
ms . The comparison ofAp atqc.m.50° with the asymmetry
in theeWp scattering should serve as a check of the exclus
experiment.

Intuitively, the exclusive cross section (e,e8N) at the QE
peak (qc.m.

N 50°), where the detected nucleon is ejected
the direction ofq, should be very close to the cross secti
for electron scattering on the free nucleon. This is confirm
by actual calculations which giveAp520.09631024 and
An520.14031024 with the same choice of form factor
and in the same kinematical conditions as in Fig. 1. F
comparison, the corresponding values in theeWd exclusive
asymmetry are20.09731024 and20.14031024, respec-
tively. This fact will be exploited later on in the discussion
the precision reachable in the determination ofms .

The knowledge ofAn can be exploited directly and
through the ratioAp /An , where the systematic uncertaintie
cancel to a very large extent sinceAp andAn have been
measured under exactly the same experimental condition
similar cancellation of the systematic errors has been en
aged by the SAMPLE experiment which intends to use
ratio Ap /Ad , whereAd is the asymmetry in the inclusive
eWd inelastic scattering.

To show the effect on the asymmetry of variations in t
strangeness magnetic moment we report in Fig. 2 our res
for the Paris potential and for a selected set of prediction
ms . Among the values given by the different models w
have chosen those defining the theoretical range ofms , i.e.,
ms520.75 mN @34# and ms50.4 mN @41#. Also reported
are the curves corresponding to Jaffe’s value ofms @31# and
to ms50. Note that the Dirac strangeness radius has b
held fixed atr s

250.16 fm2 as deduced by Jaffe. This com
parison makes evident the strong sensitivity onms of the
asymmetry for electrons scattered in the backward direct

To be more quantitative on the precision reachable i
determination ofms , let us consider again the PW expre
sion ~2.58! of the proton and neutron asymmetry
qc.m.
N 50° (N5p,n) and write it in the form

AN[AN
0 ~11aNrs1bNms1cNRA

T511dNRA
T501eNhs!,

~3.1!

FIG. 2. Dependence of the proton asymmetryA(qc.m.
p ) on the

strange magnetic momentms in the case ofqe5160°. The solid
line is the same as in Fig. 1. The other curves are
ms520.75mN @34# ~dashed line!, ms50.40mN @41# ~dotted line!,
andms50 ~dot-dashed line!.
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TABLE I. Values of the constants entering the expression~3.1! of the proton and neutron asymmetries f
Q250.1 (GeV/c)2 andqe5160°.

A0 a b c d e

proton 20.8831025 20.1631022 20.342 0.256 20.072 20.256
neutron 20.1731024 20.8531024 0.270 0.202 0.057 0.202
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which exibits the dependence on the unknown strange
radius, magnetic moment, and axial charge~in units of gA)
and on the radiative corrections to the axial-vector coupl
constant. Actually, the possible modification due to radiat
correctionsRA

(0) of the strange-quark axial coupling consta
is understood in the last term in Eq.~3.1!.

The values ofAN
0 and of the other constants are given

Table I. Note, first of all, the smallness ofaN which fully
justifies our previous statement about the substantial in
pendence ofGE

(s) . Second, the influence ofRA
T50 is also

greatly reduced. Finally, we note thatcN and eN have the
same value and the same sign in the case of the neutron
opposite sign in the case of the proton, as a consequenc
our choice lA

(s)50. In fact, in this case we hav
eN52t3cN . In conclusion, if we further assume that th
axial-vector strangeness form factor is known from neutr
scattering experiments@10#, the precisiondms which can be
reached in the determination ofms depends on the exper
mental accuracy in the measurements and on the uncert
on the isovector axial coupling constant.

Then, from Eq.~3.1! we have that the uncertainty inms

together with the error inRA
T51 induce a fractional change i

the backward-angle asymmetry given by

dAp,n

Ap,n
.~bp,ndms1cp,ndRA

T51!. ~3.2!

TheRA
T512ms correlation is displayed in Fig. 3, where w

have assumed an experimental errordA/A567% as in the
SAMPLE experiment. The three error bands are for the

FIG. 3. (RA
T512ms) correlation assuming an experimental err

dA/A567%. The three error bands are for the results onAp ~full
lines!, An ~dashed lines!, and the ratioAp /An ~dotted lines!.
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sults onAp ~full lines!, on An ~dashed lines!, and for the
ratioAp /An ~dotted lines!. The figure clearly shows that th
ratio is almost independent ofRA

T51 and this happens be
cause it enters in the proton and neutron asymmetry with
same sign and almost the same value. Clearly, such an
periment allows one to tightly limit the value ofms and of
RA
T51 .
Conversely, once one has determinedms andRA

T51 , the
ratio Ap /An could be exploited for getting information o
the isoscalar partG̃A

T50(Q2) of the axial-vector form factor.
In fact, contrary to the isovector partG̃A

T51(Q2),
G̃A
T50(Q2) contributes with opposite sign to the proton a

neutron asymmetries. Further, if the isoscalar coupling c
stantjA

T50 is assumed to vanish as predicted by the stand
model at the tree level so thatG̃A

T50(Q2) reduces to the
strangeness contributionGA

(s)(Q2), the effect of the radiative
corrections to the strangeness axial-vector coupling cons
could be studied.

The exclusive asymmetryAp(qc.m.) is plotted in Fig. 4 in
the same kinematical conditions as before, except for
electron scattering angleqe515°. In this kinematics, while
the effects of the axial current are strongly suppressed
causevT

h→0, those of the electric weak vector current a
enhanced (vL

0/2vT
0→1). The asymmetry is calculated wit

Jaffe’s values ofms and r s
2 @31#. Because of its substantia

independence of theNN potential models, as seen in Fig.
only the results obtained with the Paris potential are draw

The sensitivity to the strangeness radius can be appr
ated from Fig. 5, where we compare our results
Ap(qc.m.) for a restricted selection of predictedr s

2 , all other
parameters being the same. Besides that given by Jaffe
r s
250, we have used the two almost opposite valu
r s
250.21 fm2, deduced by Hammeret al. @40# in their re-
vised dispersion analysis andr s

2520.32 fm2 obtained by
Kim et al. @32# ~chiral-quark soliton model!. At first sight, a
measurement ofAp(qc.m.) in the forward direction or, better
at qc.m.;70°280° where the asymmetry has a maximu

FIG. 4. The same as in Fig. 1 except forqe515°. Calculations
are with the Paris potential.
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3124 55B. MOSCONI AND P. RICCI
could lead one to discriminate between the different mod
There is no such sensitivity in the asymmetry for neutro
detected atqc.m.

n 50°, where the asymmetry is a factor
higher. The reason is thatG̃E

n50.092GE
n2GE

p2GE
(s) and

GE
p is so large that variations inGE

(s) cannot be of any im-
portance at lowQ2.

Actually, the precision on the extraction ofr s
2 from such

experiment is strongly limited by the error induced by t
uncertainty in the other quantities determiningAp(qc.m.),
and, particularly, inms . In fact, the same considerations
Ref. @42# valid for theeWp cross-section asymmetry apply
the exclusiveeWd cross-section asymmetry. This can be se
looking at the values of the parametersaN ,bN reported in
Table II. Clearly, the impact of the uncertaintydms on drs is
weighted by a large factor, in fact,bp /ap;3.36, and even
worse in the neutron case wherebn /an;249.2. Also the
uncertainty inGM

n andGE
n can introduce sizeable errors

GE
(s)(Q2). As pointed out in@23#, the asymmetry of the in-

clusiveeWd cross section seems more promising for a de
mination ofr s

2 because the influence ofms is suppressed du
to the coherent sum of the proton and of the neutron con
butions.

Finally, we address the issue of the finite acceptance
the hadron spectrometers, which necessarily leads us to
sider the influence of the fifth structure function in the me
sured asymmetry. Since the typical values of the vert
angular acceptance areDf5660 mrad, we have to conside
the PC helicity asymmetryAPC(qc.m.

p ) in the out-of-plane
kinematics, just a few degrees above and below the elec
scattering plane.

Similarly to the case of the in-plane kinematics, we rep
in the same figure the results ofAPC(qc.m.

p ) corresponding to
a full reaction plane, characterizing with positive values
qc.m.
p the half-planef and with negative values ofqc.m.

p the
half-plane 180°1f. The results ofAPC(qc.m.

p ) reported in

FIG. 5. Dependence of the proton asymmetryA(qc.m.
p ) on the

Dirac strangeness radiusr s
2 in the case ofqe515°. The solid line is

the same as in Fig. 4. The other curves are forr s
2520.32 fm2 @32#

~dashed line!, r s
250.21 fm2 @40# ~dotted line!, and r s

250 ~dot-
dashed line!.
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Fig. 6 are for the case of backward emitted electrons and
f52° and 4°. In the calculations ofAPC(qc.m.

p ) we have
also included meson exchange currents of the pionic ra
and the main relativistic corrections~Darwin-Foldy and spin-
orbit terms as well as the wave function relativistic modi
cations! which have been shown@27# to be sizeable in both
the longitudinal-transverse interference structure functi
f TL
(em) and f TL

(em)h . The slight asymmetry ofAPC(qc.m.
p ) in the

two half-planes fully comes from the small term proportion
to cosf in F. SinceAPC(qc.m.

p ) is antisymmetric around the
electron scattering plane the results ofAPC(qc.m.

p ) in the half-
planes 360°2f and 180°2f follow from those in Fig. 6 by
a simple change of sign. We can see that, apart from the
forward and backward angles, the size ofAPC(qc.m.

p ) is some
units of 1023, i.e., two orders of magnitude higher than th
PV asymmetry, thus requiring an extremely high level
symmetry in the spectrometers in order to make negligi
the PC contributions to the measured asymmetry.

Actually, all our considerations of the coincidence P
asymmetry are for the strict QE peak, i.e., for the reg
aroundqc.m.

p 50° where the situation is much more favorab
because the fifth structure function vanishes atqc.m.

p 50°, as
can be seen in Fig. 7. Here, for typical values (3°24°) of
the horizontal angular acceptance of the spectrometers
PC asymmetry drops to some units of 1025. Therefore, if the
spectrometers are symmetrical to five parts in 104, the PC
asymmetry should be cancelled at the 1028 level, thus allow-
ing one to determine the PV asymmetry to a few percen

The situation is quite similar in the other case consider
i.e., for forward emitted electrons. Here the PC asymmetr
one order of magnitude smaller than in the previous ki
matical case but the PV asymmetry is some units of 1026

aroundqc.m.
p 50°.

IV. CONCLUSIONS

The aim of this paper was to extend the possible PV
servables which could be used for an experimental dete

FIG. 6. Angular distribution of the PC proton asymmet
APC(qc.m.

p ) at Q250.1 (GeV/c)2, qe5160°, forf52° ~full line!
andf54° ~dashed line!. Calculations are with the Paris potentia
TABLE II. The same as in Table I forqe515°.

A0 a b c d e

proton 20.1731025 20.102 20.343 0.067 20.019 20.067
neutron 20.1131024 20.8731022 0.428 0.084 0.024 0.084
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nation of the weak form factors of the nucleon. To this e
we have considered the helicity asymmetry of theeWd exclu-
sive cross section in the coplanar geometry which, vanish
in the PC theory, directly probes the weak neutral curren

First of all, we have derived the general expression of
exclusive cross section in the electroweak theory~a result not
yet reported in the literature to our knowledge!. From this we
have deduced the in-plane helicity asymmetry which
pends on six structure functions, four of which were deriv
from the interference of the em current and the weak ve
current and two from the interference of the em current a
the weak axial current. We have also given an approxim
expression ofAp(qc.m.) valid atqc.m.50°, which allows one
to discuss in simple terms the importance of the vario
weak form factors.

Our expectation that the PV exclusive asymmetry sho
be of interest for the determination of the strangeness f
factors has been confirmed by actual calculations. The p

FIG. 7. The same as in Fig. 6 but for the restricted range of
proton emission angle 0°<qc.m.

p <10°.
o-
o

en

o

o

d

g
.
e

-
d
or
d
te

s

d
m
nt

is that the asymmetry of theeWd exclusive cross section in th
QE region allows one to determine the PV asymmetries
both the electron-proton and electron-neutron scattering
der the same experimental conditions. Numerically, we h
studied such PV asymmetry in the lowQ2 limit in order to
minimize the impact of the uncertainty on theQ2 depen-
dence of the form factors.

We have shown that an experiment with electrons sc
tered at backward angles could allow one to tightly constr
the value of the strangeness magnetic moment. We have
shown that the asymmetry in the case of forward detec
electrons is very sensitive to the strangeness radius. H
ever, the precision in the extraction ofrs is rather small
because the uncertainties in other quantities, and in partic
on ms , lead to large errors.

Finally, we have considered the problem connected w
the finite angular acceptance of the spectrometers and
their possible asymmetry in the vertical angles, which co
lead to the inclusion in the measured helicity asymmetry
some contributions from the PC helicity asymmetry. W
have shown that at the QE peak (qc.m.50°) the PV asym-
metry can be determined to a few percent if the spectro
eters are symmetrical to several parts in 104.

ACKNOWLEDGMENTS

We thank J. Heidenbauer for providing us with the wa
functions corresponding to the OBEPF potential. This wo
was partly supported by Ministero della Universita` e della
Ricerca Scientifica of Italy.

e

C

-

,

.

C

@1# L.A. Ahrenset al., Phys. Rev. D35, 785 ~1987!.
@2# G.T. Garvey, W.C. Louis, and D.H. White, Phys. Rev. C48,

761 ~1993!.
@3# J. Ashmanet al., Phys. Lett. B206, 364 ~1988!; Nucl. Phys.

B328, 1 ~1989!.
@4# D. Adamset al., Phys. Lett. B329, 399 ~1994!; 339, 332~E!

~1994!.
@5# K. Abe et al., Phys. Rev. Lett.75, 25 ~1995!.
@6# P. Adevaet al., Phys. Rev. B302, 533 ~1993!.
@7# P. Adamset al., Phys. Lett. B357, 248 ~1995!.
@8# P. Anthonyet al., Phys. Rev. Lett.71, 959 ~1993!.
@9# K. Abe et al., Phys. Rev. Lett.74, 346 ~1995!.

@10# W.C. Louis, spokesperson, LSND Collaboration, LAMPF pr
posal Nr. 1173, Los Alamos National Laboratory Report N
LA-UR-89-3764, 1989~unpublished!.

@11# R.D. McKeown, Phys. Lett. B219, 140 ~1989!.
@12# D.H. Beck, Phys. Rev. D39, 3248~1989!.
@13# R.D. McKeown and D.H. Beck spokesmen; Bates experim

89-06 ~SAMPLE!; E.J. Beiseet al., in Proceedings of the 9th
Amsterdam Miniconference on ‘‘Electromagnetic Studies
the Deuteron,’’ edited by B. L. G. Bakker, T. Ketel, and H. de
Vries ~NIKHEF, Amsterdam, 1996!, p. 112; E.J. Beise,
spokesperson, SAMPLE Collaboration, Report N
nucl-ex/9610011~unpublished!.

@14# M.J. Musolf and B.R. Holstein, Phys. Lett. B242, 461~1990!.
.

t

f

.

@15# M.J. Musolf, R. Schiavilla, and T.W. Donnelly, Phys. Rev.
50, 2173~1994!.

@16# P.A. Souderet al., Phys. Rev. Lett.65, 694 ~1990!.
@17# W. Heil et al., Nucl. Phys.B327, 1 ~1989!.
@18# M.J. Musolf, T.W. Donnelly, J. Dubach, S.J. Pollock, S. Kow

alski, and E.J. Beise, Phys. Rep.239, 1 ~1994!.
@19# T.W. Donnelly, M.J. Musolf, W.M. Alberico, M.B. Barbaro

A. DePace, and A. Molinari, Nucl. Phys.A541, 525 ~1992!.
@20# C.H. Horowitz and J. Piekarewicz, Phys. Rev. C47, 2924

~1993!.
@21# J.E. Amaro, J.A. Caballero, T.W. Donnelly, A.M. Lallena, E

Moya de Guerra, and J.M. Udı`as, Nucl. Phys.A602, 263
~1996!.

@22# S. Schramm and C.J. Horowitz, Phys. Rev. C49, 2777~1994!.
@23# E. Hadjimichael, G.I. Poulis, and T.W. Donnelly, Phys. Rev.

45, 2666~1992!.
@24# E. Hadjimichael and E. Fishback, Phys. Rev. D3, 755

~1971!.
@25# W.-Y.P. Hwang and E.M. Henley, Ann. Phys.~N.Y.! 129, 47

~1980!; 137, 378 ~1981!.
@26# V. Dmitrasinovic and F. Gross, Phys. Rev. C40, 2479

~1989!.
@27# B. Mosconi and P. Ricci, Nucl. Phys.A517, 483 ~1990!.
@28# B. Mosconi, J. Pauschenwein, and P. Ricci, Phys. Rev. C48,

332 ~1993!.



nd

II-

hys.

. C

tt.

3126 55B. MOSCONI AND P. RICCI
@29# J.D. Walecka, inMuon Physics, edited by V.W. Hughes and
C.S. Wu~Academic, New York, 1975!, Vol. II, p. 113.

@30# S. Galster, H. Klein, J. Moritz, K.H. Schmidt, D. Wegener, a
J. Bleckwenn, Nucl. Phys.B32, 221 ~1971!.

@31# R.L. Jaffe, Phys. Lett. B229, 275 ~1989!.
@32# H-C. Kim, T. Watabe, and K. Goeke, Report No. RUB-TP

11/95, hep-ph/9506344~unpublished!.
@33# M.J. Musolf and M. Burkhardt, Z. Phys. C61, 433 ~1994!.
@34# D.B. Leinweber, Phys. Rev. D53, 5115~1996!.
@35# Particle Data Group, R.M. Barnettet al., Phys. Rev. D54, 1

~1996!.
@36# F.E. Close and R.G. Roberts, Phys. Lett. B316, 165 ~1993!.
@37# B. Desplanques, J.F. Donoghue, and B.R. Holstein, Ann. P
~N.Y.! 124, 449 ~1980!.

@38# M. Lacombe, B. Loiseau, J.M. Richard, R. Vin Mau, J. Coˆté, J.
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