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Neutral weak currents in pion electroproduction on the nucleon
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Parity violating asymmetry in inclusive® or =" meson production by longitudinally polarized electrons on
unpolarized protons, is calculated as a function of the momentum transfer $quard the total energW of
the 7N system. We consider thk contribution in thes channel, the standard Born contributions and the vector
mesons p andw) exchanges in thechannel. The parity-odd term is the sum of two contributions. The main
term(found to be linear ifk?) 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 theregion, it is found to be much smallén absolute valugthan the isovector
one.
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[. INTRODUCTION (2) Experiments of polarized deep inelastic scattering
(DIS) of leptons show that up to 10—20 % of the nucleon
Parity violation(PV) was discovered in 1957 in nucledr  spin could be carried by strange quafkd—14,

decay by Wu[1], following a suggestion of Lee and Yang (3) Elastic scattering of neutrinos and antineutrinos by
[2]. In 1959, Zeldovich 3] pointed out that PV should lead protons can only be explained by taking into account strange
to parity-odd P-odd) terms also in electron-hadron interac- quarks in the nucleofl5,16),
tions. These are now considered as a manifestation of the (4) A natural explanation of the strong violation of the
electroweak interaction, whose properties are dictated by thg 7| ruie in pﬁannihilation[l?,lS] and of ¢ production[19]
stangiard .moded_SM). SeveralP odd obseryables have beer_1 or »-meson productiof20] in nucleon-nucleon interactions
studied since, in two types of PV experiments, namely, Makes into account a nucledantinucleon strange sea.

atomic physics|4,5] (at very low energy and momentum These experiments are sensitive to various aspects of
transfej and in electron scatteringat relatively high ener- P Pec
gies and nonzero momentum transfers nucleon structure: for example, tie term andNN or NN

At first, these experiments were aiming at testing the SMVEXperiments are sensitive to tlsealar part of the hadronic
and measuring the Weinberg angle. A pioneering experimergurrent, polarized DIS is sensitive to thector-axialcurrent
was performed at SLAC on a deuterium tarf@l followed and elastic scattering of neutrinos/antineutrinos toakial
ten years later by experiments at Mainz #e[7] and Bates  current. In this respect, PV in electron-nucleon scattering
on '°C [8]. Their determination of the Weinberg angle were seems the most attractive way of measuring the straege
confirmed later on, within their stated accuracy of 10%, bytor current, thanks to a clean theoretical interpretation
high energy experiments. Since 4y is now known to three  through the SM.
decimal place§sirfé,=0.231 24(24) [9], the emphasis of The SAMPLE Collaboration at MIT-Bates, has measured
e-p scattering today, is to make use of the SM to learn abouPV asymmetries at-k?=0.1 GeV* and large anglé21],
the internal structure of the nucleon. which allowed them to obtain the first experimental determi-

Until recently, it has been assumed that the nucleon wagation of the weak magnetic form factor of the proton. From
only made ofu andd valence or sea quarks, but there arethis measurement and the knowledge of the proton and neu-
indications that the nucleon carries also hidden strangenes§on electromagnetic form factors, one could extract a

(1) TheZ term(deduced from the pion-nucleon scattering Strange magnetic form factor consistent with zero within the
length is very different from the theoretical value calculated stated uncertainties.
within the chiral perturbation theorfwhich is a realization A recent measurement with a deuteron taf@j, which
of the SM at low energy indicating that 35% of the nucleon is much less sensitive 8y, and is thus essentially determin-
mass might be carried out by strange quarks. @€ and ing the axial proton current, shows that the isovector axial
references herein. form factor Gx(T=1) does not have the sign predicted by

theory. This could be the result of a large anapole contribu-
tion [23]. When combined with the earlier SAMPLE result
*Permanent address: National Science Center KFTI[21], one obtains a very small strange magnetic moment for
310108 Kharkov, Ukraine. the protonus=0.01+0.29(stat)- 0.31(syst} 0.07(th).
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Another experiment, done by the HAPPEX Collaboration e (ki) _e(ky) e (ki) _ _e(ky)
at Jefferson laj24,25, has done a measurement -ak? e : " " v
=0.48 Ge\f and small scattering anglé,=35° where the

sensitivity to the weak electric form fact@g is increased. 4 Z
Here the measured asymmethy=(—14.2+2.2)x10 © is ’jf_/' J'_?Y,—"
consistent with the SM prediction in the absence(s$) > "y > S
components in the nucleon sea. From this asymmetry, ont p(p) N(p2) p(p) N(pz)
can deduce the following contribution to the strange form
factor (2) (b)
FIG. 1. Feynman diagrams for* - andZ*-boson exchanges in
Ghappex= GE+0.39G},=0.025+ 0.020+ 0.14, the processes™ +p—e~ +N+ .

In the present study, we calculate PV asymmetries in in-
clusive N(e,e’)N# electroproduction, starting from thresh-
old up to theA region in an approach differing frof@3] in
emany aspects: the main improvement consists in including
&hd p exchange in the channel fory*(Z*)+N—=m+N
[wherey* (Z*) is a virtual photon(boson]; we use a differ-

. . D s - . ent parametrization for thé contribution, which is free
culations predict that whil&y, is essentially constant as a from off-mass shell effects and slightly different values of
funct|on.ofk2, Gg may vary rapidly. They also indicate that 555 and width; crossing symmetry is treated differently
there might be some cancellation betwegp andGj, that  than in Ref[43]; we use a pseudoscalaNN interaction in
are predicted of different signs. Therefore, newp experi-  order to identify possible off-mass-shell effects; finally we
ments are being set up in order to check these predictions: @ke a specific parametrization for the asymmetry, which
—k?=0.225 GeV¥ at MAMI-Mainz [31], at —k®  separate, in a model independent way, the nisiavectoy
=0.1 GeV; and forward angles by the HAPPEX Collabo- contribution(which depends only on the Fermi constéi,

ration to do a Rosenbluth separation®} andGy, in com-  the fine structure constant and sifé,) and the smaller
bination with the SAMPLE results, and finally a full separa- jsoscalar part.

tion of GE and G}, in the momentum transfer rang&?|
=0.12-1.0 GeV is foreseen by thez® Collaboration at || b.opD BEAM ASYMMETRY FOR e~ +N—e~+N+ 7
Jefferson la32].

The reactionse+p—e+p+° and e+p—e+n+a" We shall consider here the processeEs+N—e +N
are of practical interest for experimentalists as they may con+ 7, whereN is a nucleon p or n) and is a pion @@° or
taminate the elastic peak. It is therefore important to detersr*). We take into account two standard mechanisms,
mine their own asymmetries since, if they are much largeandZ— boson exchangeg$ig. 1), predicted by the SM. The
than or, even, of different sign from the elastic one, theymatrix element can be written in the following form:
might be a source of errors or large uncertainties. This ap-

again compatible with zero within the error bars. In this ki-
nematics, the axial form factor has a negligible effect.
Although disappointing at first sight, these results hav
stimulated a strong interest and many predictions have be
published, whether within quark moddl26,27], QCD sum
rules[28] or chiral perturbation theorig29,30. These cal-

plies also to the estimation of possible background in SLAC M=M,+ Mg,
E-158 experimenf33], which aims to measure the left-right

asymmetry in Mgller scatteringe” +e~—e +e~. The e?
knowledge ofP-odd asymmetries for pion electroproduction M,=— Plﬂjifm) ,

is also important for the estimation of parity violating asym-
metry in inclusive pion electroproduction for proton, in the
region of theA resonanc¢34]. Gr
In three-body reactions, besides the weak PV asymme- Mz=—=(9,+91, s (T"+ A1), (1)
tries, there are also strongarity-conserving interactions, 22
due to the so-called fifth response functi@b], which are ) ) . .
generally much largefof the order of 102—10"2 instead of W?g)e _GF is the Fermi con_stant of the \iveak interaction,
1075-10 ®) than PV asymmetries but which cancel in in- *7{4 is the electromagnetic current foy" +N—N+r,
clusive reactions or when detectors have an azimuthal asym’ 9, and ¢ are the vector and vector-axial parts of the
metry. neutral weak current faf* + N— N+ 7. The four vector$ ,
Pion production has been studied previoygg,36—42 andl, s are the vector and vector-axial parts of the neutral
in quasi-two-body models with stable isobars, ie.+N  Wweak current of a pointlike electron,
—e +A. A more complete calculation including back- o o
ground (Born) terms with pseudovectorN coupling with l,=u(ky)y,u(ky), |,s=u(ks)ysy,u(ky), 2
the A treated as a Rarita-Schwinger field with phenomeno-
logical wN electromagnetic transition currents can be foundwherek; (k,) is the four momentum of the initiaffinal)
in [43]. electron. The notation for the particle four momenta is ex-
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plained in Fig. 1. In the standard model the constay}fs ~ where 7Y and 7{" are the isoscalar and isovector compo-
and gf,e) are determined by the following expressiongs® nents of the electromagnetic hadronic current. Considering
—1, ¢©@=1-4sirfg,. the specific isotopic structure of ', Eq. (11), the asym-
The P-odd asymmetry in the scattering of longitudinally metry A for any proces&+N— e+ N+ 7 can be written as
polarized electrons can be written as
2 _ GF|k2| .
N, —N_ Gelk? W A=— [1-2 sirfOy+AO], (12
A= =- : ) 2\2ma
N, +N_ 2\2mwa WEM

where the quantitA® results from the interference of the

with two different contributions tav-, isoscalar componelﬁﬁf’) of the electromagnetic current with

~ ~ . . (em) .
W*:gge>w1+gge>w2, 4) the full electromagnetic current i, ™, i.e.,
. . — (0)
whereW®™m is proportional to] M NS A(S):V\\l/\iem)’ W0 = _|Wj§fm)j§}0)*. (13
(em) — em) (em) _ ~(em ~(emx
Wem (9 o WL =T,0T, , (5

One can see from Eq12) that the isovector part of the
= 2Ky, Ko, K1, Ko =09, KeK2) (6)  electromagnetic current induces a definite contribution to the
o i P-odd asymmetnA, which is model independent and can be
and the overl|_ne in Eq5) stands for the sum over the_flnz_il predicted in terms of the fundamental consta@ts, «, and
nucleon polarizations and the average over the polarizationg2q  only. Note that this contribution depends on the single
of the initial nucleon in the procesg* +N—N+. The | amatical variabl&?. Therefore, for reactions such as
quantitiesW,; andW, in Eq. (4) characterize the interference + N—e~+A, e"+d—e” +d+ #° where the electromag-
of the electromagnetic hadronic curreﬁfm) with the vec-  netic current is pure isovectdand thereforeA(®=0), the

tor and axial parts of the weak neutral current, asymmetry can be predicted exactly:
1T—
. — (v) v) = — g(em #(nc)x Ge|k?
Wosl Wiy, W=37" 0, @) a=— S aita, (14)
2\/§7Ta
~ 11—
W,=1EwE), Wﬁ:Ejﬁfm)j(v',‘?*, (8)  in agreement with Ref37] and neglecting the small contri-
butions from the axial hadronic current, which is not consid-

and ered here(note that[Gr/2\27a]=1.8x10"%/GeV?). In

particular, for the reactiore”+p—e~ +A™" this model-
(9) independent estimate @f together with the possibility of a

precise measurement of tieodd asymmetry, opens new
wheree,, .z is the usual antisymmetric tensor. ways to look for new physicis36] and to study effects due to

Due to g{®<g'®, we can neglect th&V, contribution the axial current. . . .
(the secondP-odd contribution, which is induced by the In the following section, we will show that the quantity

o : i P -
axial part of the neutral weak current, is more model depen—A N t_he hear t_hreshold region f_er tN—e + NJ.F m, as
dent and it will be the object of a detailed analysis in aweII as in the region of thé& excitation, can be considered as

subsequent paper a small correction to the main isovector contribution. There-

. C . inty i i ) Wi
In this approximation, th&-odd asymmetry is solely de- fore, the uncertainty in the estimate &f® will affect very

termined by the vector part of the hadronic neutral wealéittIe the results. . . .
current y P From Eq.(12) it appears that the inclusive asymmefky

depends on the variabl&s andW only through the correc-
tion A®: A®=A®(k? W,E,). Taking into account the lon-
=— i (10) gitudinal and transversal polarizations of the virtgehndZ
2\/57701 w(em boson, the following representation for the correctibf?
can be written(in case of a single channegé+p—e+p
In order to calculate the ratigv, /W™ we shall use the +° ore+p—e+n+z"):
isotopic structure of the vector neutral current, which holds

|§f‘3= 21 € 405K14K2p

Gelk? W,

in the SM when neglecting the contributions of the isoscalar (—k?)
quarks 6,c, ...) o +e = o
8= 0
J00=270)— 4 sirP g 7™ A TR (15
ort€e€——0
=2(1-2sirffy) TEM -2, (11) TR T
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—Kk? 0. ~ W2Hk®*—-m? N P L
El=1—2(k—2)ta|']2§e, k0=— S

2W '

where or(k?,W) and o (k?,W) are the total cross sections

of virtual photon absorption i* +N—N+ 7 B
”
o= [ 175Fa0,, or= [ (TEPHITETP0, (a) (b)
(16) \/\/Z/\/\)’ """" > \/\/;y;*\f """""" >Iﬁ----
We use here a coordinate system in whichzlais is along ﬂ Y (p.w)
the three momentum of the virtual photon, agg®™, 4
JE™ , and 7™ are the space components of the hadronic L D S
electromagnetic current. N ¢ N N N
The interference contributions® ando{® are defined as ©) (d)

follows:

U(Ls)(kZ,W):f deRe jgem)jQO)*,

0'-(|-S)(k2,W)=f dQWRe [J)((em)J)((O)* +j§/em)j§/o)*],
(17)

where FO(79, 7, 79) are the space components of

the isoscalar part of the hadronic electromagnetic current. In the present calculation we shall use the following pa-
The lines above the products of the components of the elegametrization of the spin structure of the matrix element for
tromagnetic currents mean the sum over the polarizations of* +N— N+ 7, in terms of six standard contributions

the final nucleons and the average over the polarizations of

FIG. 2. Feynman diagrams for* + p— N+ 7 processes.

the initial nucleons.

The inclusive asymmetry fqn(é,e’)Nw with the contri-
bution of two channelp+ 7° andn+ 7" in the final state,
is determined by the following expressions:

Gg|k?
=— 2JF§|7T(|1[1_2 sirf O+ AT,
Ay ponm)+RAOD(y* p—p7P)

(1+R) » (19

with

2

o (y*p—pm°)

or(y*p—pm°)+e

~

Ko

12

(
(Y ponm) te—s
0

o (y*p—nm")

Therefore, thd® odd inclusive asymmetm for p(é,e’)NTr,
N7=(p+ 7%+ (n+ ") is determined by a set of four total
cross sections

or(K2W), o (k2W), o (K2 W), and o{®(k?W),

for eachy* + p—n+ 7" andy+p—p+ 7° processess in

M(y*N—Nm)=x3Fx1,

F=i6-Kxqf,+o6fr+ oK f,

o

e-

Qo

e-qfs+o-

fs+ 0 qfe),

v
A~V

+e-k(o- (19)

wherey, andy, are the two-component spinors of the initial
and final nucleonse is the three vector of the virtual photon

poIarization,IZ andﬁ are the unit vectors along the three
momentum of they* and 7 in the c.m.s. of they* +N
— N+ 7 reaction.

Ill. MODEL FOR e +N—e +N+x

We use here the standard approach for the calculation of
the electromagnetic current for the* +N—N+ 7 pro-
cesses, which describes satisfactorily well the existing pho-
toproduction and electroproduction data, in the regiombf
starting from thresholdW=m+m_, up to W=1.3 GeV
(the A excitation region This approach takes into account
the following three contributions: Born terms in thg, and
u channels; vector-mesom(andp) exchanges in thechan-
nel; A-isobar excitation in the channel.

Using the isotopic structure of the “strong” vertices on

total), as functions of two independent kinematical variableshe diagrams(Fig. 2), the scalar amplitudes for eacj

kZ andW.

+N—N+ 7 process can be written as
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TABLE I. Numerical coefficients for the different contributions (2eq—ek)—
to the Feynman diagrams Mi=——5—u(p2) ysu(p1),
- w
Reaction a a, a, a, a, a,

wheres,t, andu are the standard Mandelstam variablss:

7:+pﬂp+”i 1A 0 41 41 2 =(po+Q)% t=(p1—p2)% u=(p,—k)?, kis the four mo-
y'+p—ntm V22 2 2 0 41 mentum of y*,e, is the four vector of the virtual photon
polarization,g is the wNN coupling constantfor a pseudo-
scalar interaction Fi,(k%) and F,,(k?)[Fy,(k?) and
fi=V(E;+m)(Ex+m)[asf; s+ayfi o +afi+a,fi, F,,(k?)] are the Dirac and Pauli electromagnetic form fac-
+ayfi o+ anf o, (20) tors of the protonneutron. The electromagnetic form fac-

tors of the nucleon are usually parametrized in form éfa
wheref, ;. ..f, , characterize the contributions of the dif- dependence of the electriGgy) and magnetic@yy) form
ferent Feynmann diagrams to the scalar amplituflgs  [@ctors:

=1-6E,(E,) is the energy of the initiaffinal) nucleon. The ) )

isotopic numerical coefficients...a, for the two pro- Fo(k?)= Gen(k?) — 7Gun (k)

cessesy* + p—p+m° and y* + p—n+=x" are shown in N 1-7 '

Table I.

One can see now that, in the framework of the considered — Gen(K?) + Gy (K2) K2
approach, the main contributions g™ have an isovector Fon(k?) = I . TE—.
nature:A excitation in" and#° production;=" exchange o 4m
for =% production;w exchange forr® production; contact ) _ )
term for =* production(in the case of a pseudovectoNN A simple dipole dependence Gfep,,Gyp, andGyy, is
interaction; s+u Born contributions. Therefore, the isosca-
lar electromagnetic current can only contain the following Gep(k?)=Gip(k?) ttp=Gn(k?)/ n
contributions:p exchange form® and 7+ production; the 5
isoscalar part of thes(+-u) diagrams. _l1_ k

However, these isoscalar contributions are small in com- 0.71 GeV
parison with the corresponding isovector ones. Indeed, the
p-exchange term is smaller than theexchange term, due to ith pp=2.79u,=—1.91, has been considered as a good
the following reasonsy, ,,=39,,,, SUPpression at electro- parametrization of the existing experimental data, while
magnetic vertices; andj,yn=3g.nn, SUPPression at the G (k2)=0, in a wide region of spacelike momentum trans-
strong vertex. fer. However, a recent direct measurempght] of the ratio

In the same way, the isoscalar Born contribution due thEp/GMp shows some deviation dsEp from a d|po|e be-
the nucleon magnetic moment, for example, is smaller thamayior, in the region & —k?<3.5 Ge\A. This high preci-

-2

the isovector contribution sion experiment is based on the measurement of the polar-
o+ ] ization of the final protons ire+p—e+p, in the elastic
Mmlo—? scattering of longitudinally polarized electrof#s].
| p = This effect should be taken into account in future calcu-

lations, as well as the fact th&g, deviates from zero, at

: . > least in the regiork?<1 Ge\2. The last direct measure-
correction to the model independent prediction of Egf). g

Let us briefly discuss now the properties of the suggeste§'€NtS OfGen, in e+d—e+X [46] confirm previous param-
model, for they* + p— N+ 7 processes. etrizations[47,48. A recent derivation ofGg,, up to —k

=3.5 GeV has been done i9]. In the vector dominance
model (VDM) approach, the pion electromagnetic form fac-
tor F,(k?) is described by ,(k?) = (1—[k?/mZ])~*, where
Using a pseudoscalarNN interaction, we can write the m, is the p-meson mass. Effects of possible variations of
relativistic invariant expression for the matrix element of thethese form factors have been extensiveley analyzed in the

This clearly shows thaA(® can be considered a small

A. Born contribution

v*+p—n+ =" reaction in the following form: framework of the present model jB0], up to large momen-
B tum transfer square—k?<2 Ge\?. In the present case
Mep=eg(Ms+ M+ M), these variations can be considered a second order correction

for the small quantityA(®, Eq. (18), and will be quantita-

— po+g+m - T €K, tively discussed at the end of Sec. IV.
Ms=u(p2)7s 2 (Flpe+ Fap 2m )u(pl), Note that the electromagnetic current for the reactién
+p—p+ 7, corresponding to the sum of the Born dia-
B o ek f)z+6]—m grams in thes andy channels, is_ consgrved fo_r any for.m
MU=U(|02)( Fine+Fan “;nf: v — ysu(py), factorsF,, andF5, in the whole klnematlcal region. This is
u—m not the case for the reactiorf + p—n+ 7. A possible way
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to avoid this difficulty is to renormalize the matrix element o m2\ 3
Mg(y*p—na") in the following way: (Voay)= Zl|g\,m(o)|2( 1— F) )
vV
ek— . . . .
MB*)MIB:MB_Feg_u(p2)75u(pl)(_Flp+ FintF.), The numerical estimate, is based on the following values
k? [53]: Br(w— m°y) =T (w— my)/T,=(8.5+0.5)x10 2T,

(21)  =(8.41+0.09) MeV, Br(p’— 7%y)=(6.8+1.7)x10"%,
Br(p™—m" y)=(4.5-0.5)x10 4T ,=(150.7-1.1) MeV.

The elgctromagnetlg current, corresponding to the neWe foiowing relation holds for the hadronic electromag-
Born matrix elementMyg is conserved for any form factor. atic current: Brp= — 7~ y) = Br(p°— 7%y). Therefore any

Such a procedure changes only, without any effect on the  jig|ation of this relation is an indication of the presence of an
transversal cross sections(k?,W) and¢{¥(k?,W). More-  isotensor component of the electromagnetic current, which is
over, this additional term that restores the gauge invariancgpsent, however, at the quark level. So, a precise experiment
has evident isovector nature, and it does not contribute tQ,ith the simultaneous determination of the two coupling
J). This implies that for the calculation of the main term constants fop®— 7%y andp* — * y would be very impor-

of the asymmetnA, Eq. (18), which is isovector, we do not tant. It would not only constitute a test of the isotopic prop-
have problems with the gauge invariance, for pion electroerties of the hadronic electromagnetic current, but also have
production. This is also an advantage of the present metho@dpplication in the calculation of the meson exchange current
based on the separation of isovector and isoscalar compeontributions to the deuteron electromagnetic form factors.

nents of hadronic currents. The scalar amplitufigscorre- Note that the relative sign of thé-exchange and Born
sponding to different diagrams of the Born mechanism, areontributions to they* + p—N+ 7 processes, is generally
given in the Appendix. not known. So, we shall consider here both relative signs.
Finally we stress that the electromagnetic current, corre-
B. Vector-meson exchange sponding to vector-meson exchange in the procegsesp

—N+ 7 is automatically conserved, independently of the
parametrization of the strong form factdfs(t) and F,(t)
and the electromagnetic form factg(,ﬂ*(kz).

The matrix elemeniM,,, corresponding to vector-meson
exchange in thé channel can be written in the following

form:
_egvm*(kz) W C. A excitation
Ve t—m? €uvapCukoT o g 22 This contribution can be analyzed in a relativistic frame-
work [43], considering a virtualA as a Rarita-Schwinger
. FY(t) field with spin 3/2, but in this approach it is difficult to treat
JTV=u(p,) yap\lf(t)_z_gaﬁ(pl_ P2)s|u(py), off-shell effects. First of all, this means thatexchange may
2m contain contributions from a state with spin 1/2 as well as

o . antibaryonic terms with negative parity ands=1/2 and

wheregy ,+(k?) is the electromagnetic form fastor for the 3/ Therefore the description of th& isobar, with 7P
. .

V\7/T7’ vertex, my s Ehe vector-meson maft;,l(t) and  —3/2* especially in thes channel is not straightforward. To
F»(t) are the “strong” form factors for the/*NN vertex  avoid these complications, we choose here a direct param-
(with a virtual V. meson. In principle the “static” values of  etrization of theA contribution. Note that the c.m.s. foi*
these form factorgi.e., fort=0), are related to theNN and ~ + p_.A* N+ 7 is the optimal frame, because the three
pNN  coupling constants: FY(0)=gynn,F3(0)/FY(0)  momentum of the\ is zero, so that th& can be described

=ky. An estimate for thewNN coupling constants, based by a two-component spinor, with a vector indgx which
on the Bonn potentidl51], gives L . . L= e .
satisfies the following auxiliary conditionr- y=0, typical

g2 for a pure spin 3/2 state. Using this condition, it is possible to
ZNN =20, «,=0. find the following expression for tha density matrix:
a
7 2 i
The pNN coupling constants can be estimated from pion Pab™ XaXp™ 3 5ab—§€abcffc ,

photoproduction dats2]: g’/ 47 =0.55, «,=3.7.
The VDM allows to write the following parametrization with the normalization condition pr,,=2s,+1=4.
for the k? dependence of the electromagnetic form factor for  In this formalism theAN vertex can be parametrized as

the y* +V— 7 vertex (hard form factop: follows: MANﬂ':gANTrXTA-;'ar where y is the two-
0 component spinor of the nucleon in the deday- N + w,(i is
Oy (K2) = gV’T—V() (23)  the unit vector along the pion three momentum, inheest

” 1—k?/m? frame, and the constant,y,, characterizes the width of the

strong decayA — N+ 7.
Thegy,,(0) coupling constant can be fixed by the width of ~ Taking into account the conservation of the total angular
the radiative decay — 7y, through the following formula: ~momentum and of th® parity in the electromagnetic decay
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A— N+ vy with production ofM1 photons, the following
expression can be written for the matrix element:

> >

Many=€danyx x-exK, (24)
whereg,y, is the constant of the magnetic dipole radiation

(or the magnetic moment for the transitidn—N+ ), e and

k are the photon polarization three-vector and unit momen

tum vector along the three-momentum yfrespectively.
In the general case, the transitioff + N—A must be

PHYSICAL REVIEW 5 035501

Note again that this procedure cannot determine the sign
of G(0). However, for they+ p—n+ o reaction, there is a
strong interference between the pion diagram and\tloen-
tribution. The comparison of the calculations using different
signs with the experimental, dependence in the resonance
region allows to fix the corresponding relative sign. Two re-
marks should be done about this procedure: there is no am-
biguity concerning off-mass-shell effects for thecontribu-
fion, at least in thes channel; and this special contribution is
gauge invariant. We neglect in our consideration thex-
change in theu channel. The main reason to include this

described by three different form factors, corresponding tQqontribution is to have the crossing symmetry of the model.

the absorption oM 1,E2, (transversal andE2, (longitudi-

This is in principle an important property of the photopro-

nal) virtual photons. But the existing experimental data aboutyyction amplitude, in particular in connection with the dis-

pion photoproduction and electroproduction on nucle@ms
the A resonance regigrindicate that theM 1 term is domi-
nant even for larg&? [54], therefore in our analysis we will
consider only this form factor.

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

G(0)Gp(k?)

k2
1_ JE—
my
The factor (:[k?*m2]) "%, with m2=6 Ge\?, is included
in order to take into account a steeper decreasir@(&f) in
comparison with the dipole behavifs4].

The normalization constai@(0) can be found according
to the following procedure. Let us calculate first the differ-
ential cross section forr® photoproduction,

G(k?)= (25

do

o @ 0 (Eqat+m)(Epy+m)
gq (P PT) =55

M3r3

32’77 kA
X G2(0)(5—3cog4,,),

(26)

at s=M3, where theA excitation in thes channel is the
main mechanism. So, our parametrization of sheontribu-
tion describes correctly the angular dependence (
—3c0¢4,), typical for the magnetic excitation of &" state

in y+p— A" —N+ 7. Therefore, the total cross section can
be written as

@ g} (Eqp+m)(Eps+m)

0\ 2
where
M3 +m? M3 +m?—m?2
ElA_Wy EZA_T,
M3 —m?
kA:W’ qA:\/EgA_mZ-

We can approximate with a good accuragyyp— p=°) by

persion relations approach. However, in the framework of
phenomenological approaches, this symmetry is typically
strongly violated. For example, tleechannelA contribution
induces an amplitude that is mostly complexth a Breit-
Wigner behavioy, whereas the-channel contribution results
in a real amplitude. The inclusion of different form factors
for the s and u channel violates the crossing symmetry,
which is particularly important for the Born contributions.
This appears clearly for the reactign- p— p+ 7°, because
here the crossing symmetry is correlated with the gauge in-
variance of the electromagnetic interaction, and the violation
of the crossing symmetry has for direct consequence the vio-
lation of the current conservation. On the contrary, for she
contribution, this important correlation is absent.

In any case, thé\ exchange iru channel does not con-
tribute to the isoscalar part of the electromagnetic current,
and therefore does not affect our basic result, @8§).

IV. NUMERICAL PREDICTIONS AND DISCUSSION

Having determined all the parameters of the model, it is
possible in principle to calculate all observables for the pro-
cessee” +N—e” +N+a (on proton and neutron targets
in the kinematical region from threshold to theresonance
region W=1300 MeV), for any pion-production angle,
597,, andk?.

In order to test the present model, we used existing ex-
perimental data on the angular dependence of the differential
cross sections for both the+p—p+a° and y+p—n
+ 7" reactions. This comparison allowed to fix empirically
the relative sign of the different contributions: Bot,exci-
tation (in the s channel and vector-meson exchanga thet
channel. The relative signs of all three diagrams for the
Born approximation in the case of the procegs p—n
+ 7t are fixed by gauge invariance, but it is necessary to
find the relative signs between the Born amplitudes, on one
side, and the\ isobar and vector-meson exchange contribu-
tions, on another side. The+p—n+ 7" reaction is more
sensitive to the signs of the contribution ang* exchange.
Then the data about the differential cross sectionsyfop
—p+ 7P allow a further check and give a constraint for the
w-exchange amplitude.

Note that the sign of thp-exchange contribution relative

a singleA-resonance contribution. For a numerical estimateto the Born contributior(in both the y+p—p+#° and y

of G(0) we useo;=250x10 % cn?.

+p—n+a" reactiony has to be the same as the relative
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o
T

sign of meson exchange currerftiie to thepmy* meson ~15F =~
. ? . & [ E,=220 MeV @ E,=240 MeV
exchange mechanism in the calculation of the electromag—}1 " }1 o)
netic form factors of the deuterpwith respect to the ampli- = ¢ g e s T (a)
tude in the impulse approximation for elaséid scattering. X °F - FEseRes | X °0 X
This represents an important link between very different © oferiite i v o] ® o gBT e e 1,
. o 50 100 150 Q 50 100 150
physical problems. # (deg) # (deq)
In order to obtain a good description of the experimental _,,_ e
data for y+p—p+a° and y+p—n+a" we introduced & b 57260 Mev D b £,=300 Mev
small corrections to the different contributions. For the reac- 5 £« %8, S0 xf ®)
tion y+p—p+7° a form factor was added to the Born § ‘ R | g E |
contribution. Theu-channel nucleon contribution foy+p g s R
—n+a" can be neglected without violating gauge invari- o 50 100 150 0 50 100 150
. . . ¥ (deg) ¢ (deg)
ance, because its magnetic content satisfies alone the curret
conservation condition. As a matter of fact this contribution © *°¢ C 020 ey T
has a diverging behavior at large angles, which is typically 3 55 7~ et .| g0 570N
corrected by introducing aad hocform factor. We choose to ' 1oF fﬁ“ = 2F ; P, | (c)
replace this contribution with a somewhat simplified phe- < 555 Em—n,«fw
nomenological § wavelike contribution: o b b L H(s‘;o‘ ‘> T T -%d ‘)
¥ (deg ¥ (deg
t 1.2 GeV
a|1- 1_2) w FIG. 3. The angular dependence of the differential cross sections

for the photoproduction processe&) and (b) y* +p—p+ 70
wherea is a parameter that is adjusted in order to reproduc@pen stars: data from Reb9], open crosses: data from REE7],
at best ther® photoproduction data. (c) ¥* +p—n+7"; data are from Ref.58]; the dashed line is the

We did not attempt to reproduce with a good accuracy théorediction of the present model.
threshold behavior of they+p—p+a" and y+p—n
+ 7" amplitudes. A precise description of this behavior, in oL (K2, W)
particular for the procesg+ p— p+ 7°, can be obtained, for LT=
example, in the framework of the chiral perturbative theory
approach[55]. For inclusive calculations, a qualitative de-
scription of the data in the threshold region is sufficient.
The quality of our model is shown in Fig. 3, where we . 0
i ioti ; i or(y*p—pm)
present the comparison of our predictions with the experi- R, =——————————,
mental data on the differential cross sections for $hep P o(y*p—nn")
—p+a° and y+p—n+ =" reactions, in the kinematical
region where our model can be considered a reasonable ayhich characterizes the relative role of the two channels. The
proach. Indeed the unpolarized differential cross sections af@vo-dimensional plots of these ratios as functionkdfind
well described. We did not apply the model to polarizationW are shown in Fig. 4 and 5, for the reactiop$+p—p
observables. In particular differefitodd observables, such +7% and y* + p—n+ 7", respectively.
as, for example, the target asymmetry or the polarization of For #° electroproduction, botlR{® and R{® are small
the final nucleons, are very sensitive to the relative phases abrrections toA. In the considered kinematical region, they
the different contributions. A good description requires aare positive and tend to decrease in the region of Ahe
very precise treatment of the unitarity condition as well as ofresonance, due to the dominance of the isovector resonance
T invariance of the hadron electromagnetic interactioncontribution. The behavior of all these ratios in the threshold
which are not so important for the differential or total crossregion can be improved, as we discussed aléve-59.
section. A further comparison with the existing electropro- In the case of they* + p—n+x" reaction, the corre-
duction data is not conclusive, due to their limited accuracysponding corrections are also small, especi&[y . Note
[56]. that R{® is negative in the whole region &f andW.
Therefore, after having determined the relative signs of combining these results it is possible to calculate the re-
the different contributions, our model can be generalized t&ulting asymmetny for the sum of both channels, again in a
pion electroproduction. two-dimensional representati@Rig. 6). The dependence on

Our a!m 'the calculation of the mclusnl%:odd asyM-  the detailed electron kinematics fqm(é,e’)x (energies of
metry A, in p(e,e’)X, for the sum of two possible channels, the initial and final electron and electron scattering anige
X=p+m°andX=n+7". One can see, from E418), that  contained in the single parametgrfor which we used three
such asymmetry is determined by the following ratios ofgjfferent values:e=0, 1/2, and 1. In order to extract the
inclusive cross sections strong k? dependence oA, the “reduced” asymmetryA,
=—A/|k?| is shown.

or(kE W)’

for both channelsy* + p—p+ #° andy* + p—n+=", and

(S)( k2 () (1,2
R(s):w R(s):w In this picture one can see that the behavioAorsusk?
oo keW) T (KR W) and W, in the region 1.08 W<1.26 GeV and in a wide
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12 1.25
W (GeV)

—A/1K

—A/IK

W (GeV)

kz(Ge\/z)

FIG. 6. Thek? and W dependences of the reduced asymmetry
Ao=—A/k?| (whereA is the theoretical asymmetry to be com-
pared to experimental dattor p(é,e’)X at three different values of
the virtual photon polarizatios: () e=0; (b) €=0.5;(c) e=1.

FIG. 4. Thek? andW dependences of the ratios of the total cross
sections for thee”+p—e +p+7° reaction: (8 R (k?,W)
=o{P(K2,W)/ (k2 W); (b) RP(K2W) =o' (k? W)/ o7(k?, W);
© Ru(K:W)=0 (KW)/or(kK*W); (d) Ryp=0(pm°)/

or(nm*). . o L .
The role of the different contributions is illustrated in

_ ) Figs. 7, 8, and 9. In Fig. TFig. 8 the ratio of the cross
region of momentum transfde?, is smooth everywhere and sectionsR® andR is reported as a function of W, for two
negative (note the —1/k? factor in the formula Such a iy qq valués oﬂk2|T, (@ |k} =0.4 Ge\? and(b) 1.0 'Ge\/z,
beha_lwor results from the isovector nature of the electropros, the reactiony* +p—p+ 7%(y* + p—n+ ). The A
duction processes that we have considered. contribution (dashed-dotted linevanishes, while the Born
terms (dotted ling give the largest contribution at forward
angles. The contribution given by the vector-mespnafd
w) exchange diagrams is not so essential here.

The different contributions to the total asymmetyare
shown in Fig. 9. This figure is a projection of Fig. 6 showing
the resulting reduced asymmetridg=— A/|k?| as a func-
tion of W at a fixed value of the virtual photon polarization
€=0.5 and for two values of the momentum transfay
|k2|=0.4 GeV; (b) |k?|=1.0 Ge\. The A contribution
only is constant as a function &, due to its isovector
dominance, the vector-meson exchange gives a rather small
contribution at lowW (below 1.2 GeV and it is negligible
above. The full calculation gives values & varying
smoothly from —7x10°° at W=1.1 GeV (close to the
elastic regionto —8x 10 ° atW=1.25 GeV, in the region
of the A at|k?|=1 Ge\~.

Now comparing elastic scattering and inclusivgroduc-
tion (Fig. 9), we see that they are both negative and of the
same order of magnitude. Moreovaris smaller in the re-
gion W=1.1 GeV(close to elastic scatteringind larger in
W (e the A region. Therefore we can conclude that a small admix-

ture of r-production events in the region of the elastic peak,
is not going to produce a large uncertainty in the elastic PV

FIG. 5. Thek? andW dependences of the ratios of the total crossasymmetry although a quantitative estimate has to be made
sections for thee” +p—e~+n+«" reaction. Same conventions in each specific case, either by using Fig. 6 or from the
as in Fig. 4. corresponding numerical values available from the authors.

v

)
"
(s
N—
N

A
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05 F (a) n (b)

0.02

—0.01 1 | 1 1 1 1
1.1 1.15 1.2 1.251.1 1.25

W(GeV) W(GeV)

FIG. 7. The W dependence of the ratioR®(k?,W) and
R{®)(k?,W) for fixed values ok? (a) and(c) —k?=0.5 GeV?; (b)
and(d) —k?=1.0 GeV forthee™ +p—e~ +p+ =° reaction. The
curves represent the full calculatigfull line), A contribution only
(dashed-dotted lineA and Born termgdashed ling A and vector
mesong(dotted ling.

) I —
¥ o
_041 - -
-02} L
f (©) (v)
. —0.3 ; ' ' 1 ' 1 1
o
0 [oooooooos TiTimaRaEame e BRI AL S SR e e
—0.05} 3
01} L
-0.15
0.2
i () [ (d)
_0.2: 1 1 1 1 1 1
11 1.15 1.2 1.251.1 1.15 1.2 1.25
W(GeV) W(GeV)

FIG. 8. The same as Fig. 7, for the +p—e +n+x*
reaction.
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50 1 L L 1 1 1
1.251.1 1.15 1.2 1.25

W(GeV) W(GeV)

FIG. 9. TheW dependence of the reduced asymme\gyfor e
=0.5 and two values ok% () —k?®=0.4 GeV\%; (b) 1.0 Ge\’.
Same conventions as in Fig. 7.

We studied quantitative effects of different choices of
form factors for the electromagnetic vertices. For illustration,
we report, in Table Il, numerical values for two ratid¥
and R{®, for the reactione+p—e+p+x°, for —k?
=0.5 GeV, in the resonance region. The effect of changing
the electric neutron form factor, froGz,=0 to the value
given by the parametrizatiofd8], is less than 10%. The
dependence 09y .+ is larger, when comparing the previous
results based on E@23) to the values obtained with soft
form factor

gVﬂ'y(o)

7 2
(1—k?/m2)? @

gVTr'y*(kz) =

In any case the isoscalar correction is always very small, at
least two order of magnitude smaller than the m@aiovec-
tor) result for the asymmetrp.

V. CONCLUSIONS

We have calculated th&? and W dependences of the
P-odd asymmetry for inclusive scattering of longitudinally
polarized electrons by unpolarized protons witi or 7+
meson production. Using the known isotopic properties of
the electromagnetic current for the processgst p—p
+ 7% and y* + p—n+ 7' and the vector part of the weak
neutral current for the process@ +p—p+#° and Z*
+p—n+a*, we have derived an original expression for the
inclusive asymmetry4. Without approximations, it is pos-
sible to determine the maifisovectoj contribution to A,
which depends only on the variatké. The exact calculation
of A is then reduced to the analysis of specimal) iso-

TABLE II. Numerical values folR(® andR{® , for the reaction
e+tp—e+p+al for —k?=0.5 GeV¥,W=1.23 GeV, and differ-
ent form factors

R

I:Q(LS) GEn gVﬂ'y*
-0.000 56 0.0059 0 hariEqg. (23)]
-0.00050 0.0054 from Ref48] hard[Eq. (23)]
-0.001 04 0.0017 0 softeq. (27)]
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scalar contributions to the electromagnetic currents.
We have calculated the amplitudes fof +p— N+ 7,
taking into account three standard contributions: Born,

PHYSICAL REVIEW 5 035501

APPENDIX B: BORN CONTRIBUTION IN  u CHANNEL

vector-meson exchange, addexcitation. All the necessary alkl|al 5 W+m Fap(k?)
parameters: the coupling constants and different electromag- fluzﬁ Fip(k )(E +m)(Ep+m) " 2m(E,+m)
netic form factors are taken from other sources. Small adjust- ! 2 !
ments of the parameters were done in order to obtain a good m2—k2\ E 2K. 4
description of the experimental data on the differential cross x| W+m+| m+ + ,
sections fory+p—p+#° and y+p—n+=*. The model W JExtm Ext+m
gives the vector part of the weak neutral current that is the
main contribution toP-odd effects ine+ N—e+ N+ 7 pro-
cesses. 9 5 Lo W+m
The reduced asymmetry, varies very little as a function fau= U—m2 F1p(k9)| W=m+k- q(E1+ m)(E,+m)
of the two basic kinematical variablek? and W. In our
approach this appears naturally from the fact that the isosca- E 2p(k2) ~ m?2— m72T
lar content of the electromagnetic current for N— N+ 7 ~—om | (EamMW=m)+Ko| m+ —
is very small in the considered kinematical region.
The possibility to calculate this contribution as a small .. m?2— k2
correction to the main contribution, opens a way to use x(—2k-q+ m-+ )
P-odd observables in elastic and inelastic electron-proton
scattering for the study of the relatively small axial contribu- m2—m?2 K a
ions. x| m+ il
tions W )(El+ M (E,+m)] |’
APPENDIX A: BORN CONTRIBUTION IN s CHANNEL o 5 ) )
The scal litudes foy* + p—p-+ «° are defined =3 AKllal)_Falk) [ o mem
e scalar amplitudes foy* + p—p+ 7" are defined as WS 2 gt m E,tm W
o Fop(k? m’—k?\ E,.
3 Kl B e [ me T B
% Wem (Ey+m)(Ep+m) ’
5 , W+m 2k-q J
X Flp(k )+F2p(k )W , E,+m| |’
g W—-m g W
fZSZM[Flp(kZ)_FZp(kZ)W} f4u:_—rnz(E2_m)[_2Flp(k2)+F2p(k2) -1+ }
L9 k-q
W-m (E;+m)(E,+m) g , , E;+m
fou=———5——— (_Fl (k%) +F2p(k%)
W+m —m?)(E,+ P P 2m
X Flp(k2)+F2p(k2)—}. (u—m?)(E;+m)
2m T2 — 2 i
T 2 -q
X m+ W +F2p(k )W},
f4s=0,
g q 2 , E1—m
3 g B 5 , E1tm fou=——F—— T|:_(F1p(k )+ Fop(k?) o
f5S_(W+m)(El+m) Flp(k )+F2p(k ) 2m ’ (u m )(E2+m) |k|
m2—m? . k-q
; q e x| m=—— | TFap(k)——1,
= ¥ @@ 1_ 2y 4 2y 1
fGS (W_m)(E2+m) |C_i||: Flp(k ) sz(k ) 2m ’
~ Lo W2Hk2-m?
where u—m2=k2—2k0E2—2k-q,k0=T, and

with |k| = VE?—m? and|q|= VE2—m?.
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APPENDIX C: VECTOR-MESON EXCHANGE

IN t CHANNEL
f1v=0v+(k?)g Klal 1+ 1+W K
1V~ YVry* VNN — \Y

7 my( _m\z/) m
x| -1 K-q 1 w
+(E1+m)(E2+m) +(1+ ky)(W+m)
1 1
x E1+m+E2+m '
foy=0 (kz)ﬂ[(lJrK)T((E —m)
2V Vary mv(t_m\zl) v ol=2
Ti0 E1T

+
E;+m E,+m

k2g?— (k-q)?
(E;+m)(Ex+m) |’

+E(E;—m)—k-q

w
1+ —
m

+

1+

Ky

gunnl lz| Iﬁl
my(t—mg)

w

Ve +m

(k-q) J

(E;+m)(Ey+m)

f3V:gVﬂ'y*(k2) (1+x

—+

Ky

( W
1T+ 1+ —
m

gunn (E1+m)(Ez+m)

fav= _gV’ﬂ'y*(kz)

my t—mg

W (14 Ky)-~

X1+ 1+ — | ky+ ——
1 1 m Ky El—m 0l

gunn 1t ky
my(t—m3) Extm

fov= gvm*(kz)

m
2_ 2
t+(k mﬂ)W},

gwn  1+xy  Kl|q]
my(t—m2) Ext M m(t—m?)

fov=—Ovmyx (k%)

X

m
2_ 2
t+(k mw)—W},
where

t—mZ=m2—mZ—2k,E .+ 2k-q+k>.

APPENDIX D: ONE PION CONTRIBUTION
IN t CHANNEL

f1i=f2=0,

- 2|kl|a| F.(k?)
3t_gt_mi_ E1+m,

PHYSICAL REVIEW (65 035501

E,—m
fa=—29——F (K3,
t—m,
_ g 2 2E7T kO
f5t t— 2F7'r( ) E1+m y
K|[q| 2E,—k
e~ g Al 22 ko
t— t—m2 Eptm

APPENDIX E: CALCULATION OF THE ISOSCALAR
AMPLITUDES F{®(y*P—P=0)

The isoscalar amplitudes are

fO(y* p—pm®)=— 12101,
where the contribution(%) and f() are determined by the
corresponding formulas, with the following substitutions:

FiptFin
Flp_’Fls:T,
F2p+ F2n

Fap—Fas= 2

APPENDIX F: GAUGE INVARIANCE OF THE
SUGGESTED MODEL

In the framework of the considered model, for the process
of neutral pion electroproductioe;+ p—e+ p+ 7, the cor-
responding hadronic electromagnetic current is conserved:
k7{eM=0 for any form factor iny* NN, y* 7, y*Vr, and
v*NA vertices.

In case of charged pion electroproducti@at; p—e+n
+*, a special contribution must be added to the matrix
element

ek
AM=—ﬁng5<Flp—Fm—Fw>

which results in additional contributions to the scalar ampli-
tudes,Af;(yp—na*)

AflefzzAfzzAf4:Oy
Afs=29(Ey—m)[F 15(K?) ~ F1a(k?) ~ F (k) /K2,

Afg=—2g(E;—m)[F1(k?) — F1(k?) —F (k) ]/K2.
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