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Neutral weak currents in pion electroproduction on the nucleon
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Parity violating asymmetry in inclusivep0 or p1 meson production by longitudinally polarized electrons on
unpolarized protons, is calculated as a function of the momentum transfer squarek2 and the total energyW of
thepN system. We consider theD contribution in thes channel, the standard Born contributions and the vector
mesons (r andv) exchanges in thet channel. The parity-odd term is the sum of two contributions. The main
term~found to be linear ink2) comes from the isovector component of the electromagnetic currents. It is model
independent and can be calculated exactly in terms of fundamental constants. The second term is isoscalar in
nature. Near threshold and in theD region, it is found to be much smaller~in absolute value! than the isovector
one.
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I. INTRODUCTION

Parity violation~PV! was discovered in 1957 in nuclearb
decay by Wu@1#, following a suggestion of Lee and Yan
@2#. In 1959, Zeldovich@3# pointed out that PV should lea
to parity-odd (P-odd! terms also in electron-hadron intera
tions. These are now considered as a manifestation of
electroweak interaction, whose properties are dictated by
standard model~SM!. SeveralP odd observables have bee
studied since, in two types of PV experiments, namely,
atomic physics@4,5# ~at very low energy and momentum
transfer! and in electron scattering~at relatively high ener-
gies and nonzero momentum transfers!.

At first, these experiments were aiming at testing the S
and measuring the Weinberg angle. A pioneering experim
was performed at SLAC on a deuterium target@6#, followed
ten years later by experiments at Mainz on9Be @7# and Bates
on 12C @8#. Their determination of the Weinberg angle we
confirmed later on, within their stated accuracy of 10%,
high energy experiments. Since sin2uW is now known to three
decimal places@sin2uW50.231 24(24)# @9#, the emphasis of
e-p scattering today, is to make use of the SM to learn ab
the internal structure of the nucleon.

Until recently, it has been assumed that the nucleon
only made ofu and d valence or sea quarks, but there a
indications that the nucleon carries also hidden strangen

~1! TheS term~deduced from the pion-nucleon scatteri
length! is very different from the theoretical value calculat
within the chiral perturbation theory~which is a realization
of the SM at low energy!, indicating that 35% of the nucleo
mass might be carried out by strange quarks. See@10# and
references herein.

*Permanent address: National Science Center KF
310108 Kharkov, Ukraine.
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~2! Experiments of polarized deep inelastic scatter
~DIS! of leptons show that up to 10–20 % of the nucle
spin could be carried by strange quarks@11–14#,

~3! Elastic scattering of neutrinos and antineutrinos
protons can only be explained by taking into account stra
quarks in the nucleon@15,16#,

~4! A natural explanation of the strong violation of th

OZI rule in pp̄ annihilation@17,18# and off production@19#
or h-meson production@20# in nucleon-nucleon interaction
takes into account a nucleon~antinucleon! strange sea.

These experiments are sensitive to various aspect

nucleon structure: for example, theS term andNN or NN̄
experiments are sensitive to thescalar part of the hadronic
current, polarized DIS is sensitive to thevector-axialcurrent
and elastic scattering of neutrinos/antineutrinos to theaxial
current. In this respect, PV in electron-nucleon scatter
seems the most attractive way of measuring the strangevec-
tor current, thanks to a clean theoretical interpretat
through the SM.

The SAMPLE Collaboration at MIT-Bates, has measur
PV asymmetries at2k250.1 GeV2 and large angle@21#,
which allowed them to obtain the first experimental determ
nation of the weak magnetic form factor of the proton. Fro
this measurement and the knowledge of the proton and n
tron electromagnetic form factors, one could extract
strange magnetic form factor consistent with zero within
stated uncertainties.

A recent measurement with a deuteron target@22#, which
is much less sensitive toGM

s and is thus essentially determin
ing the axial proton current, shows that the isovector ax
form factor GA

e(T51) does not have the sign predicted b
theory. This could be the result of a large anapole contri
tion @23#. When combined with the earlier SAMPLE resu
@21#, one obtains a very small strange magnetic moment
the protonms50.0160.29(stat)60.31(syst)60.07(th).

I,
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Another experiment, done by the HAPPEX Collaborati
at Jefferson lab@24,25#, has done a measurement at2k2

50.48 GeV2 and small scattering angleue535° where the
sensitivity to the weak electric form factorGE

Z is increased.
Here the measured asymmetryA5(214.262.2)31026 is
consistent with the SM prediction in the absence of^ss̄&
components in the nucleon sea. From this asymmetry,
can deduce the following contribution to the strange fo
factor

GHAPPEX
s 5GE

s 10.39GM
s 50.02560.02060.14,

again compatible with zero within the error bars. In this
nematics, the axial form factor has a negligible effect.

Although disappointing at first sight, these results ha
stimulated a strong interest and many predictions have b
published, whether within quark models@26,27#, QCD sum
rules @28# or chiral perturbation theories@29,30#. These cal-
culations predict that whileGM

s is essentially constant as
function ofk2, GE

s may vary rapidly. They also indicate tha
there might be some cancellation betweenGE

s and GM
s that

are predicted of different signs. Therefore, newe-p experi-
ments are being set up in order to check these prediction
2k250.225 GeV2 at MAMI-Mainz @31#, at 2k2

50.1 GeV2; and forward angles by the HAPPEX Collab
ration to do a Rosenbluth separation ofGE

s andGM
s in com-

bination with the SAMPLE results, and finally a full separ
tion of GE

s and GM
s in the momentum transfer rangeuk2u

50.12–1.0 GeV2 is foreseen by theG0 Collaboration at
Jefferson lab@32#.

The reactionse1p→e1p1p0 and e1p→e1n1p1

are of practical interest for experimentalists as they may c
taminate the elastic peak. It is therefore important to de
mine their own asymmetries since, if they are much lar
than or, even, of different sign from the elastic one, th
might be a source of errors or large uncertainties. This
plies also to the estimation of possible background in SL
E-158 experiment@33#, which aims to measure the left-righ
asymmetry in Møller scattering,e21e2→e21e2. The
knowledge ofP-odd asymmetries for pion electroproductio
is also important for the estimation of parity violating asym
metry in inclusive pion electroproduction for proton, in th
region of theD resonance@34#.

In three-body reactions, besides the weak PV asym
tries, there are also strong~parity-conserving! interactions,
due to the so-called fifth response function@35#, which are
generally much larger~of the order of 1022–1023 instead of
1025–1026) than PV asymmetries but which cancel in i
clusive reactions or when detectors have an azimuthal as
metry.

Pion production has been studied previously@23,36–42#
in quasi-two-body models with stable isobars, i.e.,e21N
→e21D. A more complete calculation including back
ground ~Born! terms with pseudovectorpN coupling with
the D treated as a Rarita-Schwinger field with phenome
logical pN electromagnetic transition currents can be fou
in @43#.
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In the present study, we calculate PV asymmetries in
clusive N(e,e8)Np electroproduction, starting from thresh
old up to theD region in an approach differing from@43# in
many aspects: the main improvement consists in includinv
and r exchange in thet channel forg* (Z* )1N→p1N
@whereg* (Z* ) is a virtual photon~boson!#; we use a differ-
ent parametrization for theD contribution, which is free
from off-mass shell effects and slightly different values
mass and width; crossing symmetry is treated differen
than in Ref.@43#; we use a pseudoscalarpNN interaction in
order to identify possible off-mass-shell effects; finally w
use a specific parametrization for the asymmetry, wh
separate, in a model independent way, the main~isovector!
contribution~which depends only on the Fermi constantGF ,
the fine structure constanta and sin2uW) and the smaller
isoscalar part.

II. P-ODD BEAM ASYMMETRY FOR eÀ¿N\eÀ¿N¿p

We shall consider here the processese21N→e21N
1p, whereN is a nucleon (p or n) andp is a pion (p0 or
p1). We take into account two standard mechanisms,g2
andZ2 boson exchanges~Fig. 1!, predicted by the SM. The
matrix element can be written in the following form:

M5Mg1MZ ,

Mg52
e2

k2
l mJ m

(em) ,

MZ5
GF

2A2
~gv

(e)l m1ga
(e)l m,5!~J m

(nc)1Jm,5
(nc)!, ~1!

where GF is the Fermi constant of the weak interactio
J m

(em) is the electromagnetic current forg* 1N→N1p,
J m

(nc) , andJm,5
(nc) are the vector and vector-axial parts of th

neutral weak current forZ* 1N→N1p. The four vectorsl m
and l m,5 are the vector and vector-axial parts of the neut
weak current of a pointlike electron,

l m5ū~k2!gmu~k1!, l m,55ū~k2!g5gmu~k1!, ~2!

where k1 (k2) is the four momentum of the initial~final!
electron. The notation for the particle four momenta is e

FIG. 1. Feynman diagrams forg* - andZ* -boson exchanges in
the processese21p→e21N1p.
1-2
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NEUTRAL WEAK CURRENTS IN PION . . . PHYSICAL REVIEW C65 035501
plained in Fig. 1. In the standard model the constantsga
(e)

and gv
(e) are determined by the following expressions:ga

(e)

51, gv
(e)5124 sin2uW.

The P-odd asymmetry in the scattering of longitudinal
polarized electrons can be written as

A5
N12N2

N11N2
52

GFuk2u

2A2pa

W2

W(em)
, ~3!

with two different contributions toW2,

W25ga
(e)W̃11gv

(e)W̃2 , ~4!

whereW(em) is proportional touM gu2.

W(em)5 l mnWmn
(em) , Wmn

(em)5J m
(em)J n

(em)* , ~5!

l mn52~k1mk2n1k1nk2m2gmnk1k2!, ~6!

and the overline in Eq.~5! stands for the sum over the fina
nucleon polarizations and the average over the polarizat
of the initial nucleon in the processg* 1N→N1p. The
quantitiesW̃1 andW̃2 in Eq. ~4! characterize the interferenc
of the electromagnetic hadronic currentJ m

(em) with the vec-
tor and axial parts of the weak neutral current,

W̃15 l mnWmn
(v) , Wmn

(v)5
1

2
J m

(em)J n
(nc)* , ~7!

W̃25 l mn
(a)Wmn

(a) , Wmn
(a)5

1

2
J m

(em)J n,5
(nc)* , ~8!

and

l mn
(a)52i emnabk1ak2b , ~9!

whereemnab is the usual antisymmetric tensor.
Due to gv

(e)!ga
(e) , we can neglect theW̃2 contribution

~the secondP-odd contribution, which is induced by th
axial part of the neutral weak current, is more model dep
dent and it will be the object of a detailed analysis in
subsequent paper!.

In this approximation, theP-odd asymmetry is solely de
termined by the vector part of the hadronic neutral we
current,

A52
GFuk2u

2A2pa

W̃1

W(em)
. ~10!

In order to calculate the ratioW̃1 /W(em), we shall use the
isotopic structure of the vector neutral current, which ho
in the SM when neglecting the contributions of the isosca
quarks (s,c, . . . )

J m
(nc)52J m

(1)24 sin2uWJ m
(em)

52~122 sin2uW!J m
(em)22J m

(0) , ~11!
03550
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whereJ m
(0) andJ m

(1) are the isoscalar and isovector comp
nents of the electromagnetic hadronic current. Conside
the specific isotopic structure ofJ m

(nc) , Eq. ~11!, the asym-

metry A for any processeW1N→e1N1p can be written as

A52
GFuk2u

2A2pa
@122 sin2uW1D (s)#, ~12!

where the quantityD (s) results from the interference of th
isoscalar componentJ m

(0) of the electromagnetic current wit
the full electromagnetic current inJ m

(em) , i.e.,

D (s)5
W(0)

W(em)
, W(0)52 l mnJ m

(em)J n
(0)* . ~13!

One can see from Eq.~12! that the isovector part of the
electromagnetic current induces a definite contribution to
P-odd asymmetryA, which is model independent and can b
predicted in terms of the fundamental constantsGF , a, and
sin2uW only. Note that this contribution depends on the sing
kinematical variablek2. Therefore, for reactions such ase2

1N→e21D, e21d→e21d1p0, where the electromag
netic current is pure isovector~and thereforeD (s)50), the
asymmetry can be predicted exactly:

A52
GFuk2u

2A2pa
~122 sin2uW!, ~14!

in agreement with Ref.@37# and neglecting the small contri
butions from the axial hadronic current, which is not cons
ered here~note that @GF/2A2pa#51.831024/GeV2). In
particular, for the reactione21p→e21D1 this model-
independent estimate ofA together with the possibility of a
precise measurement of theP-odd asymmetry, opens new
ways to look for new physics@36# and to study effects due to
the axial current.

In the following section, we will show that the quantit
D (s), in the near-threshold region fore21N→e21N1p, as
well as in the region of theD excitation, can be considered a
a small correction to the main isovector contribution. The
fore, the uncertainty in the estimate ofD (s) will affect very
little the results.

From Eq.~12! it appears that the inclusive asymmetryA
depends on the variablesE1 andW only through the correc-
tion D (s): D (s)5D (s)(k2,W,E1). Taking into account the lon-
gitudinal and transversal polarizations of the virtualg andZ
boson, the following representation for the correctionD (s)

can be written~in case of a single channel:e1p→e1p
1p0 or e1p→e1n1p1):

D (s)5

sT
(s)1e

~2k2!

k0
2̃

sL
(s)

sT1e
~2k2!

k̃0
2

sL

, ~15!
1-3
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e215122
~2kW2!

k2
tan2

ue

2
, k̃05

W21k22m2

2W
,

wheresT(k2,W) and sL(k2,W) are the total cross section
of virtual photon absorption ing* 1N→N1p

sL5E uJ z
(em)u2dVp , sT5E ~ uJ x

(em)u21uJ y
(em)u2!dVp .

~16!

We use here a coordinate system in which thez axis is along
the three momentum of the virtual photon, andJ x

(em) ,
J y

(em) , andJ z
(em) are the space components of the hadro

electromagnetic current.
The interference contributionssL

(s) andsT
(s) are defined as

follows:

sL
(s)~k2,W!5E dVpRe J z

(em)J z
(0)* ,

sT
(s)~k2,W!5E dVpRe @J x

(em)J x
(0)* 1J y

(em)J y
(0)* #,

~17!

where JW (0)(J x
(0) ,J y

(0) ,J z
(0)) are the space components

the isoscalar part of the hadronic electromagnetic curr
The lines above the products of the components of the e
tromagnetic currents mean the sum over the polarization
the final nucleons and the average over the polarization
the initial nucleons.

The inclusive asymmetry forp(eW ,e8)Np with the contri-
bution of two channelsp1p0 andn1p1 in the final state,
is determined by the following expressions:

A52
GFuk2u

2A2pa
@122 sin2uW1D incl

(s) #,

D incl
(s) 5

D (s)~g* p→np1!1RD (s)~g* p→pp0!

~11R!
, ~18!

with

R5

sT~g* p→pp0!1e
~2k2!

k0
2̃

sL~g* p→pp0!

sT~g* p→np1!1e
~2k2!

k0
2̃

sL~g* p→np1!

.

Therefore, theP odd inclusive asymmetryA for p(eW ,e8)Np,
Np5(p1p0)1(n1p1) is determined by a set of four tota
cross sections

sT~k2,W!, sL~k2,W!, sT
(s)~k2,W!, and sL

(s)~k2,W!,

for eachg* 1p→n1p1 andg1p→p1p0 processes~8 in
total!, as functions of two independent kinematical variab
k2 andW.
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In the present calculation we shall use the following p
rametrization of the spin structure of the matrix element
g* 1N→N1p, in terms of six standard contributions

M~g* N→Np!5x2
†Fx1 ,

F5 ieW•kŴ3qŴ f 11seW f 21sW •kŴ eW•qŴ f 31sW •qŴ eW•qŴ f 4

1eW•kŴ~sW •kŴ f 51sW •qŴ f 6!, ~19!

wherex1 andx2 are the two-component spinors of the initi
and final nucleons,eW is the three vector of the virtual photo

polarization,kŴ and qŴ are the unit vectors along the thre
momentum of theg* and p in the c.m.s. of theg* 1N
→N1p reaction.

III. MODEL FOR eÀ¿N\eÀ¿N¿p

We use here the standard approach for the calculatio
the electromagnetic current for theg* 1N→N1p pro-
cesses, which describes satisfactorily well the existing p
toproduction and electroproduction data, in the region ofW
starting from threshold,W5m1mp , up to W.1.3 GeV
~the D excitation region!. This approach takes into accou
the following three contributions: Born terms in thes,t, and
u channels; vector-meson (v andr) exchanges in thet chan-
nel; D-isobar excitation in thes channel.

Using the isotopic structure of the ‘‘strong’’ vertices o
the diagrams~Fig. 2!, the scalar amplitudes for eachg*
1N→N1p process can be written as

FIG. 2. Feynman diagrams forg* 1p→N1p processes.
1-4
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f i5A~E11m!~E21m!@asf i ,s1auf i ,u1at f i ,t1ar f i ,r

1av f i ,v1aD f i ,D#, ~20!

where f i ,s . . . f i ,D characterize the contributions of the di
ferent Feynmann diagrams to the scalar amplitudesf i ,i
51 –6,E1(E2) is the energy of the initial~final! nucleon. The
isotopic numerical coefficientsas . . . aD for the two pro-
cessesg* 1p→p1p0 and g* 1p→n1p1 are shown in
Table I.

One can see now that, in the framework of the conside
approach, the main contributions toJ m

(em) have an isovector
nature:D excitation inp1 andp0 production;p1 exchange
for p1 production;v exchange forp0 production; contact
term forp1 production~in the case of a pseudovectorpNN
interaction!; s1u Born contributions. Therefore, the isosc
lar electromagnetic current can only contain the followi
contributions:r exchange forp0 and p1 production; the
isoscalar part of the (s1u) diagrams.

However, these isoscalar contributions are small in co
parison with the corresponding isovector ones. Indeed,
r-exchange term is smaller than thev-exchange term, due to
the following reasons:grpg. 1

3 gvpg , suppression at electro
magnetic vertices; andgrNN. 1

6 gvNN , suppression at the
strong vertex.

In the same way, the isoscalar Born contribution due
the nucleon magnetic moment, for example, is smaller t
the isovector contribution

ump1mnu
ump2mnu

'1022.

This clearly shows thatD (s) can be considered a sma
correction to the model independent prediction of Eq.~14!.
Let us briefly discuss now the properties of the sugges
model, for theg* 1p→N1p processes.

A. Born contribution

Using a pseudoscalarpNN interaction, we can write the
relativistic invariant expression for the matrix element of t
g!1p→n1p1 reaction in the following form:

MB5eg~Ms1Mu1Mt!,

Ms5ū~p2!g5

p̂21q̂1m

s2m2 S F1pê1F2p

smnemkn

2m Du~p1!,

Mu5ū~p2!S F1nê1F2n

smnemkn

2m D p̂21q̂2m

u2m2
g5u~p1!,

TABLE I. Numerical coefficients for the different contribution
to the Feynman diagrams

Reaction as au at ar av aD

g* 1p→p1p0 -1 -1 0 11 11 A2
g* 1p→n1p1 A2 A2 A2 A2 0 11
03550
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Mt5
~2eq2ek!

t2mp
2

ū~p2!g5u~p1!,

wheres,t, and u are the standard Mandelstam variabless
5(p21q)2, t5(p12p2)2, u5(p22k)2, k is the four mo-
mentum ofg* ,em is the four vector of the virtual photon
polarization,g is thepNN coupling constant~for a pseudo-
scalar interaction!, F1p(k2) and F2p(k2)@F1n(k2) and
F2n(k2)] are the Dirac and Pauli electromagnetic form fa
tors of the proton~neutron!. The electromagnetic form fac
tors of the nucleon are usually parametrized in form of ak2

dependence of the electric (GEN) and magnetic (GMN) form
factors:

F1N~k2!5
GEN~k2!2tGMN~k2!

12t
,

F2N~k2!5
2GEN~k2!1GMN~k2!

12t
, t5

k2

4m2
.

A simple dipole dependence ofGEp ,GMp , andGMn is

GEp~k2!5GMp~k2!/mp5GMn~k2!/mn

5F12
k2

0.71 GeV2G22

5GD ,

with mp52.79,mn521.91, has been considered as a go
parametrization of the existing experimental data, wh
GEn(k

2)50, in a wide region of spacelike momentum tran
fer. However, a recent direct measurement@44# of the ratio
GEp /GMp shows some deviation ofGEp from a dipole be-
havior, in the region 0<2k2<3.5 GeV2. This high preci-
sion experiment is based on the measurement of the po
ization of the final protons ineW1p→e1pW , in the elastic
scattering of longitudinally polarized electrons@45#.

This effect should be taken into account in future calc
lations, as well as the fact thatGEn deviates from zero, a
least in the regionk2<1 GeV2. The last direct measure
ments ofGEn , in eW1dW→e1X @46# confirm previous param-
etrizations@47,48#. A recent derivation ofGEn up to 2k2

53.5 GeV2 has been done in@49#. In the vector dominance
model ~VDM ! approach, the pion electromagnetic form fa
tor Fp(k2) is described byFp(k2)5(12@k2/mr

2#)21, where
mr is the r-meson mass. Effects of possible variations
these form factors have been extensiveley analyzed in
framework of the present model in@50#, up to large momen-
tum transfer square:2k2<2 GeV2. In the present case
these variations can be considered a second order corre
for the small quantityD (s), Eq. ~18!, and will be quantita-
tively discussed at the end of Sec. IV.

Note that the electromagnetic current for the reactiong*
1p→p1p0, corresponding to the sum of the Born di
grams in thes and u channels, is conserved for any form
factorsF1p andF2p in the whole kinematical region. This i
not the case for the reactiong* 1p→n1p1. A possible way
1-5



nt

e
.

nc

m
t
tro
ho

p

ar

n
g

e

d

ion

n
fo

of

es

g-

an
h is
ent

ng

p-
ave
ent
s.

y
s.
rre-

he

e-
r
t

as

am-

ee

to

s

e

lar
y

REKALO, ARVIEUX, AND TOMASI-GUSTAFSSON PHYSICAL REVIEW C65 035501
to avoid this difficulty is to renormalize the matrix eleme
MB(g* p→np1) in the following way:

MB→MB85MB1eg
ek

k2
ū~p2!g5u~p1!~2F1p1F1n1Fp!,

~21!

The electromagnetic current, corresponding to the n
Born matrix elementMB8 is conserved for any form factor
Such a procedure changes onlysL , without any effect on the
transversal cross sectionssT(k2,W) andsT

(s)(k2,W). More-
over, this additional term that restores the gauge invaria
has evident isovector nature, and it does not contribute
J m

(0) . This implies that for the calculation of the main ter
of the asymmetryA, Eq. ~18!, which is isovector, we do no
have problems with the gauge invariance, for pion elec
production. This is also an advantage of the present met
based on the separation of isovector and isoscalar com
nents of hadronic currents. The scalar amplitudesf i , corre-
sponding to different diagrams of the Born mechanism,
given in the Appendix.

B. Vector-meson exchange

The matrix elementMV , corresponding to vector-meso
exchange in thet channel can be written in the followin
form:

MV5
egVpg* ~k2!

t2mV
2

emnabemknJ a
(V)qb , ~22!

J a
(V)5ū~p2!FgaF1

V~ t !2
F2

V~ t !

2m
sab~p12p2!bGu~p1!,

wheregVpg* (k2) is the electromagnetic form factor for th
Vpg* vertex, mV is the vector-meson mass,F1

V(t) and
F2

V(t) are the ‘‘strong’’ form factors for theV* NN vertex
~with a virtual V meson!. In principle the ‘‘static’’ values of
these form factors~i.e., for t50), are related to thevNN and
rNN coupling constants: F1

V(0)5gVNN ,F2
V(0)/F1

V(0)
5kV . An estimate for thevNN coupling constants, base
on the Bonn potential@51#, gives

gvNN
2

4p
520, kv50.

The rNN coupling constants can be estimated from p
photoproduction data@52#: grNN

2 / 4p 50.55, kr53.7.
The VDM allows to write the following parametrizatio

for thek2 dependence of the electromagnetic form factor
the g* 1V→p vertex ~hard form factor!:

gVpg* ~k2!5
gVpg~0!

12k2/mV
2

. ~23!

The gVpg(0) coupling constant can be fixed by the width
the radiative decayV→pg, through the following formula:
03550
w

e,
to

-
d,
o-

e

r

G~V→pg!5
a

24
ugVpg~0!u2S 12

mp
2

mV
2 D 3

.

The numerical estimate, is based on the following valu
@53#: Br(v→p0g)5G(v→pg)/Gv5(8.560.5)31022,Gv

5(8.4160.09) MeV, Br(r0→p0g)5(6.861.7)31024,
Br(r6→p6g)5(4.560.5)31024,Gr5(150.761.1) MeV.
The following relation holds for the hadronic electroma
netic current: Br(r6→p6g)5Br(r0→p0g). Therefore any
violation of this relation is an indication of the presence of
isotensor component of the electromagnetic current, whic
absent, however, at the quark level. So, a precise experim
with the simultaneous determination of the two coupli
constants forr0→p0g andr6→p6g would be very impor-
tant. It would not only constitute a test of the isotopic pro
erties of the hadronic electromagnetic current, but also h
application in the calculation of the meson exchange curr
contributions to the deuteron electromagnetic form factor

Note that the relative sign of theV-exchange and Born
contributions to theg* 1p→N1p processes, is generall
not known. So, we shall consider here both relative sign

Finally we stress that the electromagnetic current, co
sponding to vector-meson exchange in the processesg* 1p
→N1p is automatically conserved, independently of t
parametrization of the strong form factorsF1(t) and F2(t)
and the electromagnetic form factorgVpg* (k2).

C. D excitation

This contribution can be analyzed in a relativistic fram
work @43#, considering a virtualD as a Rarita-Schwinge
field with spin 3/2, but in this approach it is difficult to trea
off-shell effects. First of all, this means thatD exchange may
contain contributions from a state with spin 1/2 as well
antibaryonic terms with negativeP parity ands51/2 and
3/2. Therefore the description of theD isobar, with J P

53/21, especially in thes channel is not straightforward. To
avoid these complications, we choose here a direct par
etrization of theD contribution. Note that the c.m.s. forg*
1p→D1→N1p is the optimal frame, because the thr
momentum of theD is zero, so that theD can be described
by a two-component spinor, with a vector indexxW , which
satisfies the following auxiliary condition:sW •xW 50, typical
for a pure spin 3/2 state. Using this condition, it is possible
find the following expression for theD density matrix:

rab5xaxb
†5

2

3 S dab2
i

2
eabcscD ,

with the normalization condition Trraa52sD1154.
In this formalism theDNp vertex can be parametrized a

follows: MDNp5gDNpx†xW •qŴ , where x is the two-

component spinor of the nucleon in the decayD→N1p,qŴ is
the unit vector along the pion three momentum, in theD rest
frame, and the constantgDNp characterizes the width of th
strong decayD→N1p.

Taking into account the conservation of the total angu
momentum and of theP parity in the electromagnetic deca
1-6
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NEUTRAL WEAK CURRENTS IN PION . . . PHYSICAL REVIEW C65 035501
D→N1g with production of M1 photons, the following
expression can be written for the matrix element:

MDNg5egDNgx†xW •eW3kŴ , ~24!

wheregDNg is the constant of the magnetic dipole radiati
~or the magnetic moment for the transitionD→N1g),eW and

kŴ are the photon polarization three-vector and unit mom
tum vector along the three-momentum ofg, respectively.

In the general case, the transitiong* 1N→D must be
described by three different form factors, corresponding
the absorption ofM1,E2t ~transversal!, andE2l ~longitudi-
nal! virtual photons. But the existing experimental data ab
pion photoproduction and electroproduction on nucleons~in
the D resonance region! indicate that theM1 term is domi-
nant even for largek2 @54#, therefore in our analysis we wil
consider only this form factor.

We shall use the following formula for thek2 dependence
of the transition electromagnetic form factors:

G~k2!5
G~0!GD~k2!

S 12
k2

mx
2D . ~25!

The factor (12@k2/mx
2#)21, with mx

256 GeV2, is included
in order to take into account a steeper decreasing ofG(k2) in
comparison with the dipole behavior@54#.

The normalization constantG(0) can be found according
to the following procedure. Let us calculate first the diffe
ential cross section forp0 photoproduction,

ds

dV
~gp→pp0!5

a

32p

qD
3

kD

~E1D1m!~E2D1m!

MD
4 GD

2

3G2~0!~523cos2up!, ~26!

at s5MD
2 , where theD excitation in thes channel is the

main mechanism. So, our parametrization of theD contribu-
tion describes correctly the angular dependence
23cos2up), typical for the magnetic excitation of a32

1 state
in g1p→D1→N1p. Therefore, the total cross section c
be written as

s t~gp→pp0!5
a

2

qD
3

kD

~E1D1m!~E2D1m!

MD
4 GD

2
G2~0!,

where

E1D5
MD

2 1m2

2MD
, E2D5

MD
2 1m22mp

2

2MD
,

kD5
MD

2 2m2

2MD
, qD5AE2D

2 2m2.

We can approximate with a good accuracys t(gp→pp0) by
a singleD-resonance contribution. For a numerical estim
of G(0) we uses t.250310230 cm2.
03550
-

o

t

5
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Note again that this procedure cannot determine the s
of G(0). However, for theg1p→n1p1 reaction, there is a
strong interference between the pion diagram and theD con-
tribution. The comparison of the calculations using differe
signs with the experimentalup dependence in the resonan
region allows to fix the corresponding relative sign. Two r
marks should be done about this procedure: there is no
biguity concerning off-mass-shell effects for theD contribu-
tion, at least in thes channel; and this special contribution
gauge invariant. We neglect in our consideration theD ex-
change in theu channel. The main reason to include th
contribution is to have the crossing symmetry of the mod
This is in principle an important property of the photopr
duction amplitude, in particular in connection with the di
persion relations approach. However, in the framework
phenomenological approaches, this symmetry is typica
strongly violated. For example, thes channelD contribution
induces an amplitude that is mostly complex~with a Breit-
Wigner behavior!, whereas theu-channel contribution results
in a real amplitude. The inclusion of different form facto
for the s and u channel violates the crossing symmetr
which is particularly important for the Born contribution
This appears clearly for the reactiong1p→p1p0, because
here the crossing symmetry is correlated with the gauge
variance of the electromagnetic interaction, and the violat
of the crossing symmetry has for direct consequence the
lation of the current conservation. On the contrary, for theD
contribution, this important correlation is absent.

In any case, theD exchange inu channel does not con
tribute to the isoscalar part of the electromagnetic curre
and therefore does not affect our basic result, Eq.~18!.

IV. NUMERICAL PREDICTIONS AND DISCUSSION

Having determined all the parameters of the model, i
possible in principle to calculate all observables for the p
cessese21N→e21N1p ~on proton and neutron targets!
in the kinematical region from threshold to theD-resonance
region (W<1300 MeV), for any pion-production angle
up , andk2.

In order to test the present model, we used existing
perimental data on the angular dependence of the differe
cross sections for both theg1p→p1p0 and g1p→n
1p1 reactions. This comparison allowed to fix empirical
the relative sign of the different contributions: Born,D exci-
tation ~in thes channel! and vector-meson exchange~in the t
channel!. The relative signs of all three diagrams for th
Born approximation in the case of the processg1p→n
1p1 are fixed by gauge invariance, but it is necessary
find the relative signs between the Born amplitudes, on
side, and theD isobar and vector-meson exchange contrib
tions, on another side. Theg1p→n1p1 reaction is more
sensitive to the signs of theD contribution andr1 exchange.
Then the data about the differential cross sections forg1p
→p1p0 allow a further check and give a constraint for th
v-exchange amplitude.

Note that the sign of ther-exchange contribution relative
to the Born contribution~in both theg1p→p1p0 and g
1p→n1p1 reactions! has to be the same as the relati
1-7
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REKALO, ARVIEUX, AND TOMASI-GUSTAFSSON PHYSICAL REVIEW C65 035501
sign of meson exchange currents~due to therpg* meson
exchange mechanism in the calculation of the electrom
netic form factors of the deuteron! with respect to the ampli-
tude in the impulse approximation for elasticed scattering.
This represents an important link between very differ
physical problems.

In order to obtain a good description of the experimen
data for g1p→p1p0 and g1p→n1p1 we introduced
small corrections to the different contributions. For the re
tion g1p→p1p0 a form factor was added to the Bor
contribution. Theu-channel nucleon contribution forg1p
→n1p1 can be neglected without violating gauge inva
ance, because its magnetic content satisfies alone the cu
conservation condition. As a matter of fact this contributi
has a diverging behavior at large angles, which is typica
corrected by introducing anad hocform factor. We choose to
replace this contribution with a somewhat simplified ph
nomenological (S wavelike! contribution:

aS 12
t

1.2D 1.2 GeV

W
,

wherea is a parameter that is adjusted in order to reprod
at best thep0 photoproduction data.

We did not attempt to reproduce with a good accuracy
threshold behavior of theg1p→p1p0 and g1p→n
1p1 amplitudes. A precise description of this behavior,
particular for the processg1p→p1p0, can be obtained, fo
example, in the framework of the chiral perturbative theo
approach@55#. For inclusive calculations, a qualitative d
scription of the data in the threshold region is sufficient.

The quality of our model is shown in Fig. 3, where w
present the comparison of our predictions with the exp
mental data on the differential cross sections for theg1p
→p1p0 and g1p→n1p1 reactions, in the kinematica
region where our model can be considered a reasonable
proach. Indeed the unpolarized differential cross sections
well described. We did not apply the model to polarizati
observables. In particular differentT-odd observables, suc
as, for example, the target asymmetry or the polarization
the final nucleons, are very sensitive to the relative phase
the different contributions. A good description requires
very precise treatment of the unitarity condition as well as
T invariance of the hadron electromagnetic interacti
which are not so important for the differential or total cro
section. A further comparison with the existing electrop
duction data is not conclusive, due to their limited accura
@56#.

Therefore, after having determined the relative signs
the different contributions, our model can be generalized
pion electroproduction.

Our aim is the calculation of the inclusiveP-odd asym-
metryA, in p(eW ,e8)X, for the sum of two possible channel
X5p1p0 andX5n1p1. One can see, from Eq.~18!, that
such asymmetry is determined by the following ratios
inclusive cross sections

RL
(s)5

sL
(s)~k2,W!

sT~k2,W!
, RT

(s)5
sT

(s)~k2,W!

sT~k2,W!
,
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RLT5
sL~k2,W!

sT~k2,W!
,

for both channels,g* 1p→p1p0 andg* 1p→n1p1, and

Rpn5
sT~g* p→pp0!

sT~g* p→np1!
,

which characterizes the relative role of the two channels. T
two-dimensional plots of these ratios as functions ofk2 and
W are shown in Fig. 4 and 5, for the reactionsg* 1p→p
1p0 andg* 1p→n1p1, respectively.

For p0 electroproduction, bothRL
(s) and RT

(s) are small
corrections toA. In the considered kinematical region, the
are positive and tend to decrease in the region of theD
resonance, due to the dominance of the isovector reson
contribution. The behavior of all these ratios in the thresh
region can be improved, as we discussed above@57–59#.

In the case of theg* 1p→n1p1 reaction, the corre-
sponding corrections are also small, especiallyRL

(s) . Note
that RT

(s) is negative in the whole region ofk2 andW.
Combining these results it is possible to calculate the

sulting asymmetryA for the sum of both channels, again in
two-dimensional representation~Fig. 6!. The dependence on
the detailed electron kinematics forp(eW ,e8)X ~energies of
the initial and final electron and electron scattering angle! is
contained in the single parametere, for which we used three
different values:e50, 1/2, and 1. In order to extract th
strong k2 dependence ofA, the ‘‘reduced’’ asymmetryA0
52A/uk2u is shown.

In this picture one can see that the behavior ofA versusk2

and W, in the region 1.08<W<1.26 GeV and in a wide

FIG. 3. The angular dependence of the differential cross sect
for the photoproduction processes:~a! and ~b! g* 1p→p1p0;
open stars: data from Ref.@59#, open crosses: data from Ref.@57#,
~c! g* 1p→n1p1; data are from Ref.@58#; the dashed line is the
prediction of the present model.
1-8
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NEUTRAL WEAK CURRENTS IN PION . . . PHYSICAL REVIEW C65 035501
region of momentum transferk2, is smooth everywhere an
negative~note the21/uk2u factor in the formula!. Such a
behavior results from the isovector nature of the electrop
duction processes that we have considered.

FIG. 4. Thek2 andW dependences of the ratios of the total cro
sections for thee21p→e21p1p0 reaction: ~a! RL

(s)(k2,W)
5sL

(s)(k2,W)/sT(k2,W); ~b! RT
(s)(k2,W)5sT

(s)(k2,W)/sT(k2,W);
~c! RLT(k2,W)5sL(k2,W)/sT(k2,W); ~d! Rnp5sT(pp0)/
sT(np1).

FIG. 5. Thek2 andW dependences of the ratios of the total cro
sections for thee21p→e21n1p1 reaction. Same convention
as in Fig. 4.
03550
-

The role of the different contributions is illustrated
Figs. 7, 8, and 9. In Fig. 7~Fig. 8! the ratio of the cross
sectionsRL

(s) andRT
(s) is reported as a function of W, for two

fixed values ofuk2u, ~a! uk2u50.4 GeV2 and ~b! 1.0 GeV2,
for the reactiong* 1p→p1p0(g* 1p→n1p1). The D
contribution ~dashed-dotted line! vanishes, while the Born
terms ~dotted line! give the largest contribution at forwar
angles. The contribution given by the vector-meson (r and
v) exchange diagrams is not so essential here.

The different contributions to the total asymmetryA are
shown in Fig. 9. This figure is a projection of Fig. 6 showin
the resulting reduced asymmetriesA052A/uk2u as a func-
tion of W at a fixed value of the virtual photon polarizatio
e50.5 and for two values of the momentum transfer~a!
uk2u50.4 GeV2; ~b! uk2u51.0 GeV2. The D contribution
only is constant as a function ofW, due to its isovector
dominance, the vector-meson exchange gives a rather s
contribution at lowW ~below 1.2 GeV! and it is negligible
above. The full calculation gives values ofA varying
smoothly from 2731025 at W51.1 GeV ~close to the
elastic region! to 2831025 at W51.25 GeV, in the region
of the D at uk2u51 GeV2.

Now comparing elastic scattering and inclusivep produc-
tion ~Fig. 9!, we see that they are both negative and of
same order of magnitude. MoreoverA is smaller in the re-
gion W51.1 GeV~close to elastic scattering! and larger in
theD region. Therefore we can conclude that a small adm
ture ofp-production events in the region of the elastic pea
is not going to produce a large uncertainty in the elastic
asymmetry although a quantitative estimate has to be m
in each specific case, either by using Fig. 6 or from
corresponding numerical values available from the autho

FIG. 6. Thek2 and W dependences of the reduced asymme
A052A/uk2u ~where A is the theoretical asymmetry to be com

pared to experimental data! for p(eW ,e8)X at three different values o
the virtual photon polarizatione: ~a! e50; ~b! e50.5; ~c! e51.
1-9
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REKALO, ARVIEUX, AND TOMASI-GUSTAFSSON PHYSICAL REVIEW C65 035501
FIG. 7. The W dependence of the ratiosRL
(s)(k2,W) and

RT
(s)(k2,W) for fixed values ofk2 ~a! and ~c! 2k250.5 GeV2; ~b!

and~d! 2k251.0 GeV2 for thee21p→e21p1p0 reaction. The
curves represent the full calculation~full line!, D contribution only
~dashed-dotted line!, D and Born terms~dashed line!, D and vector
mesons~dotted line!.

FIG. 8. The same as Fig. 7, for thee21p→e21n1p1

reaction.
03550
We studied quantitative effects of different choices
form factors for the electromagnetic vertices. For illustratio
we report, in Table II, numerical values for two ratios,RL

(s)

and RT
(s) , for the reaction e1p→e1p1p0, for 2k2

50.5 GeV2, in the resonance region. The effect of changi
the electric neutron form factor, fromGEn50 to the value
given by the parametrization@48#, is less than 10%. The
dependence ongVpg* is larger, when comparing the previou
results based on Eq.~23! to the values obtained with asoft
form factor

gVpg* ~k2!5
gVpg~0!

~12k2/mV
2 !2

. ~27!

In any case the isoscalar correction is always very smal
least two order of magnitude smaller than the main~isovec-
tor! result for the asymmetryA.

V. CONCLUSIONS

We have calculated thek2 and W dependences of the
P-odd asymmetry for inclusive scattering of longitudinal
polarized electrons by unpolarized protons withp0 or p1

meson production. Using the known isotopic properties
the electromagnetic current for the processesg* 1p→p
1p0 and g* 1p→n1p1 and the vector part of the wea
neutral current for the processesZ* 1p→p1p0 and Z*
1p→n1p1, we have derived an original expression for t
inclusive asymmetryA. Without approximations, it is pos
sible to determine the main~isovector! contribution toA,
which depends only on the variablek2. The exact calculation
of A is then reduced to the analysis of specific~small! iso-

TABLE II. Numerical values forRL
(s) andRT

(s) , for the reaction
e1p→e1p1p0, for 2k250.5 GeV2,W51.23 GeV, and differ-
ent form factors

RT
(s) RL

(s) GEn gVpg*

-0.000 56 0.0059 0 hard@Eq. ~23!#

-0.000 50 0.0054 from Ref.@48# hard @Eq. ~23!#

-0.001 04 0.0017 0 soft@Eq. ~27!#

FIG. 9. TheW dependence of the reduced asymmetryA0 for e
50.5 and two values ofk2: ~a! 2k250.4 GeV2; ~b! 1.0 GeV2.
Same conventions as in Fig. 7.
1-10
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NEUTRAL WEAK CURRENTS IN PION . . . PHYSICAL REVIEW C65 035501
scalar contributions to the electromagnetic currents.
We have calculated the amplitudes forg* 1p→N1p,

taking into account three standard contributions: Bo
vector-meson exchange, andD excitation. All the necessary
parameters: the coupling constants and different electrom
netic form factors are taken from other sources. Small adj
ments of the parameters were done in order to obtain a g
description of the experimental data on the differential cr
sections forg1p→p1p0 and g1p→n1p1. The model
gives the vector part of the weak neutral current that is
main contribution toP-odd effects ine1N→e1N1p pro-
cesses.

The reduced asymmetryA0 varies very little as a function
of the two basic kinematical variables,k2 and W. In our
approach this appears naturally from the fact that the iso
lar content of the electromagnetic current forg1N→N1p
is very small in the considered kinematical region.

The possibility to calculate this contribution as a sm
correction to the main contribution, opens a way to u
P-odd observables in elastic and inelastic electron-pro
scattering for the study of the relatively small axial contrib
tions.

APPENDIX A: BORN CONTRIBUTION IN s CHANNEL

The scalar amplitudes forg* 1p→p1p0 are defined as

f 1s5 f 3s52
g

W2m

ukW uuqW u
~E11m!~E21m!

3FF1p~k2!1F2p~k2!
W1m

2m G ,

f 2s5
g

W2m FF1p~k2!2F2p~k2!
W2m

2m G
1

g

W2m

kW•qW

~E11m!~E21m!

3FF1p~k2!1F2p~k2!
W1m

2m G ,
f 4s50,

f 5s5
g

~W1m!~E11m! F2F1p~k2!1F2p~k2!
E11m

2m G ,

f 6s5
g

~W2m!~E21m!

ukW u

uqW u
F2F1p~k2!1F2p~k2!

E12m

2m G ,
with ukW u5AE1

22m2 and uqW u5AE2
22m2.
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APPENDIX B: BORN CONTRIBUTION IN u CHANNEL

f 1u5
gukW uuqW u

u2m2 H F1p~k2!
W1m

~E11m!~E21m!
2

F2p~k2!

2m~E11m!

3FW1m1S m1
m22k2

W D Ep

E21m
1

2kW•qW

E21m
G J ,

f 2u5
g

u2m2 FF1p~k2!S W2m1kW•qW
W1m

~E11m!~E21m! D
2

F2p~k2!

2m H ~E12m!~W2m!1 k̃0S m1
m22mp

2

W D
3X22kW•qW 1S m1

m22k2

W D
3S m1

m22mp
2

W D C kW•qW

~E11m!~E21m!
J G ,

f 3u5
g

u2m2

gukW uuqW u
E11m

F2
F1p~k2!

E21m S 2m1
mp

2 2m2

W D
2

F2p~k2!

2m H 2W2m1S m1
m22k2

W D Ep

E21m

1
2kW•qW

E21mJ G ,

f 4u5
g

u2m2
~E22m!F22F1p~k2!1F2p~k2!S 211

W

mD G ,

f 5u52
g

~u2m2!~E11m!
F S 2F1p~k2!1F2p~k2!

E11m

2m D
3S m1

mp
2 2m2

W D 1F2p~k2!
kW•qW

m
G ,

f 6u5
g

~u2m2!~E21m!

uqW u

ukW u
F2S F1p~k2!1F2p~k2!

E12m

2m D
3S m2

mp
2 2m2

W D 1F2p~k2!
kW•qW

m
G ,

where u2m25k222k̃0E222kW•qW ,k̃05
W21k22m2

2W
, and

Ep5W2E2.
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APPENDIX C: VECTOR-MESON EXCHANGE
IN t CHANNEL

f 1V5gVpg* ~k2!gVNN

ukW uuqW u

mV~ t2mV
2 !

H F11S 11
W

mDkVG
3S 211

kW•qW

~E11m!~E21m!
D 1~11kV!~W1m!

3S 1

E11m
1

1

E21mD J ,

f 2V5gVpg* ~k2!
gVNN

mV~ t2mV
2 !

H ~11kv!F k̃0~E22m!

1Ep~E12m!2kW•qW S k̃0

E11m
1

Ep

E21m
D G

1F11S 11
W

mDkVG kW2qW 22~kW•qW !2

~E11m!~E21m!
J ,

f 3V5gVpg* ~k2!
gVNNukW uuqW u

mV~ t2mV
2 !

H ~11kV!
Ep

E21m

1F11S 11
W

mDkVG ~kW•qW !

~E11m!~E21m!
J ,

f 4V52gVpg* ~k2!
gVNN

mV

~E11m!~E21m!

t2mV
2

3F11S 11
W

mDkV1
~11kV!

E12m
k̃0G ,

f 5V5gVpg* ~k2!
gVNN

mV~ t2mV
2 !

11kV

E11m F t1~k22mp
2 !

m

WG ,
f 6V52gVpg* ~k2!

gVNN

mV~ t2mV
2 !

11kV

E11m

ukW uuqW u

mV~ t2mV
2 !

3F t1~k22mp
2 !

m

WG ,
where

t2mV
25mp

2 2mV
222k̃0Ep12kW•qW 1k2.

APPENDIX D: ONE PION CONTRIBUTION
IN t CHANNEL

f 1t5 f 2t50,

f 3t5g
2ukW uuqW u

t2mp
2

Fp~k2!

E11m
,

03550
f 4t522g
E22m

t2mp
2

Fp~k2!,

f 5t52
g

t2mp
2

Fp~k2!
2Ep2k0

E11m
,

f 6t52
g

t2mp
2

Fp~k2!
ukW uuqW u

t2mp
2

2Ep2k0

E21m
.

APPENDIX E: CALCULATION OF THE ISOSCALAR
AMPLITUDES F I

„s…
„g* P\Pp0

…

The isoscalar amplitudes are

f i
(s)~g* p→pp0!52 f i ,s

(s)2 f i ,u
(s)2 f i ,r

where the contributionsf i ,s
(s) and f i ,u

(s) are determined by the
corresponding formulas, with the following substitutions:

F1p→F1s5
F1p1F1n

2
,

F2p→F2s5
F2p1F2n

2
.

APPENDIX F: GAUGE INVARIANCE OF THE
SUGGESTED MODEL

In the framework of the considered model, for the proce
of neutral pion electroproduction,e1p→e1p1p0, the cor-
responding hadronic electromagnetic current is conserv
kJ m

(em)50 for any form factor ing* NN,g* pp,g* Vp, and
g* ND vertices.

In case of charged pion electroproduction,e1p→e1n
1p1, a special contribution must be added to the mat
element

DM52A2g
ek

k2
g5~F1p2F1n2Fp!

which results in additional contributions to the scalar amp
tudes,D f i(gp→np1)

D f 15D f 25D f 25D f 450,

D f 55A2g~E12m!@F1p~k2!2F1n~k2!2Fp~k2!#/k2,

D f 652A2g~E22m!@F1p~k2!2F1n~k2!2Fp~k2!#/k2.
1-12
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