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ABSTRACT

The asymmetry in the scattering of longitudinally polarized electrons by
nucleons is considered in the context of gauge theories of the weak and electro-
magnetic interactions. The predictions of a variety of gauge groups and assign-
ments of fermion representations of present interest are given for deep
inelastic scattering, elastic scattering, and A electroproduction. It is shown
that a combination of the three experiments carried out to a few parts in 105
at Q2 ~1 GeV2/c2, can'distinguish between various SU(2) x U(1) models and

between various classes of models based on larger gauge groups.
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I. Introduction

A™dependence on the electron's helicity of the elastic or inelastic electron—g
nucleon scattering cross section would be a prima facie parity violating effect.
While this is not expected to any order of the parity conserving electromagnetic
interactions, the observaﬂ:ion1 of processes involving weak neutral currents
leads one to expect such effects. They would arise in lowest order of the weak
interactions from the interference of weak and electromagnetic amplitudes. In
gauge theories which unify the weak and electromagnetic interactions, the
dependence of the scattering cross section on electron helicity should occur at
a level of approximately q2/ M% R GF q2 /@m @). In high energy experiments
where q2 is typically of order a few GeVz/cz, the corresponding parity violating
effects are of order a few times 10_5. An experiment2 designed to reach such
a level of accuracy is being undertaken at SLAC.

The consequences of weak-electromagnetic interference in a gauge theory
context for deep inelastic electron-nucleon scattering have been explored pre-

3,4,5

viously. In Section II of this paper we derive in a different and much

simpler way the formula for the polarized electron asymmetry. Our result

3,4,5 In addition to our

agrees with the final consensus of the earlier work.
derivation being phys ic'ally transparent and permitting one to understand easily
the overall sign of the asymmetry, we treat the asymmetries predicted by a
variety of gauge groups and assignments of fermion representations of current
interest which go beyond the simplest Weinberg—Salam6 model. Such extensions

7,8,9
aj

of the simplest model are suggested by both recent experimental nd

theoretical developments.
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In Section III the asymmetry expected for polarized electron-proton elastic
scattewing is discussed. While the formula for the asymmetry has again been ‘
derived previously by others10 in order to calculate the predictions of the
Weinberg-Salam model, we calculate the predictions for the wider class of
fermion representations and gauge groups of present interest.

The asymmetry in the process ep — eA+, which has not been considered
previously, is treated in Section IV. The required electromagnetic and weak
transition matrix elements are calculated in the quark model. Predictions are
presented for the same class of gauge theories considered in Sections II and III.

These calculations, discussed in Section V, lead to two interesting con-
clusions. First, parity violating effects may very well be much larger or much
smaller than expected on the basis of the Weinberg-Salam model. Put dif-
ferently, the experiments to be done soon may rule out some now popular models
relatively easily. Second, the combination of the three polarized asymmetry
experiments: deep inelastic eN, elastic ep, and ep — eA+ has a much greater
ability to distinguish between models than any one of them individually. We
expect then that along with neutrino scattering and atomic parity violation
searches, these experiments will play a prominent role in determining the

character of the neutral weak current.
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II. Deep Inelastic Polarized Electron-Nucleon Scattering Asymmetries

%

Our treatment of deep inelastic scattering is phrased in the language of the
quark-parton model. 11 We work in the high energy and momentum transfer
regime where the electron and quark-parton masses are neglected. It follows
that the Dirac operators (1+ 75)/2 and (1 - 75)/2 project out the right and left
handed pieces of the fermions, respectively, and that vector ('y“) and axial-
vector (yuys) interactions preserve helicity.

The photon couples to a fermion (f) through— the vector current (y#) with a
strength given by its charge, Qf'y . We may use the trivial identity 'yu =

'yu(l + ')/5)/2 + 7#(1 - y5)/2 to define left and right-handed charges
Y = 0oY = o%
Qe = Qpre = 9 - (1)
Similarly, the weak neutral intermediate vector boson, ZO, is defined to

couple with strengths Q%f and ng to left and right-handed ferﬁlions ), res—

pectively. Hence the Dirac structure of the 7°— fermion vertex is

ngyu(1+ v5)/2 + Q%fy”(l ~v)/2 .

The right and left-handed weak charges are generally different.

It is familiar from ’crea’cments11 of deep inelastic neutrino scattering that
a left-handed neutrino écatters from a left-handed quark with a distribution
isotropic in the center-of-mass scattering angle and from a right-handed anti-
quark with a distribution (1 + cos 0)2/4 in the center-of-mass or (1 —y):2 in the
lab (where y = v/E = 1-E'E = the fraction of the incident lepton's energy
which is transferred to the nucleon),12 In both instances the handedness of the

quark (and lepton) is the same after the scattering as it was before.
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The same considerations apply to the case of longitudinally polarized
electron scattering which is of interest here. A left(right)-handed electron '
scatters from a left(right)-handed quark with a distribution in y which is «< 1,

while a left(right)-handed electron scatters from a right(left)-handed quark with

:
=N

z° exchange to the scattering of electrons and quarks of given helicities are
coherent, but those for different helicities are incoherent. Since the amplitude
arising from a given exchange is proportional to the product of the charges at
the two vertices and the exchanged boson'’s propagator, we have the following
expressions for the differential cross sections:12
Right-handed electron on right-handed quark of type i,
Z Z
& o fQE}{ngi . “Remi ; 2a)

2 2 2
+
q o + M,

right-handed electron on left-handed quark of type i ,

Q
do o | B M QRe L‘ a-y? (2b)

q ¢ +MZ

left-handed electron on left-handed quark of type i,

Y ~Y Z 7 |2
QLeQLi + QLeQLl .
do « 5 ; (2¢)
q q + MZ
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left-handed electron on right-handed quark of type i,

-

Z % |2
Q
do QR‘ + Rzl -y . 2d)
q q +MZ

The asymmetry for longitudinally polarized electrons,

R L
may now be computed simply by multiplying Egs. (2a - 2d) - by the probability
fi (x) of finding a quark of type i with fractional longitudinal momentum
X = qz/ZMNV in the nucleon and noting that the differential cross sections d(rR =
daR(x, y) and daL = doL (x,y) involve an incoherent sum over left and right-
handed quark-partons in the unpolarized nucleon. Keeping terms up to order
qz/ M2Z we have

d(ﬁ%_dGL _92_ y

_ <« Y ol AL _AY AY L AL
AV = o T 2 <2 f(x){L e WRi YRe i QLeQLiQLeQLJ+

Y Y oY of o? 2
+|:QReQ 1 VRe T - QLeQRiQLeQRi](l'Y) }>x *

i Y =Y = oY= _ Y _ Y . . .
Recalling that QLe QRe Qe e and QLi QRi’ we simplify this to

-1
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A(X,Y)‘\: i
Yy \MoZ o2 _aZ oZ Z o7 0% o (g w2
o Eifi(x) <Qi/ e){[QReQRi QLeQLi]+[QReQLi QLeQRi] ( ‘y) }

R 2 100 (e)) {1+ -0

y/

This may also be expressed in terms of vector and axial-vector coupling con-

stants of the ZO,

By = (@ +Qp)/2 )
By = Qg - Qp)/2 (6b)
as
2
¥ 1-(-y)
2 Z;fi(x)(Qi/e)ggA,egV,i +L N (1_y)2:|gV,egA,i§
Axy) =- 2. f S
v\2
M, 212 £,x)(Q)

This agrees with the consensus of earlier results for the asymmetry in deep
inelastic scattering in the scaling limit. 3,4,5
The sum over parton types, i, in Egs. (4), (), and (7) is understood to
include both quarks and antiquarks, as appropriate to a given x value. An anti-
quark of particular type has weak and electromagnetic charges of given
handedness which are t'he negatives of the charges of opposite handedness of the
guark of the same type. Stated another way, the electromagnetic charge and
gy change sign on going from quark to antiquark, but g A does not. Therefore
quarks and their corresponding antiquarks contribute with the same sign to the

first (y independent) term in the numerator of Eq. (7)  and with opposite sign

to the second (y dependent) term. Antiquarks are known to be unimportant,



-8—

except at small values of x. I the following we calculate asymmetries in
various. models for x > 0.2 where antiquarks can be safely neglected, but it is \
well to remember that their main effect, if present, would simply be to lessen
the y dependence of the predicted asymmetries in deep inelastic scattering.
Equation (7) shows that the asymmetryl'3 at y = 0 arises entirely from the
term involving the axial-vector coupling of the electron (and vector coupling of
the quark-parton). This is simply understood from our derivation: a glance at
Eqé. (2) shows that at y = 0 there will be a non-zero asymmetry only if
Qie # szte; i.e. if the electron has a weak axial-vector charge.
The simplest gauge theories are based on the gauge group SU(2) X U(1). In
such theories, if the spontaneous symmetry breaking is of the usual form, there

is the relation
G

F 1 8
o2ra 2 ®)
Tr a . -
4 sin BWcos QWMZ
. . . 14
where BW is the Weinberg angle. Data from several experiments suggest that
sinzew ~ 1/8.

The weak charges of the fermions are given by14

Z e Y il
Qe = — & (T - QY sin ) , (9a)
L sin Gwcos GW 3L W
and
Z e Y o2
Q =—.——————<T -Q sm6>. (9b)
R smBWcos GW 3R w
Here T3L and T3R are the third component of the weak isospin for left- and

right-handed fermions, respectively. In the original Weinberg-Salam model

fermions are in left-handed doublets: the "up' quark has T,, = + % , while the

3L
1

""down! quark and electron have T3L‘= -3 . All fermions are right-handed
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singlets, i.e. T,, =0. More generally, right-handed fermions need not be

3R
assigned to singlets. Indeed, it is precisely the right-handed assignments about
which one hopes to gain information as a result of parity violation experiments.

If the u quark occurred in a right-handed doublet along with a quark of

u 1 u d
- + 5., y - s ]
charge -e/3, TSR would be +5. In general, non-zero values for T3R T3R
or TSR would signal the existence of new fundamental fermions.

For an isosinglet target like the deuteron, where fu(x) =f d(x), the x
dependence of A(x,y) drops out if we ignore antiquark contributions. In an
SU(2) x U(1) gauge theory with conventional left-handed assignments, Egs. (8)

and (9 ) substituted in Eq. (7) yield

2
Gpd
= F- .2 e V(1-29 gipn2 dpu _2.d
Aed(x,y) = - oTzre 10 {(1 +2T3R>(1 5 sin GW +3 T3R 3 TSR)

(10)

2

in? N dpu y25d )\ 1-@-y)
+<1—4sm 0W—2T3R><1—3T3R+3T3R)|: 5 .

1+(1-y)

The physical origin of the sign of the asymmetry in the simplest Weinberg-
Salam model is easy to understand. Consider the limit where GW» 0 and the
Zo couples only to left-handed fermions. Then the electron and up quark have
opposite signs for both their electromagnetic and weak (left-handed) charges.
Similarly the electron and down quark have the same signs for both types of
charge. Therefore the y and z° exchange interfere constructively and produce
a bigger cross section for scattering of left-handed electrons (there is no z°
contribution for scattering of right-handed electrons in this limit). The re-
sulting asymmetry, defined as (dch— dcrL)/ (dch+dcrL), is thus ﬁegative, in agree-

ment with Eq. (10) in the corresponding limit.
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With the left-handed fermions assigned to doublets in SU(2) X U(1), the most ob-
vious extension of the simplest Weinberg-Salam model, where right-handed fermions
are all in singlet representations, isto assign some or all fermions to right-handed dou-
blets. Welabel such potential right-handed doublets for the electron, up quark, and
downquark as (E0 s e)R . (U, b)R , and (t, d)R’ respectively. The predicted asymmetries
indeep inelastic electron-deuteron scattering are shown in Fig. 1for the eight possible
combinations of right-handed e, u and d assignments of interest.

A number of general features are apparent. First, if the electron is assigned to a
right-handed as well as left-handed doublet, it has a purely vector couplingtothe 7° and
the asymmetryvanishes aty =0. The remaining asymmetry is due to the term in Eq. (7)
involving gv’ o and is proportional to ‘1 Qzlg A, i Both the u and d quarks contribute to
this term with the same sign when T;R = TgR =0, Theaddition of right-handed couplings
for theu and/or d quarks makes their contribution smaller inasmuch as the u and/or d
couplings then become purely vector in character. Thustheories ‘with no right-handed
couplings show the greatest dependence ony.

Second, ifthe electronis aright ~handed singlet, as inthe simplesttheory, the
asymmetry is controlled primarily by the term in Eq. (7) whichsurvives at y=0 and is
proportional to g A, e (21 QiygV, i)" The value of gV, i is dominated by the T3 contributions.
The magnitude of this term thus increases as right-handed couplings are introduced (see
Eq. (10)). It follows that the theory withquarks only right-handed singlets give the small-
est (in absolute magnitude) prediction, and the theory with both (u, b)R and (t,d) R the
largest. Furthermore, theformer right-handed doublet gives alarger effect thanthe
latter because of the presence of the quark charge (+2e/3 for the u~quark, -e/3 for the
d quark).

It is significant that some theories give predictions for A of about 10"4 at

Q2 =1 GeVzo Such theories may be excluded by the data long kefore it is possible

to check the Weinberg-Salam theory in detail. On the other hand, experimentsz'7
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with atomic bismuth suggest that the electron has a purely vector coupling to
the newtral weak current. If this is so, it will be difficult to distinguish between
possibilities unless measurements are made at reasonably large values of y.
The expression for the asymmetry, Eq. (7), is general and applies to
theories with more than one neutral weak vector boson. We need only note that
the asymmetry, A, receives separate additive contributions from each such -
‘boson.
We now turn to examples of theories based on gauge groups other than
SU(@2) x U(1), which generally have more than one neutral weak vector boson.
Theories based on SU(2)L X SU(Z)R X U(1) have been actively pursued in the last

£ 15,16,17,18 15,16,17
ew years.

Some of the models based on this gauge group
have no parity violation in the interaction between electrons and nucleons since
one of the two neutral weak vector bosons has only vector couplings and the other
has only axial-vector couplings. The model of De Rujula, Georgi, and GlashowlS,
on the other hand, has one vector boson with purely vector couplings, and one
which is just like the 7° in the Weinberg-Salam model. However, the contribution
of this latter vector boson is reduced by coszﬁ, where B is a mixing angle. This
would lead to predictions for the asymmetry similar to those of the Weinberg-
Salam model, but reduced by a factor cosz,B (which is estimated to be ~ %).

Models based on SU(3) X U(1) have also been pursued recently. 19,20,21

In
a version due to Lee and Weinberg21 the fermions are assigned to both right-
and left-handed triplets, except for the most positively charged member of each
triplet which is a singlet when it has opposite handedness. There are two

diagonal weak vector bosons, Y° and ZO, and the relevant charges are (we denote

by sinze 3 the quantity called w in ref. 21):
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Z _ (2 2 . : Z

gV, = e(3 - CoS 93)/s1n9300593 ;o Bae 0

Z j 2 Z _ e

&v,u e<§ cot;.y2_93) €A,u 3sinfcosP,
_ e . A _

By,q = ~30th3; ga,d - 0

- - (11)

gV,e = 0; gA,e =e./(\/—3 s1n03)

Y _ . Yoo

gV,u =05 gA,u 0

Y .. Y ,

&y,a - 0 8A,d e/(“/é sind, )

Since the Y° has only axial-vector couplings, it cannot contribute to the asym-
metry. The mass of the 7° is related to the mixing angle 03, to GF, and to

another parameter of the theory, £, by

9G.(1+4) :
r = 1 , (12)

.2 2 2
8\/—27ra sin 93cos 93MZ

From Eqgs. (7), (11), and (12) we find
2

G.q 2
A y) = W (f—0>-z(1+z)<§ -coszes)-l—"—il—i)—z— : (13)
© 22T 1+ (1-y)

Lee and Weinberg find that data from weak interaction experiments suggest

4= 0.2, sin293 = 0.2. This would yield a prediction for A quite similar to that
of the Weinberg-Salam model plus an extra E° so that T??R = -1 . Note however
that the size of the effect is very sensitive to the value of c032 0 3

A model based on SU(3) X SU(3) has been developed by Bjorken and Lanezz.
Restricted to the fermions e, u, and d, of interest for the asymmetry we are
discussing here, it is equivalent to the SU(2) x U(1) model which has u and d as

right-handed singlets but the electron in a doublet, (E°,e” )R-
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Up to this point we have considered the detailed predictions of various
modelsﬁ for an isosinglet target like the deuteron. Since fu(x) =f d(x) in this case,
the x dependence of the asymmetry drops out in the valence quark approximation.
For the sake of completeness we now indicate the results for a proton target.
Rather than give qualitative results for all x and y, we have chosen x = 1/3 to
give quantitative predictions. Here the '"valence! quarks dominate and further-
more, for the proton fu(x =1/3) =~ 2f d (x =1/3), as in the most naive quark-
parton model.

Taking our general formula, Eq. (5) and inserting the SU(2) X U(1) charges

in Eq. (9), we then find

do,~do G q2
1) %rdoy (G N\ e N[5, dpu 1d 2
Aep(X 3’y> " Gt <2Jz7ra> ([1 +2T33][6 *3T3r~ 5 Tgp~2sin ew]
(14)

2 -
1-(1-y) € painl 5 4.,u 1.d
H— [1 2T3R 4sin GW] [6 3 T3R+ 3 T3R
1+(1-y)
The asymmetry predicted in the same SU({2) X U(1) models considered in
connection with electron-deuteron deep inelastic scattering are shown in Fig. 2
for electron-proton deep inelastic scattering. It is typically negative, but not

as large (in magnitude) as for the electron-deuteron case.
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III. Elastic Polarized Electron-Proton Scattering

i

The asymmetry in polarized electron-proton:scattering is determined by
the electromagnetic and weak neutral current form factors. These couplings are
taken at the proton vertex to be the usual Dirac (eFly(qz)) and Pauli (ery(qz) /2MN)
form factors for the electromagnetic current (Fl');)(O) =1 and FZZ) (0) = 1.79).
For the neutral weak current FlZ (q2) replaces eFl'y (qz) and F2Z (q2) replaces
ery(qZ), but there is an axial-vector (coefficient of 'yu‘y5) form factor as well,
gi’ p(qz). A straightforward calculation shows that the polarized electron

asymmetry islo

Aep—»ep B doR+doL e2M2 AM
N

do, ~-do 2 4

R L _/ 29 _ g9 4% v yA Z

< ) 8o el 3 By tEE )
YA

+ 2EE'—££— F"’FZ+-EE—FYFZ + EY+EY )E2-E
A 5 Y2 fo /1T 8y, e8a,p 1 T2 )f

aMy
‘ o 7,2
x{(2EE" - 1) ()" +

_(f_ 7,2 _Of_ Y 72)’1
(Fz) + Z[Fl +F2]

4M 4MN j
(15)

For high energies and moderate values of qz, qz/ZMNE << 1. Since for

2
N

elastic scattering v =E-E' = q2/2M we have (E-E')/E = qz/zMNE << 1 as well.

N’
With these approximations, applicable in the regime where the SLAC experiments will

be done, the asymmetry takes on the much simpler form

2
F Y2 () + s BV (A EE D)
1 1 4 272 2
N

o (24 >g
P <92Mzz A (57 ) ; —q*zg(FZV(qz)}
4MN

2

(16)
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In terms of the Sach's form factors

- G2 = F( ﬁE—F 2 17
L@ = F @) - L 5@, (172)

4MN

and

Gy @) = B @)+ E@), (17b)

this: may be rewritten as
2
2. 7, 2 ; 2. .72 2
GY(q)GA") + = &Y (@G ()
E E 4 2 ™M M
My
= . (18)

< =
A ~ - g
ep—ep 2 2> A,e 2 2 'y 2
e M Y, 2 Y, 2
Z (i) + —9——4M2 (c%.a)

N

Equation (18) shows that the asymmetry in elastic scattering is determined
at high energies by the term proportional to the axial-vector 7° coupling at the
electron vertex and the vector coupling at the proton vertex. Moreover, if we
assume that all the Sach's form factors have the same (dipole) q2 dependence,

then we can write

2
Y nal Y Z
GL0)G5(0) + j/? GJ(0)Gyy (0)

29 N
Aep—-*ep = —< 22 >gA,e 2 (19)
e My a0 + L5 c¥ (0
E 4M2 M
N

The couplings FlZ and FzZ or equivalently GE? and Gl\%[ depend on the choice of

gauge model. To obtain them we note that in terms of quark fields the electro-

magnetic current is
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Neglecting the contribution of the strange quarks in the nucleon to its static
electromagnetic properties we then have23 '

Ze — e 0%
<pl+tzsuyu- =dydlp> =eG 20a
pl¥=uyu- gdydlp o (20a)

and with an isospin rotation,

<pl-§lyu+ LTy dip> = eqY . (20D)

Inverting these equations gives

I

< plEy“ulp> 2G;)’+Gg’ @1a)

and

< play”dl p> G;’ +2G:1Y . 21b)

Now the weak neutral vector current of relevance is %(Q% u+ Qg u)E'y Nu +

l z Z d i M . -
Qg q*Qp, d)dyﬂd .  From Egs. (21) we immediately obtain

Z_ 1(yZ Z ) Y Y 1 (oZ Z Y Y

CGg 2<QL,u+QR,u<2GE,p+GE,n *2\9L,a% 9R,q)\%,p " 2C%E,n)
(22a)

and similarly

Z _ (5% Z Y 14 1 (o4 Z Y Y
GrM_ Z(QL,u+QR,u) (ZG'M,p_FGrM,n>+2 ( ,d+QR,d GrM,p+2GM,n :
(22b)

All that remains is to substitute in the weak charges in a particular model. For

example, with the gauge group SU(2) X U(1l) we have

Z _ e 1 .2 u 1 d
Gy (0) = Sl o0y [4 - sin? 6, + Ty + 3 TsR], 23a)
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- 2p_+p B +2u
Zz, . e Ho™Hy . 2 p_mn.u p "n.d
Gy (0 = sinGWcosf)W[ T HSI byt — 5 Tep 5 T} ‘
(23Db)
and
g, . = S ] (23c)
Y P Ry . S
A,e sin BWcos BW

2_ Y = Y - Y _. =
where we have used the ¢ 0 values GE,p 1, GE,n 0, GM,p up 2.79 and

GR’/L; n, = -1.91.

The predictions for the asymmetry can be understood from Egs. (23). For
the original Weinberg;Salam model, the factor in square brackets in Eq. (23a)
equals ~-1/12 if we take sin2 b = 1/3. Adding a (u,b)R doublet changes this to
+5/12. Adding a (t, d)R doublet instead makes the square bracket term -1/3,
while adding both right-handed doublets gives + 1/6.

In Fig. 3, the predicted asymmetry is shown as a function of q2. For small
qz, the terms involving GE dominate, and as just indicated, GE% has one sign for
the original Weinberg-Salam and t-quark models, and the opposite sign for the
b-quark and b~quark plus t~quark models. For large q2, the GM terms dominate
the elastic cross section and the elastic asymmetry, and all models have the
same negative sign but differing magnitudes for Aep—-ep . As a result, the
Weinberg-Salam and t-quark models yield predicted asymmetries which change
sign and are still smali < 10—5) in magnitude at q2= 1 GeVz, while the models
with b or b and t quarks give large negative asymmetries (= - 10—4) at q2= 1 GeVz.

The asymmetry in Eq. (18) clearly vanishes if g A,e= 0. This happens if

-1 in SU@2) x U(1) and is also the case for the Lee-Weinberg SU(3) x U(1)
15,16,17

e —
T3p=

model. 21 The SU(2) x SU(2) x U(1) models with a parity conserving

electron-nucleon interaction also give zero asymmetry, while that of
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De Rujula et al. 18 based on the same gauge group gives, as for deep inelastic
scattefring, the predictions of the original Weinberg-Salam model reduced by

2
cos”B = 3.

IV. Asymmetry in Electroproduction of the A(1236) by Polarized Electrons

As in the case of elastic scattering, experiments measuring the asymmetry
in electroproduction of the A(1236) by polarized electrons are likely to be done at
high beam energy and small or moderate values of qz. Therefore q2/2MNE and
(q2 + MZA— MZN)/ZMN_E = (E-E")/E will be small (<< 1), and to a good approxi-
mation only the terms involving gf at the electron vertex and gg at the hadron
vertex contribute to the polarized asymmetry.

Thus we expect an expression for the asymmetry in ep— eA+ which is in
direct analogy to Eq. (18). However, there is a further simplification in that
experiment tells us that the electric quadrupole and 1ongitudinai quadrupole
electromagnetic couplings between a nucleon and A(1236) are negligible compared
to the magnetic dipole coupling. 24 Calling G;/IY(qz) this magnetic dipole coupling
(with a factor of e removed, so it is the analogue of Gi\yd(qz) for the nucleon), the

+
appropriate transcription of Eq. (18) to ep —eA is

*y, 2, F2, 2
€ Y
oy @]

A b -
ep—eA eMZ

24)

*Z 2
G @)

2
2.2 A,e —* .
e MZ GM‘Y(Q.Z)

¥Z, 2. R
Here GM (@) is the magnetic dipole 7° coupling of the nucleon to the A(1236).

R
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To proceed further we need a method to compute G;/IY and G;/IZ. We of
course-choose the quark model, which is known to predict G;/IY relative to
Gg[ for the nucleon approximately correctly, as well as predicting the vanishing
of the electric quadrupole and longitudinal quadrupole amplitudes in photo-
production and electroproduction of the A(1236). In the quark model, magnetic
moments and transition moments are proportional to matrix elements of

3 Qly L. For the sake of definiteness we take states with J,, = 1, and evaluate
i

zZ

the z-component of the magnetic moment operator. Up to a common factor we

find
Y
eGM’p © e, (25a)
Y _2e
eGM,n x 3 > (25b)
and *oy 22
eGM o -5 € (25¢)

where we have used the constituent quark model wave functions for the nucleon
*
. i icti = - = 3
and A(1236). The resulting predictions, GM,I/GM,p 2/3 and GM/GM,p 272/
are standard predictions arising from the quark model, and are in rather good
agreement with experiment. 25
*
For the calculation of GMZ , we then assume it is proportional to matrix
elements of Zg‘Z/ i}“. For the SU(2) x U(1) gauge theory,
i ’
— e 1 i 1 i _ .2
= ————————-—(2 T3L+2 T3R Qism GW) . 26)

g, s -
V,i sin chos HW

Taking matrix elements between constituent quark wave functions, we find
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Z e 5 . 2,.u 1,d .2
. "M,p * Sinfycoshy (T’z’*?TsR"G'TgR“Sm BW), (27a)

and

G.o x — +=T_ _ - =T__ -sin”§
M s1n0wcosBW 2 2 3R 2 3R W

4
%

Z 3 (1 1.u 1.4 2 ) 27b)
where the proportionality constant is the same in Egs. (25). It may easily be
checked that Eq. (27a) is equivalent to Eq. (23b) if we take into account the pro-
portionality constant of Egs. (25) and the quark model relation ”’n/“'p =-2/3.

- _ . e
Combining Eq. (25¢), Eq. (27b), and 8Ae " (e/4s1n9wcosﬂw)(1 +2T3R), and
substituting in Eq. (24), we calculate the asymmetry in SU(2) X U(1) gauge
theories to be

2
Gq
F e V1. 1.0 1.4 .2
Aep—eat = ’2<2J . a>(1+2T33>[2 *5T3p™ 3 T3~ S0 Gw]' (28)

The predicted asymmetries in various models are shown in Fig. 4. Again
we graph only those cases where the electron is a right-handed singlet as in the
original Weinberg-Salam model. When the electron is in a right-handed doublet,
g A,e: 0 and the asymmetry (in the qz/ZME << 1 regime) vanishes. Because of
our quark . model assumptions we have a magnetic dipole transition with the
same form factor for the y and ZO, and the asymmetry is simply proportional
to q2. It is negative in all cases. Adding either a (u,b)R or a (t, d)R doublet to
the standard model results in the same prediction, and adding both doublets

makes the asymmetry even bigger in absolute magnitude. At q:2 =1 GeV2 the

predictions range from about - 0.6 X 107% to about -2.4 x 10™%. Thus as long as
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g Ae has the value it has in the original model of Weinberg and Salam, the

expected asymmetry for ep—»eA+ for any quark assignment should be relativels;
easily accessible in the coming rouad of experiments. We recall again, however,
that it is currently popular to construct models so that g A, o 0 (as suggested by the

atomic bismuth experiments) and to good approximation, the asymmetry in

ep— eA+ then vanishes.

V. Discussion

Measurement of parity violating effects in electron-nucleon scattering is not
only of general interest because it arises from interference between weak and
electromagnetic amplitudes, but particularly because it involves the neutral
current coupling of the electron in a clean and well -defined manner. The exact
vector and axial -vector nature of this coupling occupies a central place at present
in determining the direction unified gauge theories of the weak ‘and electro-
magnetic interactions will take in the future.

In theories where the gauge group is SU(2) X U(1), our results show that the
combination of ep— ep, ep— eA, and deep inelastic asymmetry measurements
can, in principle, determine whether each of the electon, u quark, and d quark
appear in right-handed. doublets as well as in the left-handed weak doublets to
which they are assigned in the simplest theory. If the electron lies in a right-
handed singlet (as in the original Weinberg-Salam model), it will be relatively
easy to determine the assignments for the right-handed u and d qﬁarks:
measuring the asymmetry in ep— ep and ep— eA (Figs. 3 and 4) to roughly

5

+4X10 ° at Q2 =1 GeV2 would suffice. If, as suggested by the experiments
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with atomic bismuth, the electron lies in a right-handed doublet and couples
purely-through the vector weak neutral current, then the situation is somewhat \
more difficult to resolve experimentally. In the high energy regime where
qz/ZMN.E << 1 the asymmetry in both ep— ep and ep— eA is negligible.  The
asymmetry in deep inelastic scattering would not vanish, however. Aty = 0.5
it ranges from 0 to about -7.5 X 10-5 in inelastic electron-deuteron scattering,
depending on the assignment of the right-handed u and d quarks. The value of
zero, which corresponds to a vector model with the electron, u-quark, and
d-quark all in right-handed doublets, is in fact already excluded for SU({2) x U(1)
by data showing that c(¥N— vX) # o(®N— vX). An asymmetry less than

~ 3 x 10—5 in magnitude for all three experiments then implies within

SU(2) x U(1l) models that only the unlikely and ungainly assignment of the electron
and u-quark, but not the d-quark, to right-handed doublets is pqssible.

For theories with gauge groups larger than SU(2) X U{l), a wide range of
possibilities presents itself. There are theories with no parity violation in
electron-nucleon interactions, such as some versions of SU(2) X SU(2)><U(1)°15’ 16,17
It is also possible to have a purely vector neutral current for the electron, and
hence a negligible asymmetry in ep— ep and ep— eA, as in recent modelszl’22
involving SU(3) x U(1) and SU3) x SU3). There still would be a measurable
asymmetry in deep inelastic scattering in these models. There are finally
models, like that of De Rujula et al. 18 based on SU(2) x SU{2) x U(1), which have
(reduced) asymmetries in all three types of electron scattering experiments.

The polarized e-N asymmetry experiments should still be able to single out

one of these three classes as the only allowed type. The deep inelastic asym-

metry measurements in particular, done with sufficient accuracy over a range
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of y values, allow one to separately determine the vector and axial-vector
couplimgs of the electron and of the quarks. As such, they are analogous in
purpose and in power to the atomic physics experiments to be done on hydrogen. 26
We expect that polarized e-N experiments, along with atomic experiments, will
likely play a decisive role in determining the gauge group of weak and electro-

magnetic interactions and the assignment of fundamental fermions to repre-

sentations of that group.
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Figure Captions

The asymmetry, A = (ch—aL)/ (0R+ crL), for deep inelastic polarized
electron-deuteron scattering as a function of y = (E-E')/E in various
SU@) X U(1) models. The asymmetry is given in units of 10_5q2/ GeVz,
sin2 BW = 1/3. Different models are labeled in terms of the assign~
ment of the right-handed fermions. The Weinberg-Salam model (W-S)
has only right-handed singlets. The other models have one or more

of the electron,u-quark, and d-quark in right-handed doublets, as
indicated.

The asymmetry, A = (oR—oL)/ (0R+ O‘L), for deep inelastic polarized
electron-proton scattering at x = 1/3 as a function of y = (E-E")/E in
various SU(2) X U(1) models. Notation and units as in Fig. 1.

The asymmetry, A, for polarized elastic electron-proton scattering at

5

high energies, in units of 10 °, as a function of qz. The SU@2) x U(1)

models are labeled as in Figs. 1 and 2, and sin2 BW = 1/3. The
asymmetry is negligible in the high energy regime if the electron is

in a right-handed doublet.

The asymmetry, A, for ep— eA” at high energies, in units of 10_5,
as a function <‘)f qz. The SU(2) x U(1) models are labeled as in Figs. 1
and 2, and sin2 BW = 1/3. The asymmetry is negligible in the high

energy regime if the electron is in a right-handed doublet.






R |
(6),29 (g),
_—1 I | L1 l ! l -
0.2 04 0.6 0.8
y

222222



(x1073)




_5 L —
W-S
o
o -10 - ~
X
<<
Bl (b)aor (a)s ™
20 b (b)yond (g, __
l | l
0 0.5 1.0 15
8-77 - q2 (GeVZ) -3245A3



