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The possibility of observing weak-neutral-current effects in the elastic scattering of charged leptons from
nucleons is discussed. General features of different possible polarization experiments (including the possibility
of testing for second-class neutral currents) are considered. Polarization asymmetries are calculated for
polarized-(lepton)-beam and polarized-target experiments under a wide range of kinematic conditions and for
several different gauge models. The desirability of doing these experiments at moderate, rather than very

large, momentum transfers is emphasized.

I. INTRODUCTION

The experimental discovery® of weak neutral
currents (NC’s) has provided the motivatien for
renewed interest in the structure of the weak inter-
actions. Although the existence of neutral cur-
rents is commonly regarded as a triumph for uni-
fied gauge theories of the weak and electromag-
netic interactions, it is also of great interest from
a purely phenomenological point of view. In this
view, one would like to have an understanding of
the neutral current comparable to that provided
by the V-A theory of the charged weak current.

So far, almost all our knowledge of neutral cur-
rents has come from the scattering of muon neu-
trinos (v,) on nucleons (N).'#'® Theoretical anal-
yses? of these experiments provide a reasonably
consistent picture of the neutrino NC as a vector
(V) and axial-vector (A) combination.® Results
are in agreement with the Weinberg-Salam (WS)
model*® (although some other unified gauge models
are not yet ruled out).

In contrast to the emerging picture of the neu-
trino NC, there is presently little knowledge of
the possible NC interactions of the charged lep-
tons, the electron and muon. Although most gauge
models predict neutral currents for the electron
and muon, experimental information is still
scarce. We have only the (initially contradictory)
results of two v, -e elastic scattering experi-
ments,’® and the results of two atomic-physics
experiments® that measure the parity-violating
interaction of the outer orbiting electrons with
the nucleus of bismuth. ‘Preliminary results of
the atomic-physics experiments indicate an effect
smaller than that expected from the WS model.”

It is obviously essential to refine these existing
experiments and perform other experiments® cap-
able of detecting NC effects for charged leptons.

One difficulty in the search for NC interactions
of the charged leptons is that the effects are ex-
pected to be of weak-interaction strength while

most processes involving charged leptons are
dominated by the larger electromagnetic inter-
action.® This necessitates either very-high-pre-
cision experiments (such as the atomic-physics
experiments) or very-high-energy experiments,
since the weak interactions typically grow with
energy. :

If the NC of the charged leptons is related to the
NC detected in v, -hadron scattering, it might be
expected to haveparity-violating pieces. This sug-
gests studying polarization effects'® ! asa probe of
neutral-currentphenomena. Experiments tostudy
such effects have already been initiated bya SLAC-
Yale-Bielefeld-Aachen collaborationat SLAC.%?

The present study is concerned with parity-
violating effects in the elastic scattering of
charged leptons on nucleons. We consider experi-
ments with the beam, the target, or both the beam
and the target polarized. Our assumptions are
somewhat less restrictive and our results are
more extensive than those of earlier works on this
subject.!! v

The process of interest is depicted in Fig. 1,
with the NC interaction represented effectively
by the exchange of a neutral vector boson, Z [Fig.
1(b)].** We will be interested in the interference
between the NC graph, Fig. 1(b), and the quantum-
electrodynamics contribution, Fig, 1(a). This will
contain the effects of any parity-violating piece in
either the lepton-Z or nucleon-Z couplings. Two-
photon contributions can be ignored since they are
parity-conserving and therefore merely provide a
small correction to Fig. 1(a).

One appropriate quantity for study is the asym-
metry R, defined by

(do/dg), —(do/dQ),
(dc/dQ),+ (do/dQ),

Ry= (1)
where the subscripts » and 7 denote right- and
left-handed helicities of an initially polarized lep-
ton scattering from an unpolarized target. An
asymmetry R, can be similarly defined for a
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FIG. 1. Effective lowest-order Feynman diagrams for
the elastic scattering of a charged lepton from a nucleon
with (a) denoting one photon exchange and (b) the ex~
change of a Z boson.

polarized target and unpolarized beam.

The size of an asymmetry (either polarized tar-
get or polarized beam) is, in general, controlled
by the NC couplings and by the size of the mo-
mentum transfer squared, @ (where Q2= —¢2, and
q=k -Fk'. See Fig. 1.). Thus, the asymmetry has
the typical form

__Gr 2
R= FYNDT! QF

2 .
~7.9% 10-5< 1\72’)5 . (2)
with G the usual Fermi coupling constant, & the
fine-structure constant, M the nucleon mass, and
F a function of the weak and electromagnetic form
factors which depends crucially on the assumed
form of the neutral-current interaction. For the
models we consider, F is generally of order unity
(see Sec. III); although, in special cases (e.g.,
certain Weinberg angles in the WS model), it can
be much smaller. The Q? dependence in (2) arises
because the denominator in Eq. (1) is essentially
given by quantum electrodynamics [i.(e., the dom-
inant contribution comes from Fig. 1(a)] and there-
fore behaves as 1/(Q??, whereas the numerator

is predominantly an interference between Figs.

1(a) and 1(b) and therefore behaves as 1/Q* for Q2
small compared to the Z-boson mass squared.

As a test for a parity-violating NC for charged
leptons, the polarized elastic scattering experi-
ments we are discussing have the merit of rela-
tively few theoretical uncertainties. Model depen-
dence resides primarily in the neutral-current
couplings assumed for different theories. The
major uncertainty in confronting specific models
with experimental data involves the @ dependences
of form factors, which are needed to relate ex-
periments at large @ to predictions for @*=0.
Even the commonly adopted assumption of “form-
factor scaling”'* for the nucleon’s electromagnetic

form factors is not really tested at momentum
transfers greater than several (GeV/c)?, and the
behavior of the charged-weak-current form fac-
tors, which is used to infer the behavior of the
corresponding neutral-current form factors, is
even less reliably known. These uncertainties
must be weighed against the potential enhancement
at large Q2 given by Eq. (2).

In Sec. II, we present our formulation of the
problem in the most general terms. Some of the
anticipated effects are discussed, including the
possibility of testing for second-class currents.
In Sec. III, we specialize to several particular
models and compare their numerical predictions
under a variety of experimental conditions. Sec-
tion IV contains further discussion of the results
and some concluding remarks. ‘

II. GENERAL CONSIDERATIONS

The kinematics for elastic scattering of a po-
larized,. charged lepton I~ (an electron or muon)
from a polarized nucleon target N may be sum-

- marized by

I(ky;0)+N(p, =)~ 1UER")+N(p"), (3)

where % (k') and p (p’) are the four-momenta of
the incoming (outgoing) lepton and the target (re-
coil) nucleon, respectively, and o, are the cor-
responding polarization vectors. Apart from some
brief remarks, we restrict our attention to the
case that final-state polarizations are not meas-
ured.

As discussed in the Introduction, we must ex-
amine the interference between Figs. 1(a) and 1(b).
The NC interaction, represented by the Z-boson
exchange of Fig. 1(b), is assumed to be described
by an effective Lagrangian of the current X cur-
rent form,

G . .
L;¥£)=F2F(J(N)+](N))u(J(N)+](N))u’ (4)

where J ¥ is the hadronic NC and j{¥ is the lep-
tonic NC.' It is further assumed that J ¥ and j¢{V
consist only of V and A terms.?® With this as-
sumption, the leptonic NC takes the form

i =Cy ey, e+ uy, 1)+ C By, vse + Ty, vslt) +* v,
(5)

where C, and C, are vector and axial-vector cou-
plings which, at present, are free parameters,
and e and u are the electron and muon fields. The
neutrino and possible heavy-lepton NC terms are
not displayed explicitly in (5).

-For the hadronic NC, J‘¥; we require only the
matrix element between nucleon states. Again,
assuming a V and A admixture, we have®!®
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(p’ lJ(N)“(0)|P> W u(p’ )<7 gV+)/ Ysgy+i gM g5+ Ysgp+zz—1f/[—c” g7+ gM o )‘7'5g(1]1>“(p)’

where the NC form factors g%,..., g defined by
this equation are all real since J ‘"* is Hermitian.
For nucleon targets, the form factors are, in gen-
eral, a mixture of isovector and isoscalar parts;
in practice, we will treat them just as numbers,
having different values for a proton or neutron
target.

The terms g% and g% are not present if one as-
sumes that J () is a pure first-class current.'®
Also the g% term is absent if J{¥ is conserved (as
is the case, for example, in the WS model,’ in

J

#7501 = W (P)[Y F\(Q) +—55

where, for the proton,
k?=1.19, F20)=F50)=1, . (7o)

and, for the neutron,

kot

(6)

—

which the neutral current is a line‘ar combination

. of the conserved electromagnetic current and the

isotopic partner of the charged weak current, and
the vector part of the latter is conserved by the
conserved-vector-current hypothesis). However,
present experimental evidence does not allow us to
exclude these second-class terms.

We also require the matrix element of the elec-
tromagnetic current, J% , between nucleon states,
written conventionally in the form

qu2<Q2>] u(p), (72)

—

2
Gp=F, - i «F,. (8b)

With the above definitions, it is straightforward
to obtain the invariant amplitude squared, li)l”(|2,
for the process (3). Explicitly,

k"= -1.91, Fr(0)=0, F0)=1. (Tc)
We shall also be using the Sachs form factors!” de- |S)Il| = 4(62—)-5 T,+4 ‘/’_’f 1‘21 T,,Z+O(G 2), (9a)
fined by
where T, the quantum-electrodynamics contri-
G,=F,+kF,, (8a) bution, is
_ Qz) 2 E2+GM2Q2/4M2 s 2 Qz s jl . .
TO_{ 3 (M"’ G2+ 17077407 |:<M2 -1 -IE I +(polarization-dependent terms), (9b)

and T, ,, the interference term, has the form

. . v PLA
22qu1+2 k'r+ ump Z) k

T,z=70+

m
+AT§(G “q)(Z By, +

Here, s is the usual Mandelstam variable, s=(k+p)3?,

g*p R
" 73+m,74~2—r4+m,ﬁ21 Vs + M3(c 9)(Z 97,

m m m m € “prgs?
AT;(G DD Q)7+ ﬁ’o 'E¢9+M—§ euvnp“o“q"z"yla+1—‘—4—’2-(c °q) —“—"L"I%T—Q—— 7y,

(9c)

and m, is the lepton mass.

The “polarization-dependent terms” of Eq. (9b) have the same dependences on ¢ and = as the »,, 7, and
7, terms in (9¢). They will not be given explic¢itly here.

The term 7, in Eq. (9¢), which is independent of ¢ and =, effectively supplies only a weak correction to
T, and will therefore be neglected in our numerical calculations. The remaining dimensionless factors
r; (i=1,2,...,11) are given by

1

n=1p {GM[- 2C, g%(s = M? — Q%) —2C,(g%+89)Q%]+ kF,Cy g%(s — M* —3Q%) (1+1Tjg>

+3CA[G &Y +KF2(g‘{,+g‘})]Q2<1+W>} s ' - (102)
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7y= 2 {Gu[Cy £5(25 — 2M7 — Q)+ 2C (£ + £9)Q%] = KF,C.p (25 — 2M° — QF)(1+ Q/4M%)
—CA[Gush + KF (g% + g0]Q%1+ @/4MP)), SR (100)
7y= GMCAg?I . QZ/MZ’ ! (100)

) ~ . v (10d)
im0 20,0y 5@+, (Fughe P, g2 2 ) as - awe - @2,

2 > 0 2 0 0 Qz 2 | 10
7s=1E Gy[CyghQ% —C (g5 +87Q%]+Cy FLgV‘*‘KFngW (s+M7%) ¢, . (10e)
To= G- 4C, 85+ Cagh(s/M? = 1) +4Cy g%+ 2Cy 83 ]+ KF,[2C 45 — Cog5(s/M? 1) ~2C (gh 48], (100)
7. =G ,(4C, 8%~ C ,g5Q*/M?), (10g)

0 0 @ o @] KF, 0 r M2 — Q2 0Q? 2
7o=Gy [‘4cAgA+CAng+CVgTW}+W [Cg5(2s +2M2 - Q) - C,£0Q%+ Cy (% +29Q7], (100)

1 2)2 )
'}’9=1—W—2—{GM[4CAgS;(s—M2)—%CAgg(]%) +4C'V(g%+gg')Q2'zcvg?/Q2<1+4Qw>]
*\ (o 2
+2KF2[_C"g?°(1+W> (2s - 207 - &%) —Cv(g%g‘%)Qz(“z%)]}’ (101)
710= = Gy(Cy&h — C, 85)Q%/ M7, (10§)
1"u= ZGMCAgg- . (IOk)

In the remainder of the paper, we will implicitly be considering either electrons of energy greater than
400 MeV or muons of energy greater than 100 GeV. With this assumption, it is a very good approximation
to neglect lepton masses relative to lepton energies, which has been done in Eq. (10).

For the sake of completeness, we note that if both the target and incoming beam are unpolarized and one
wishes to measure the outgoing lepton polarization, ¢, one can use equations similar to (9) and (10) (with
% =0) by making the replacements

o'p_0o'*p 0 2 @ 2 _ 2
(%7 sy 2G,C,g%Q%*+C, Flg‘{,+KF2g‘}4M2 (2s —2M* - @?) , (11a)
and v
o:q 0o'-¢q .o 2 o @7 2 2 o 2
ok - S [GMC,,gAQ +C o Fughr kFogh i) (s =3 - @)+ GuC (83 +£9)Q° | (11b)
r
We wish now to consider some generadl features be expected at relatively small @2 In Sec. III,
of three possible types of experiments, character- predictions will be made for larger @* as well, at
ized by the following: (a) polarized lepton beam the expense of additional assumptions.
and unpolarized target, (b) unpolarized beam, po- :
larized target, and (c) polarized beam, polarized A. Polarized lepton, unpolarized nucleon

target. In the discussion of Sec. I, we emphasized
that theoretical predictions become increasingly
uncertain for large momentum transfers due to a
lack of concrete knowledge of form-factor behav-
iors. There is another, more practical reason for
avoiding high Q2. Briefly, although asymmetries
like Ry [Eq. (1)] are expected to increase with @2,
the differential cross sections which must be meas- 2 2
G M™ @ 1
ured are falling so quickly, due to both propagator Ry= T
s is 47;'04\/2— M To
and form-factor effects, that statistical uncer-
tainties may actually be greater'® for large Q2.
. cps 1 s ‘ Q* 1 (mo,*p m,0,*q
(These remarks will be amplified in Sec. IV.) Ac- =7.91% 10-5W— }VI; Tyt M; rs>,
cordingly, in the remainder of this section, we T T,
will be particularly interested in results which may (12)

The quantity of interest here is the asymmetry
R, defined by Eq. (1). To calculate R,, we keep
only the contributions of order «? in the denomina-
tor of (1); that is, only 7, from Eq. (9a). For an
unpolarized target, only the », and 7, terms from
(9¢) contribute to the numerator of (1). Explicitly,

"m0, ™m0, q
11‘412- p"’«;“" ;\4; 7’5)




wherer,, 7 aregivenby Egs. (10d), (10e), respec-
tively, and 0, is a right-handed polarization vector.
Hence, R, depends in a fairly complicated way
upon the three combinations of form factors C, g9,
C,g%, and C,g%. However, in certain kinematic
regions, the expression (12) simplifies somewhat.
In particular, from the expressions

m,0, p=13(s = M?), (13a)

mo, q=-2Q°, (13b)
it is seen that the », term will dominate (12) when
@*<<s —M?, For a proton target, this kinematic
condition produces a further simplification; the

C, terms in 7, dominate'® over the C, term. Con-
sequently, Ry (proton) takes the approximate form

1+Q%/4M?
G%)%+ (G?)%Q%/4M?

X C ,(F2g%? + k? F2 g2?Q%/4M?) (14)

~1 i Q2
Ry (proton) ~1.6 X 10 4<1W> (

for @*<<s —M?> (The superscripts p indicate pro-
ton values.) The electromagnetic form factors

are known experimentally, at least for moderate
Q% (see Sec. III); thus, the only unknown quanti-
ties in (14) are C,g%? and C,g%?. Unless the @*
dependences of g% %o and gy? are assumed, these two
quantities cannot, in general, be separately ex-
tracted from the combination

"C \(F2 g%+ kPF? gt Q2/4MP)
except for @° sufficiently small that the g%? term
dominates the combination. In the latter case (@2
<<4M?), it is reasonable to replace all form fac-
tors by their values at @*=0, and a very simple
result is obtained:

2
(proton) ~1,6X 10'4<Q > A8%%(0), for Q<< 402,

(15)

Therefore, in principle, one can isolate the com-
bination of form factors C,g%? at very small @

For a neutron target, the above discussion must
be slightly modified. Although the 7, term still
dominates (12) for @*<<s —M?, an equation like (14)
holds only under slightly more stringent conditions.
The reason is that F(0)=0, and therefore the Cy,
term in 7, can be as large as the C, term for a
neutron. The only region in which the C , terms
should dominate is s > 4M? (assuming the g% and
g% terms are of comparable magnitude, which will
be true, for example, under the assumptions of
Sec. III) Then

1+Q%/4M?
(G )2+(Gn)2Q2 4M2

2
Rg(neutron) ~1.6 X 10‘4< Q >

X C ,(FPgy™+ k"F2gR"Q%/4M?), (18)

16 NEUTRAL-CURRENT EFFECTS IN ELASTIC... 3229

under the conditions Q% <<s —M? and 4M?*<<s,

The foregoing arguments and the results (14),
(15), and (16) have assumed implicitly that C,#0.
However, if it can be established by independent
means that C,=0, the results are quite different.
In this case, only the combination C, g9 is re-
presented in R;. Again assuming Q*<<s —M?,

~ Q° Q?
RB ~1.6X 10.4(1?) <§__1—VI'7
1+ Q%/4M?
X GE2+6§22 TG,z CuCréa an

for C,=0. This result holds for either a proton
or neutron target w1th the appropriate choice of
form factors.

The form of (17) suggests a simple test (for C,
=0) of the isospin character of g%. We define the
ratio ’

_l(do/ag),
B [(de/dQ), -

- (do/dg), ]
(do/dQ), 1"

(18)

where p and #» indicate proton and neutron cross
sections. Then if g is a purely isovector quantity
(as is the case for the models to be discussed in
Sec. III), g%%=~g%", and E; becomes just :

b

E,=~ g , for @ <s—M® (C,=0.  (19)
Thus, if C,=0, a deviation from (19) would signi-
fy an isoscalar piece in g%. (For C,#0, it will be
more difficult to test the isospin structure of form
factors.)

Having discussed several special cases, we wish
to consider briefly a more general question: for a
given @2, how can one separately determine C, g%,
C,g%, and C,g%? Evidently one must first choose
a range of energy such that s and Q% are of com-
parable magnitude so that all three form factors
are represented significantly in R;. Then, in prin-
ciple, one can separate the form factors by uti-
lizing the different s dependences of the terms in
(12); that is, one must obtain experimental re-
sults for @2 fixed and different values of total en-
ergy.

B. Unpolarized lepton, polarized nucleon

For an arbitrary target polarization, the terms
¥, 7, and 7, of Eq. (9c) all contribute to the scat-
tering cross section. - However, in the particular
case of a target polarized in the direction of the
lepton beam, only 7, and 7, contribute to the asym-
metry defined by -

Rl= _(do/dQ)y - do/dﬂ)
T (do/dQ) +(do/dR),

(20)

where (do/dQ)y and (do/dQ), are the differential
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cross sections for target polarizations parallel
and antiparallel, respectively, to the beam direc-
tion. R} takes the explicit form
1 GpMP Q@1 (2"‘1 JIrR, >
M ' M 2

=7.91X 10‘5 @ 71, <E;wq 7’1+§;‘—4£1’2> (21)
where To, r,, and 7, are givenby Egs. (9b), (10a), and
(10b), respectively, and =, is a polarization par-
allel to the beam. Like Ry discussed previously,
R!. depends, in general, upon the three combina-
tions of form factors C, g%, C,g%, and C,g7.
However, in the kinematic range Q°<<s —M?, the
C, g5 terms are dominant and R} assumes the
form

~_1.6X 107 9 c,e8 T 1@y, (222)

where the factor f (@2, s), like T,, depends only
on the known electromagnetic form factors of the
target and the variables @%,5s,

Fr@2, )= [KFZ i (1+A-§g)2+ GE<J% - 1)] .
| (22b)

The simple form of (22a) again suggests a pos-
sible test for the isospin character of g4. Pro-
ceeding in analogy with Sec. ITA, we define

_[(do/dQ)y - (do/d),]®
T [(do/dQ)y —(do/dQ), "

Then, if g5 is a pure isovector (i.e.,

12(Q%s)
E,~_ ‘I X2°_ for Q?<<s -M?2, (24)
T ;(Qz, S) ’ : Q

We turn now to the intersting case of a target
polarized perpendicular to the beam direction.
Here; only 7, and 7, come into play. The 7; term
has the form, in the laboratory eoordinate sys-
tem, :

(23)

gyt=-g3",

2

_ﬂTax_kc cAggﬁz . -~ (25)
Since the 7, term has different spin dependence,
Z+q, it is possible, with the appropriate experi-
mental geometry —namely, ) perpendicular to the
scattering plane—to jsolate the 7, term. If C,
were established to be nonzero, a polarization ef-
fect with this geometry would clearly signify the
existence of second-class neutral currents.

In summary, polarized-target experiments,
while more difficult,?® offer the hope of directly
measuring a different combination of form fac-
tors from that which is measured in polarized-

‘beam experiments [compare Eqgs. (14), (22)]. They

may also provide a test for second-class neutral
currents.

C. Polarized lepton, polarized nucleon

We have seen that by using a polarized target and
unpolarized beam, one can, in principle, mea-
sure the hadronic NC form factors g%, g7, £9,
and g5. However, such experiments are not sen-
sitive to the form factors gg and g3. To measure
the latter, experiments must ultimately be done
with both polarized beam and polarized target.

In addition to the formidable problems. of even

_doing such experiments, there are difficulties

with extracting the desired information. In par-
ticular, the terms 7, 75, and 7, are completely

_dominated by QED contributions with the same

polarization dependences [see Eq. (9b)]. Hence,
to isolate, say, gp would require measuring the
term 7,, that is, separating the polarization cor-

~ relations characteristic of the 7, term from the

much larger QED correlations. The detection of
the second-class form factor g3 is equally diffi-
cult; one must separate out the correlations of 7,
and/ or 7,,, which have the forms in the laboratory
frame

-

§Zxao

kgxs
(o q) <"‘;T/IT>,

respectively. We should note that the above two
correlations are sensitive only to second-class
terms, g¢ or g. Furthermore, if C, were zero,
a nonzero gj, would contribute only through 7,,
(no longer 7,), and no experiment could measure

gs-

and

III. MODELS AND NUMERICAL CALCULATIONS

Many gauge models make definite predictions
for the values of the NC form factors and conse-
quently for the asymmetries R, and R, discussed
in Sec. I. To obtain the numerical results de-
scribed in this section, we have considered the
WS model, the E, model,? and several phenomen- .
enological models in which the leptonic NC is
either pure V, pure A, or V-A. The phenome-
nological models are studied not from any theo-
retical motivation but because they illustrate the .
dependence of the effects on Cy, and C,.

The purely vectorlike gauge models discussed
by several authors® give no parity-violating
asymmetries and furthermore, appear to disagree?®
with existing v, N scattering data. Hence, the
models are not considered here.

The quantities which must be extracted from the



gauge models are C,, C,, and the hadronic form
factors g3,8%,... [see Eq. (6)]. All existing gauge
theories assume that the two second-class terms
gu and g% are absent. The remaining hadronic
form factors are related to the corresponding
charged weak-current form factors and the elec-
tromagnetic form factors by simple linear equa-
tions (for the models considered here)

gy=zag,+BF,, (26a)
g3=2vgp+M(kF,), ' (26b)
£a=1pg,, : (26¢)
go=ibg,. : (26d)

The + signs in (26) refer to proton and neutron
targets, respectively.  The coefficients «,8,...
depend on the gauge model considered and are
listed, for the models of interest, in Table L

For the WS and E, models, these parameters are
taken from the work of other authors®'?!; for the
phenomenological models, we simply assume that
the neutral form factors are obtained from the
charged form factors by an isospin rotation (thus
they are pure isovector). The parameter x,, in
Table I denotes sin®6,,, where 6, is the weak angle
of the model. For the WS model, we allow differ-
ent values of x, between 0.2 and 0.5, whereas, -
for the E, model, we consider only x,=0.4, as
suggested by the analysis® of the v, N data. The
three different versions of the E, model, having
different values of C, and C,, correspond to dif-
ferent as51gnments of leptons to representatmns
of the group.

To perform numerical calculations, we require
the @* dependence of the electromagnetic form
factors and the charged weak form factors g, g,
and g, [see Eq. (26)]. This is assumed, in all
cases to be of the dipole form, which is at least
approximately verified at low @* by existing
data.®'?* Specifically, we use

Gh(@%) = 1—(57”]3———5 (272)
G%(Q2)=(T:6%W , (27b)
G3(Q%) = m"/rM—z)—z (27¢)
GR@)=0, _ (@)
gV(Q2)=(T:Q}/——M—V2)—2 , (27e)
T(Q) (—ljg-r;—om)—g , o (21)
gA(Q) ﬁ%ﬁi}wﬁ (21g)
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TABLE I. Neutral-current parameters for different
models of interest [see Eq. (26)].

Model Cy o

a By n p
ws dxy—1 1 3 2%, 3 -2x5 -3
v-a 1 <1 £ 0 3 0 -2
v 1 0 3 0 3 0 -3
A 0 1 3 0 2 0 -3
Eq(A)  —4x,+3 1 0 3-2x5 0 3-2x, —%
Eq(B) —dxy+3 -1 0 $-2x, 0 3_2x, —
EqC)  4dxp-1 0 0 3-2x, 0 3$-2x, —%

The value of M,? can be taken to be 0.71 GeV?,
however, M ,? is not so well known.?* In most of
our calculations (unless otherwise stated) we take

=0.71 GeV?, but in special cases we compare
with results assuming M ,%*=1.32 GeV2% (Both val-
ues are consistent with present data.)

Making the assumptions described above, asym-
metries can be calculated for the various models.
In the remainder of this section, we will discuss
some of these calculations. .

Figures 2(a)-2(d) show the behavior of the asym-
metry Rp, for a proton target, as a function of the
scattering angle 6. The WS model is used, with
three possible values, 0.2, 0.4, and 0.5, for the
parameter x, and four different lepton energies,
0.4, 5, 20, and 150 GeV. The graphs illustrate
some of our earlier general considerations. The
most obvious feature is the expected increase in
Ry with Q*. Thus, for example, although R, does
not exceed 10~° for lepton energy w=400 MeV, it
can reach the value 1073 for w=20 GeV, 6=12°if
%y =0.5.

The variation of Rz with x, can also be partially
understood from previous discussions. For very
small angles, in particular, @? is small and Eq.
(15) is approximately valid; that is, Ry depends
on the combination C4gy®. Substituting the form-
factor values from Eq. (26a) and Table I into (15)
gives the approximate result

Ry(proton) ~ 8.0 10-5@—2)(1 —4x,). (28)

(We have used g, (0)=F?(0)=1 in writing this.) A
consequence of (28), which is seen in Fig. 2, is
that the x;, =0.5 model has the largest asymme-
tries at small angles. More generally, (28) indi-
cates that in the context of the WS model, a mea-
surement of the slope of Rz(proton) vs @2 for
small @2 would give the value of x,,.

For larger angles, the xy, =0.4 predictions re-
main smaller, but the x, =0.2 values can reach a
magnitude comparable with those of x, =0.5.
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FIG. 2. The asymmetry Ry (sce text) as a function of the scattering angle ¢ for a proton target and lepton energies
(a) w=400 MeV, (b) w=5 GeV, (¢) w=20 GeV, and (d) w=150 GeV, in the WS model. The solid curves are for x,
=0.5, the dash-dot curves are for x,,=0.4, and the dashed curves are for x,=0.2.
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A comparison of the values of Rz for proton and
neutron targets can be made from Table II. (The
models and kinematic ranges are those of Fig. 2,

-with the addition of x, =0.33.) In most cases, the
neutron asymmetries are larger in magnitude than
the corresponding proton values; however, a not-
able exception is xy, =0.5, for w=5 GeV. No equa-
tion as simple as (28) holds for a neutron target
(see Sec. IIA) but the predicted asymmetries show
a sinﬁlarly strong dependence on x, compared
with their proton counterparts.?® An interesting
feature of the neutron values is that, in some
cases (e.g., x,=0.5, w=20 GeV) they display a
zero in the angular range 0<60<40°.

In Fig. 3, we show the energy dependence of Rg
for several fixed values of @2 These results as-
sume the WS model with x,, =0.4 (henceforth called
the standard model). For sufficiently large ener-
gies, Rz becomes constant. This occurs because
the leading behavior of both T; and T,z in Eq.
(9a), and hence both the denominator and numera-
tor of Eq. (1), for large s, is just s®. The as-
-ymptotic values of Rz in Fig. 3 increase linearly
with @2, in accord with Eq. (2).

The predictions of the different models are com-
pared, for a fixed beam energy of 20 GeV, in Fig.
4, (We have chosen x, =0.4 in the WS model as
our point of comparison since this is the value in-
dicated by v, N data.?) The two models with C4=0
give the smallest asymmetries, at least for small
angles. This is expected from Egs. (14) and (17);
the latter equation, which holds for C,=0, has an
extra factor of

QZ
(s =M% "
Asymmetries in the axial-vector model (C, =1,
Cy =0), the V-A model, and two of the E, models
are considerably larger, for these kinematics,
than those in the standard model.

As has been emphasized in Sec. IIA, the asym-
metry Rp probes the combination C,gy and thus
should be relatively insensitive to the choice of
M,?% in Eq. (27g). This is confirmed by Fig. 5,
which shows Ry in the standard model for w=20
GeV, and the two values M,*=0.71 and 1.32 GeV®.
Significant differences appear only for @2 greater
than around 10 (GeV/c)?, i.e., 6 >10°.

Next we will discuss predictions of different
models for scattering of unpolarized leptons from
polarized targets. Our emphasis will be on re-
sults for longitudinally polarized targets (i.e., tar-
get polarization parallel or antiparallel to the beam
direction).

Figures 6(a)—6(d) show the dependence of the
longitudinally polarized target asymmetry, R%:, on
scattering angle for four different lepton energies ‘

and three values of the parameter x, in the WS
model. The graphs are for a proton target; a com-
parison with the corresponding neutron target re-
sults may be made from Table III. .

As discussed in Sec. II B, R% is dominated, for
Q% less than (s = M?), by the form-factor combina-
tion C,g%. This is apparent in Fig. 6, where the
dependence of the asymmetry on x, simply reflects
the corresponding dependence in Cy. I the WS
model is a valid description of these phenomena,
accurate measurement of R% for small @2 will
provide the value of the parameter x,. Substitut-
ing Eq. (26c) and values from Table I into (22a),
we have eéxplicitly

L
T,

2
Ri(proton) ~ 8.0% 10-_s<9_2.>

M fT(Qz’s)(4xW—l):

(29)

for @< (s - M?), where fp and T, are given by
Eqs. (22b) and (9b), respectively. Essentially the

5r

-104 Ry

¢ e ¢ — 0 — — s— 0 — — w——

] | I
100 : 200 300

w (GeV)

FIG. 3. The asymmetry Ry (proton target) as a func-
tion of incoming energy w for different fixed @2 in the
standard model (i.e., WS model with x,=0.4). The solid
curve is for @2=1 (GeV/c)?, the dashed curve is for Q*
=2 (GeV/c)?, the dash-dot curve is for Q2=5 (GeV/c)?,
and the dash-double-dot curve is for @2=10 (GeV/c)?.
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TABLE II. Values of the asymmetry Ry [see Eq. (1)] for the standard gauge model. (The

upper number for each scattering a
is for a neutron target.)

ngle 6 is for a proton target and the number in parentheses

QZ
[(GeV/c) ) 0.2 0.33 0.4 0.5
(a) w=400 MeV
4.87 x1075 1° 8.77 x 10710 ~1.40 x 107 —2.63 x 107 —4.38x 107
v (9.94 x 107) (7.29 x 10719 (-4.23x1079) (-1.13 x10%%)
7.79 x 107 4° 1.41 x1078 —2.25 x 1078) —4.21x 1078 —7.02 x 1078)-
(1.59 x10-7) (1.17 x 1078) (—6.76 x 1078) (=1.81 x 1077
4.83x10%  10° 8.98x 107 —1.41x 107" —2.65 x 107 —4.43x 1077
(9.85 x10~7) (7.35 x 1078) (—4.17 x 1077) (=1.12 x 107%)
4.06x 107 30° 9.59 x 1077 ~1.30x 10 ~2.51 %108 —4.24 x 1076
(8.22 x 1075) (7.00 x 10°7) (—3.35 x 1076) (—=9.13 x 107%)
6.81x10%  40° 1.92x 1078 -2.28 x 107 —4.54x 107 —7.77% 107
(1.37 x 10-9) (1.29 x 1076) (-5.40 x 10-%) (=1.50 x 1079)
(b) w=5 GeV
7.61x 1073 1° 1.40 x 1077 —2.17 x 10~ —4.09x 107" —~6.84 x 1077
(1.17 x 1079) (7.27 x 1077) (4.89 x 10~7) (1.48 x 1077)
1.20 x 10! 4° 2.72 x 1078 —3.11 x 1078 —6.24 x 108 —1.07 x 1075
(1.85 x 107%) (1.15 x 1075) (7.66 x 1076) (2.24 x 10"8)
7.03 x 1071 10° 2.27 x 107 ~1.43x 107 -3.43x 107 —6.27x 107
(1.09 x 107%) (6.60 x 1075) (4.30 x 1075) (1.01 x 107%)
3.91 30° 1.99 x10™ —4.98x 1075 _1.84x 10 ~3.75x 10~
(6.24 x 1074 (3.36 x 10™%) (1.81 x 10~%) (—3.97 x 10-9)
5.21 40° 3.11x 107 ~3.82x 1077 —2.26x 107 —4.95x 10
(8.40 x 107%) (4.34 x10™%) (2.15% 107%) (—9.80 x 107)
(¢) w=20 GeV
0.121 1° 2.69x 1076 —3.04 x 1076 —6.13 x 1078 —1.05x 1075
(1.83 x 1079) (1.22 x 1079) (8.98 x 107%) (4.34 x 107%)
1.85 4° 6.33 x 1075 ~2.78 x 1075 —7.69x 107 —1.47 x 10
(2.80 x 10~%) (1.85 x 107%) (1.34 x 107 (6.09 x 107%)
9.18 10° '3.76 x 107 ~1.22x 107 -3.90x 10™ —7.72 x 107
(1.41 x 1073) (8.77 x 107%) (5.90 x 107) (1.79 X 10™%)
27.79 30° 1.89x 1073 4.46 x 1075 —9.49x 10 —2.37x 1073
‘ 4.46 x10%) (2.36 x 1079) (1.22x10%%) (—3.96 x 10™)
31.26 40° 2.36x 107 2.46 x 1074 —8.94 x 107 —2.52x10%
' (5.04 x 1073) (2.61 x 1073) (1.31x 107%) (~5.55x 10™)
(d) w=150 GeV
6.69 1° 2.40x 107¢ —7.74 % 1075 —2.48x 107 ~4.93 % 107
(1.00 x 1073) (6.82 x 10°%) (5.09 x 107%) (2.63x 10°%)
78.89 4° 3.28 x 1073 —~9.45 x 107 -3.22x 10 —6.47x 107
(1.21 % 1072) (7.60 x 10-%) (5.19 x 1073) (1.74 x 1073)
199.35 10° 1.27 x 1072 ~1.77x 1074 —7.10x 107 ~1.70x 1072
(3.18 x.10-2) (1.73 x 1072 (9.46 x 1073) (=1.69 x 1073)
268.85 30° 2.26x 107 4.41 x 1073 ~5.37x 107 —~1.93x 1072
(4.33x 1072 (2.25 x 107?) (1.14 x 10%?) (—4.60 x 107%)
274.07 40° 2.35x 107 4.92 x 1073 —5.06% 1073 ~1.93x 107
(4.41 x 1072 (2.30 x 1072) (1.16 x 107%) (—4.73% 1073)
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FIG. 4. The asymmetry Ry (proton target) vs scattering angle ¢ for different models at w=20 GeV. (a) The standard
model is given by the solid line; the V—A model is given by the dashed line; the vector model (C,=1, C4=0) is given
by the dash-dot line; and the axial-vector model (C,4=1, C, =0) is given by the dash—double-dot line. The E; models
with x,,=0.4 are given in (b), with assignment (A) given by the solid curve, (B) given by the dashed curve, and (C) given

by the dot-dash curve (see Table I).

same variation with x, is found in the neutron re-
sults of Table III, as anticipated by Eq. (22a).
Again, for certain energies and values of x, (e.g.,
w=20 GeV, xy=0.4), the neutron asymmetry has
a zero in the angular range considered.

A comparison of Figs. 2 and 6 reveals that the
WS model predictions for polarized-beam asym-
metry have the opposite sign but generally ‘similar
magnitudes to the corresponding predictions for a
polarized target.

The behavior of R% as a function of energy for
fixed @2 is also similar to that of Rgz. In particu-
lar, it approaches a constant at large energies.
This is illustrated in Fig. 7, for the standard mod-
el.
The graphs of Fig. 8 compare the angular varia-
tion of Rfr (proton) for the models we are consid-
ering, at a fixed energy w=20 GeV. For larger
angles, the asymmetries are very similar in all
cases to the corresponding ones for a polarized
pbeam (cf. Fig. 4), though R% has the opposite sign.
At small angles, the phenomenological vector mod-
el gives larger asymmetries for a polarized target
than for a polarized beam, whereas for the axial-
vector model, the opposite is true. This is ex-

pected from the general discussion of Sec. II [see
Egs. (15), (22a)].

The sensitivity of R% (proton) to the assumed
value of M,? in Eq. (27g) is shown in Fig. 9.
Again, the values M,2=0.71 and 1.32 GeV? are
considered. For moderately small angles (but
such that @2z M,?), the dependence on M,? is
greater than it was for a polarized beam (cf. Fig.
5) since R’T at small angles directly measures
Cvga-

In Fig. 10, we show the asymmetry R% for an
unpolarized beam and transversely polarized pro-
ton target as a function of the scattering angle at
lepton energies of 15 and 20 GeV. The polarization
direction is taken to be in the scattering plane
since, for polarization perpendicular to the plane,
only the second-class term 7; can contribute to
the asymmetry, as discussed in Sec. II B. Once
again, the standard model is assumed to obtain
these results.

IV. CONCLUSIONS

We have seen that certain polarization experi-
ments may be expected (according to several pop-
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TABLE IIl. Values of the asymmetry R} [see Eq. (20)] for the standard gauge model. (The
upper number for each scattering angle 6 is for a proton target and the number in parentheses
is for a neutron target.)

2
[(GeV/c)?] Ny 0.2 0.33 0.4 0.5

(a) w=400 MeV

4.87x10% 1° ~1.07x 10" 1.74 x 107 3.26x 107

(=7.28 x 1079) (—2.33 x107%) (3.30 x 10719) (4.14 x 107%)

7.79 x 10~¢ 4° ~1.75 x 1078 2.78 x 1078 5.21x 1078 8.69 x 1078
(-1.16 x 107 (-3.73 x 107%) (5.34 x 10" (6.63x 1079)

4.83x10%  10° -1.12.x 107 1.72 x 107 3.25x 107 5.43 x 107
(=7.27 x 10"7) (~2.31 x10°7) (3.54x107%) . (4.16x107)

4.06 x1072  30° -1.21x107 1.42 x 107 2.83 x 1076 4.85x 10
(—6.38 x 107%) (—1.93 x 107%) (4.63 x 1077 (3.88 x 1076)

6.81x 1072  40° —2.41 x 107 2.33x 1078 4.88 x 1078 8.53 x 1078
(=1.10 x 107%) (=3.22 x 107%) (9.85x 107) (7.00 x 1076)

(b) w=5 GeV

7.61x 1073 1° ~1.69 x 1077 2.69x 107" 5.04 x 1077 8.41x 1077
’ (=1.73 x 1077 (1.01x 1077 (2.49 x 107" (4.61x 10"

1.20 x 107! 4° —2.52 x 1078 3.75 x'1078 7.12x 1076 1.19x 107
(—2.87 x 1079) (1.55 x 1076} (3.93 x 107%) (7.33 x 1076)

7.03x 107 10° —~1.39x 107° 1.64 x 10-° 3.27x 107 5.60 X 1075
(=2.09 x 107%) (7.39 x 107%) (2.27 x 107%) .45 % 107%)

3.91 30°. _1.47x 107 6.62 x 1073 1.81x 10 3.45x 107
(—2.94 x 107 (=5.24 x 1079) (7.78 x 10~5) (2.64 x 10™)

5.21 40° —2.60x 107! 6.11x 1075 2.34 x 107 4.81 x 1074
(=5.17 x 1074 (~1.51x 10™) (4.59 % 107%) (3.27 x 107%)

) () w=20 GeV

0.121 1° -2.39 x 107 3.75x 107 7.06x 107 1.18 X107
(=1.78 x 10~) (2.10 x 107%) (4.19% 10%) (7.17 x 107%)

1.85 4° —2.47 x 107° 3.42 x10% 6.60 x 1073 1.11x 10
(—3.34 x 1079 (3.00 x 1075) (6.42 x 107%) (1.13 x 10~%)

9.18 10° ~1.72 x 10™ 1.69 x 107 3.53x 10™ 6.15 x 10~
(=3.36x 1079 (7.80 x 107%) (3.01 x 107%) (6.19 x 107)

27.79 30° —1.67 x 1073 1.04 x 107 1.06x 1073 2.42 x 1073
(-3.26 x 107 . (~1.23x 107%) (=1.31x 107%) (1.43 x 107)

31.26 40° ~2.21x 107 ~1.31x 107 9.91x 10 2.59 X 1073
(=4.23 x 107) (~1.84 x 1073) (=5.59 x 10~ (1.28 x 107%)

d) w=150 GeV

6.69 1° —6.43 x 10°8 9.94x 107 1.88x 107 3.13x 1074
(=9.09 x 1079 (1.21 x 1074 (2.35x 107%) (3.98 1079

78.89 4° ~1.41x 10 1.44 x 1073 2.97 x 1073 5.16x 1073
(~2.90 x 1073) (6.91 x 10™%) (2.62x 107%) (5.38x107%)

199.35 10° ~1.07 x 1072 1.39x 1073 7.88x1073 1.72 x1072
(=2.12 X 1072) (=7.22'x 10-3) (3.03 x 10™) (1,10 X 1072)

268.85 30° —2.25x 1072 ~4.39x 1073 5.38 x 1073 1.93 x 1072
(—4.18 x 10-2) (=2.11 x 1072) (—9.91 x 10-%) (6.04 x 1073)

274.07 40° —2.36 x 1072 —5.08x 1073 4.90 x 1073 1.92 x 1072
(—4.36 x 107?) (—2.24 x 107?) (=1.10 x 10?) (5.29 x 1079)

5.44 x 10~
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FIG. 5. Rp (proton target) vs 6 at w =20 GeV in the
standard model, for the two different axial-vector
masses, 'MA2= 0.71 GeV? (solid curve) and MA2=1.32
GeV? (dashed curve).

ular theories) to produce asymmetries of 107°~
107° at energies below 1 GeV, and possibly as high
as several percent at energies greater than 100
GeV. [The generic equation (2), with F of the or-
der of unity, provides a useful estimate of the size
of the effects.] Since the experiments presently
under way at SLAC'? may be capable of detecting
asymmetries as low as 107°, there appears to be
a good chance of observing these effects, and
thereby gaining some knowledge of the neutral-
current interactions of charged leptons.

Despite the anticipated enhancement of asym-
metries at large @7, we have emphasized the ad-
vantages of doing experiments at @2 not greater
than several (GeV/c)?>. One reason is tHeoretical;
the equations (27) which were used to describe the
Q% dependence of form factors are only approxi-
mately valid, even for small @2, and become in-
creasingly unreliable as @7 increases. In partic-
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ular, for @? greater than 2-3 (GeV/c)?, it is dif-
ficult to separate Gz and G, for a proton, and

Gp is even less well known.?® All of the large-Q2
predictions of Sec. III are subject to this basic un-
certainty. .

A second reason for avoiding high @2 is experi-
mental. As remarked earlier, there are problems
obtaining statistics, owing to rapidly falling cross
sections, which can outweigh the increase in asym-
metry with Q2. To give a concrete example: in
going from w=6.2 GeV, Q%=2 (GeV/c)® to w=117.3
GeV, @2=20 (GeV/c)?, the asymmetry (either Ry
or R%) might be expected to increase by about one
order of magnitude; that is, the weak polarization
effects would increase by this much relative to the
basic electromagnetic rate. However, over the
same kinematic range, the QED cross section,
which primarily determines the measured reaction
rates, falls by over four orders of magnitude.**

It is preferable, then, to do these polarization
experiments at small @2. As we have discussed
in Sec. II, the simplest results are obtained for
s> Q2 (in the context of Figs. 3 and 7, the asymp-
totic part of the curves). In this kinematic region,
an experiment at only one energy and scattering
angle will sometimes be sufficient to determine a
particular product of leptonic and hadronic form
factors [see Egs. (15) and (22a)]. Given sufficient
accuracy, such an experiment might also distin-
quish between several possible models of the NC,
which typically have quite different predictions.
However, to obtain the maximum information from
a certain type of experiment, one wishes to sepa-
rate all of the form factors contributing to the ef-
fect, for some given Q2. This will require mea-
suring the appropriate asymmetry R for fixed @2
and a number of values of s. This must be done
in a region where R is changing with s—generally,
the region where s is of the same order as @2 (see
Figs. 3 and 7). In practice, this procedure will be
very difficult, since it requires measuring small
asymmetries, with good accuracy, at many ener-
gies and angles.

Even if the complete procedure described above
is followed for polarized-beam experiments (the
first which will likely be done), the NC will be

‘only partly understood. Optimistically, such ex-

periments can measure three combinations of form
factors (each a product of a leptonic and hadronic
form factor) and help distinguish between different
models. The more difficult polarized-target ex-
periments probe the same three form-factor com-
binations, but also offer the hope of testing for the
second-class gf form factor. Two of the hadronic
form factors, g2 and g3, can only be detected in
experiments in which both beam and target are
polarized. ‘



3238

FIG. 6.

D. CUTHIELL AND JOHN N. NG 16

(b)
—
.
o :
-
-~ 6 (deg)
i ] | |
T=——20 30 40
~
\\
N
N
~
-
_ (d)
B /.\'\,\. i
W/ ———
D 1 | | ]
RANEEC 20 30 40
A 6 (deg)
| \
B \ '
\
B \
= \
L \\
— N
| AN
N
N ~
- \\\\

—
——

The asymmetry R’T (see text) as a function of the scattering angle ¢ for a proton target and lepton energies

(a) w=400 MeV, (b) w=5 GeV, (¢) w=20 GeV, and (d) w=150 GeV, in the WS model.- The solid curves are for x,
=0.5, the dash-dot curves are for x,=0.4, and the dashed curves are for x,=0.2.
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200 300
w (GeV)

FIG. 7. The asymmetry R’T for a proton target
as a function of incoming energy w for different fixed
Q2 in the standard model. The solid curve is for @2
=1 (GeV/c)?%; the dashed curve is for Q=2 (GeV/c)%;
the dash-dot curve is for Q2=5 (GeV/¢)?, and the dash—
double-dot curve is for @%=10 (GeV/c)2.

All of these experiments must be done with both
proton and deuterium targets in order to establish
the isospin character of the NC.

Note added. Since the completion of this paper,
we have learned of a more recent fit to the axial-
vector form factor [see Eq. (27g)], using data
from the Argonne-National-Laboratory—Purdue-
University experiment studying the reaction v, +d
~ U™+ p+ p,. This fit gives M,%=(0.90+ 0.18)
GeV?, to be compared with our assumed values
M4?=0.71, 1.32 GeV?. As we have shown in Sec.
III, the values of Ry are relatively insensitive to
this parameter although R} has slightly more de-
pendence. Thus, the value M,%*=0.90 GeV? in-
duces a change of ~5% in the values of Ry for w
=20 GeV and Q%<5 (GeV/c)? for the standard mod-
el and about 20% in the values of R} for the same
kinematic range.

We wish.to thank Professor S. Barish for inform-
ing us of this experiment.
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FIG. 8. The asymmetry R} for a proton target vs
scattering angle 6 for different models at w=20 GeV.
(a) The standard model is given by the solid line, the
V-A model is given by the dashed line; the vector model
(Cy=1, C,=0) is given by the dash-dot line; and the
axial-vector model (C4=1,C =0) is given by the dash-
double-dot line. The E; models with x,, = 0.4 are given
in (b) with assignment (A) given by the solid curve, (B)
given by the dashed curve, and (C) given by the dot-dash
curve (see Table I).
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FIG. 9. RY (proton target) vs 0 at w=20 GeV in the
standard model, for two different axial-vector masses

MA2= 0.71 GeV? (solid curve) and MA2= 1.32 GeV? (dashed

curve).
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FIG. 10. The asymmetry R’T (see text) as a function
of scattering angle ¢ for a proton target, in the stan-
dard model. The solid curve denotes the case w=20
GeV and the dashed curve denotes the case w=15 GeV.
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