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ABSTRACT 

The asymmetry in the scattering of longitudinally po1arize.d 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 lo5 

at Q2 - 1Gev2/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 

Alependence on the electron’s helicity of the elastic or inelastic electron- 

nucleon scattering cross section would be a prima facie parity violating effect. -- 

Wnile this is not expected to any order of the parity conserving electromagnetic 

interactions, the observation’ 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/Mi M GF q2/(4a a). In high energy experiments 

where q2 is typically of order a few GeV2/c2, 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- 

viously. 3,4,5 In Section II of this paper we derive in a different and much 

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

agrees with the final consensus of the earlier work. 3,4,5 In addition to our 

derivation being physically 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-Salam model. Such extensions 

of the simplest model are suggested by both recent experimental 7,899 and 

theoretical developments. 
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In Section III the asymmetry expected for polarized electron-proton elastic 

scattedng is discussed. While the formula for the asymmetry has again been 

derived previously by others 10 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- 

clus ions. First, parity violating effects may very well be much larger or much 

smaller than expected on the basis of the Weinberg-&lam 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 

Ohur 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-t y5)/2 and (1 - y,)/2 project out the right and left 

handed pieces of the fermions, respectively, and that vector (yp) and axial- 

vector (y y 
P 5 

) interactions preserve helicity. 

The photon couples to a fermion (f) through the vector current (y,) with a 

strength given by its charge, Qfy . We may use the trivial identity y = 
P 

yp(l+ y5)/2 + y,(l - y5)/2 to define left and right-handed charges 

Qif = QY,, = Qfy * (1) 

Similarly, the weak neutral intermediate vector boson, Z”, is defined to 

couple with strengths Qs and Q$ to left and righthanded fermions (f), res- 

pectively. Hence the Dirac structure of the Z”-fermion vertex is 

Q$Y~(~+ y5)/2 + Q$yptl - y5)/2 . 

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

It is familiar from treatments 11 of deep inelastic neutrino scattering that 

a left-handed neutrino scatters 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 + c0s8)~/4 in the center-of-mass or (1 -Y)~ in the 

lab (where y = v/E = 1 -E’h = 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 

e1ectrQn scattering which is of interest here. A left(right)-handed electron I 

scatters from a left(right)-handed quark with a distribution in y which is 0~ 1, 

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

a distribution c (1 -Y)~. The contributions from the amplitudes due to y and 

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., 

I %eQii dm a 
q2 

+ ‘Ee4i 2 
q2+M2 

; 
Z 

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

dcr a ‘ieQZi 

s2 

+ GeQEi “(1 -y)2 
q2+M2 

; 
Z 

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

da a + 

z z 
QLeQLi 

q2+M2 Z 

VW 

Pb) 

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

da CC Qle!lZi + ‘LQZi 2(1 y)2 

q2 q2+M2 
. 

Z 

, 

W) 

The asymmetry for longitudinally polarized electrons, 

drr R - daL 
A = doR + dcrL ’ (3) 

may now be computed simply by multiplying Eqs. (2a - 2d) by the probability 

fi(x) of finding a quark of type i with fractional longitudinal momentum 

x = q2/2MN” in the nucleon and noting that the differential cross sections duR = 

dqR(x, y) and dc, = dwL(x, y) involve an incoherent sum over left and right- 

handed quark-partons in the unpolarized nucleon. Keeping terms up to order 

q2/Mi we have 

Recalling that QL = c = &,y = -e and &xi = Q&, we simplify this to 
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*(x,Y) = 

q2 C fi(x) (QTe) 
i 

~~eQ~i-Q~eQ~~+[Q~eQ~i-Q~eQ~~ (1 -YJ2/ 

l? ’ fi(x) (QT) 
L 

{l $- (l-~)~} 
l (5) 

Z i 

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

stants of the Z”, 

gV = (< + Q,Z,,‘2 

gA = (Q; - Q,z)/Z 

W 

(W 
as 

2 C fi(X)(Q~) 
A(x,y) =+ i 

gA egv i ’ ’ - (‘-‘)~ , , ,1+(1-y) c f Ix)(Qy)2 
. (7) 

MZ i i i 
-. 

This agrees with the consensus of earlier results for the asymmetry in deep 

inelastic scattering in the scaling limit. 3,495 

The sum over parton types, i, in Eqs. (4), (5), 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 the negatives of the charges of opposite handedness of the 

quark of the same type. Stated another way, the electromagnetic charge and 

gv change sign on going from quark to antiquark, but gA 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, 
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except at small values of x. In the following we calculate asymmetries in 

variouS,models for x 2 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” 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 

Eqs. (2) shows that at y = 0 there will be a non-zero asymmetry only if 

QEe f ge; 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 

GF - 1 
2J2m! - 2 4 sinewcos ewMz 

(8) 

14 
where 0 w is the Weinberg angle. Data from several experiments suggest that 

sin2BW M l/3. 

The weak charges of the fermions are given by 14 

Z 
QL .= 

e 2 
sin Owcos B W 

Bw , 

and 
Z 

QR = 
e 

sin BwCoS 0 W T3R- ’ 

Pa) 

PW 

Here T3L and T3R are the third component of the weak isospin for left- and 

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

fermions are in left-handed doublets: the ‘*up” quark has TQL = + & , while the 

“down” quark and electron have T3L-= -4 . All fermions are right-handed 
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singlets, i.e. T 3R = 0. More generally, right-handed fermions need not be 

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 

charge -e/3, TiR would be +i . In general, non-zero values for TiR, TtR, 

or TER would signal the existence of new fundamental fermions. 

For an isosinglet target like the deuteron, where f,(x) = f,(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, Eqs. (8) 

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

Aed = - 
GFq2 

2&?(I! 

2 e 0w-2T3R 
)( 

The physical origin of the sign of the asymmetry in the simplest Weinberg- 

Salam model is easy to understand. Consider the limit where ew - 0 and the 

Z” 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 (dgR - dcL)/(duR + doL), is thus negative, in agree- 

ment with Eq. (IO) in the corresponding limit. 
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With the left-handed fermions assigned to doublets in SU(2) X U(l), the most ob- 

vious @ension of the simplest Weinberg-Salam model, where right-handedfermions 

are all in singlet representations, is to assign some or all fermions to right-handed dou- 

blets. We label such potential right-handed doublets for the electron, up quark, and 

down quark as (E’, e),, (u, b)B, and (t, d)R, respectively. The predicted asymmetries 

in deep inelastic electron-deuteron scattering are shown in Fig. 1 for 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 apurelyvector couplingto the Z” and 

the asymmetry vanishes at y = 0. The remaining asymmetry is due to the term in Eq, (7) 

involving gv e 
, 

and is proportional to f QrgA i0 Both the u and d quarks contribute to 
, 

this term with the same sign when TiR= TiR = 0, The addition of right-handed couplings 

for the u and/or d quarks makes their contribution smaller inasmuch as the u and/or d 

couplings then become purely vector in character. Thus theories ‘with no right-handed 

couplings show the greatest dependence on y0 

Second, if the electron is a right -handed singlet, as in the simplest theory, the 

asymmetry is controlled primarily by the term in Eq. (7) which survives at y = 0 and is 

proportional to gA e 
, 

&QTgv 
, 
i). Thevalueof 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, the former right-handeddoublet 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 lo* at 

Q2 = 1 GeV2, Such theories may be excluded by the data long before it is possible 

to check the Weinberg-Salam theory in detail. On the other hand, experiments7 
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with atomic bismuth suggest that the electron has a purely vector coupling to 

the ne&ral 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(l), which generally have more than one neutral weak vector boson. 

Theories based on SU(2)L x SU(2)R X U(1) have been actively pursued in the last 

few years. 15,16,17,18 Some of the models15’ 16’ l7 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 DeRujula, Georgi, and Glashow 18 , 

on the other hand, has one vector boson with purely vector couplings, and one 

which is just like the Z” in the Weinberg-Salam model. However, the contribution 

of this latter vector boson is reduced by cos2p, where p 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 cos2p (which is estimated to be N i). 

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

a version due to Lee and Weinberg 21 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 Z”, and the relevant charges are (we denote 

by sin26 3 the quantity called w in ref O 21): 
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Z 
gV,e = /sin83cos83 ; 

Z 
gA,e = ’ 

z - 
gv,u = e ( p cot,B3 > 

Z e 
gA,u = - 3 sino3cos O3 

Z 
gV,d = - $coto3 ; 

(11) 
gi, e = e/(&3 sine3) 

Y 
gA,d = sin,f13 

Since the Y” has only axial-vector couplings, it cannot contribute to the asym- 

metry. The mass of the Z” is related to the mixing angle B3, to GF, and to 

another parameter of the theory, 1, by 

9GF(1 + .e) 1 = 
S&&-o! 2 sin fJ3cos 2 2’ 03MZ 

From Eqs. (7), (ll), and (12) we find 

Aed@& = 

(12) 

(13) 

Lee and Weinberg find that data from weak interaction experiments suggest 

Q M 0.2, sin263 M 0.2. This would yield a prediction for A quite similar to that 

of the Weinberg-Salam model plus an extra E” so that TtR = -3 . Note however 

that the size of the effect is very sensitive to the value of cos2 e3. 

A model based on SU(3) x SU(3) has been developed by Bjorken and Lane 22 . 

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-),. 
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Up to this point we have considered the detailed predictions of various 

models for an isosinglet target like the deuteron. - Since fu(x) = f,(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 = l/3 to 

give quantitative predictions. Here the “valence” quarks dominate and further- 

more, for the proton fu(x = l/3) = 2fd (x = l/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 

(14) 

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 

The asymmetry in polarized electron-protonscattering is determined by 

the electromagnetic and weak neutral current form factors. These couplings are 

taken at the proton vertex to be the usual Dirac (eFT(q2)) and Pauli (eF2y(q2)/2MN) 

form factors for the electromagnetic current (F;(O) = 1 and F2g (0) = 1.79). 

For the neutral weak current Flz(q2) replaces eFi Y 2 (q ) and Ft(q2) replaces 

Y 2 eF, (q ), but there is an axial-vector (coefficient of y y ) form factor as well, 
P 5 

Z” gA ,(s2). A straightforward calculation shows 
, 

asymmetry is 10 

that the polarized electron 

dg - CT 
A Rd L 

ep--ep = doR+dgL 
(F;+F;)(FI’ +Fzz) 

\ 

+ 2EE’ 
( 

q2 .- 
2 

tF2’J2 + 1 
gv , egA p tFly+Fc W2-E’2j , 

4 -1 
L Fly +Fzy [ 1 2 

4M; 
. 

For high energies and moderate values of q2, q2/2M# << 1. Since for 

elastic scattering v = E-E’ = q2/2MN, we have (E-E’)/E = q2/2MNE << 1 as well. 

With these approximations, applicable in the regime where the SLAC experime.nts will 

be done, the asymmetry takes on the much simpler form 

A CY- 
er-ep gA,e 

F 1 
. 

‘1 
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In terms of the Sach*s form factors 
.- 

- 

and 

c,ts2, = Fltq2, - 

c,tq2, = Flts2, + F2(s2, 9 
this may be rewritten as 

A ,N- 
ep-9 

Gy(q2)Gz(q2) + q2 Gy (q2)Gz (q2) E E 4M2 M M 

(G$i2J)2+ -$;$--i2, 2 ’ 
N 

1 

tlW 

tl7b) 

(18) 

Equation (18) shows that the asymmetry in elastic scattering is determined 

at high energies by the term proportional to the axial-vector Z” 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 

A N- 
w-92 

G@W;(o) + 
2 

A Gy (O)G;(O) 
4M; M 

-. 
9 . 

G;(O)2 + $ Gy (0) 
4M2 M N 

(19) 

The couplings Fl Z and F2’ or equivalently Gf and Gg depend on the choice of 

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

magnetic current is 

2e - 
ply/p - 3 %ypd - ;syps . 
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Neglecting the contribution of the strange quarks in the nucleon to its static 

electrcmagnetic properties we then have 23 , 

< pl =+yI*u- idYpd 1 p > = eGy 
P 

and with an isospin rotation, 

< PI - puypu + 3 “Jybdi p > = eGy . 
n 

GW 

W’b) 

Inverting these equations gives 

<plU~~uIp> = 2G;+G; (2la) 

and 

< pl;rYpdlp’ = G; +2G,y. (2 lb) 

Now the weak neutral vector current of relevance is 4 (QE u+ Qi, U)ur pu + 
, 

Z 
+(&R,d + ‘R,d ’ ,;irpd. From Eqs. (21) we immediately obtain 

Z 
GE = i 

Z 
R,d 

and similarly 
Wa) 

(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(1) we have 

G;(O) = e - sin2 6 d 
sin owcos W +TiR+&TQR , 1 GW 
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sin0 “cos 0 w w ppsin2 Bw 
a-4 +lJ P +a-4 

+ vT” ++%Td 
3R 1 3R ’ 

I Wb) 
and 

e 
gA,e = sinflwcosB ‘$ ’ W 

(23~) 

where we have used the q2 = 0 values Gy 
E,P 

= 1, C$ n = 0, Gy 
, 

M,p=pp=2.79 and 

Gy =p =-1.91. M,n n 

The predictions for the asymmetry can be understood from Eqs. (23). For 

the original Weinberg-&lam model, the factor in square brackets in Eq. (23a) 

equals - l/12 if we take sin2 0, = l/3. Adding a (u, b)R doublet changes this to 

+ 5/12. Adding a (t, d)R doublet instead makes the square bracket term -l/3, 

while adding both right-handed doublets gives + l/6. 

In Fig. 3, the predicted asymmetry is shown as a function of q2. For small 

cl23 the terms involving GE dominate, and as just indicated, Gz 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 A ep-ep ’ As a result, the 

Weinberg-Salam and t-quark models yield predicted asymmetries which change 

sign and are still small (2 10m5) in magnitude at q2= 1 GeV2, while the models 

with b or b and t quarks give large negative asymmetries (= - 10s4) at q2= 1 GeV2. 

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

TiR= -3 in SU(2) x U(1) and is also the case for the Lee-Weinberg SU(3) x U(1) 

model. 21 The SU(2) x SU(2) x U(1) models 15,16,17 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 

scatteflng, the predictions of the original Weinberg-&lam model reduced by ’ 

cos2p . =!; 

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 q2. Therefore q2/2MNE and 

(q2 + tiA- M”N)/2M$’ = (E-E ‘)/E will be small (<< l), and to a good approxi- 

mation only the terms involving gt at the electron vertex and gf 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 longitudinal quadrupole 

electromagnetic couplings between a nucleon and A(1236) are negligible compared 

to the magnetic dipole coupling. 24 *Y 2 Calling GM (q ) this magnetic dipole coupling 

(with a factor of e removed, so it is the analogue of G&(q2) for the nucleon), the 

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

A ep-eA+ 

G*?(q2) G*‘(q2) M 

r 1 G*y (q2) 2 M 

(24) 

gA,e 
G*?(q2) ’ M 

Here Gz(q2) is the magnetic dipole Z” coupling of the nucleon to the A(1236). 
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*-Y To proceed further we need a method to compute GM *Z and GM . We of 

“Y t 
coursechoose the quark model, which is known to predict GM relative to 

G&. 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 

c Qy? 
i i ’ For the sake of definiteness we take states with Jz = 4, and evaluate 

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

find 
Y eGM,p a e , WW 

and 

eG Y 2e -- 
M,na 3’ 

eG *Y 
M 

a 3!$e, 

where we have used the constituent quark model wave functions for the nucleon 

and A(1236). The resulting predictions, G 
M,dGIM, P 

= -2/3 and G;/GM 
* 
p= 2&I/3 

are standard predictions arising from the quark model, and are in rather good 

agreement with experiment. 25 

*Z For the calculation of GM , we then assume it is proportional to matrix 

elements of Cgz i V,i T’. For the SU(2) x U(1) gauge theory, 

Z e 
gV, i = sin Swcos 13 TkL+s TkR- Qisin2 SW . 

W 
(26) 

Taking matrix elements between constituent quark wave functions, we find 
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.- 4 
Gk p a e 

, sin Bwcos SW (&+$TlR-$T,“,-sin28w), 

and 

*Z lu ld 
GM cc sin Owcos flw 

; +-T 
2 3R- zT3R- 

(2 W L 

W’b) 

where the proportionality constant is the same in Eqs. (25). It may easily be 

checked that Eq. (27a) is equivalent to Eq. (23b) if we take into account the pro- 

portionality constant of Eqs. (25) and the quark model relation pn/p.p = - 2/3. 

Combining Eq. (25c), Eq. (27b), and gA e , 
= (e/4sinfiwcosfJw)(1 +2TiR), and 

substituting in Eq. (24), we calculate the asymmetry in SU(2) x U(1) gauge 

theories to be 

A ep-eA+ N -2(2~IE)(l+2T~R)[~+~T~R-~T~R- sin20W]. (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, 

gA e= 0 and the asymmetry (in the q2/2ME << 1 regime) vanishes. Because of 
, 

our quark model assumptions we have a magnetic dipole transition with the 

same form factor for the y and Z”, 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 q2 = 1 GeV2 the 

predictions range from about -0.6 x 10B4 to about -2.4 X 10w4. Thus as long as 
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gA e has the value it has in the original model of Weinberg and Salam, the 
, 

expectRd asymmetry for ep-eA+ for any quark assignment should be relatively 

easily accessible in the coming round of experiments. We recall again, however, 

that it is currently popular to construct models so that gA e* 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(l), 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-&lam model), it will be relatively 

easy to determine the assignments for the right-handed u and d quarks: 

measuring the asymmetry in ep - ep and ep - eA (Figs. 3 and 4) to roughly 

f4XlO -5 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+hrough the vector weak neutral current, then the situation is somewhat ’ 

more difficult to resolve experimentally. In the high energy regime where 

q2/2M$ << 1 the asymmetry in both ep - ep and ep - eA is negligible. The 

asymmetry in deep inelastic scattering would not vanish, however. At y = 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 o(vN- YX) # &N- FX). An asymmetry less than 

- 3 x 1o-5 - m magnitude for all three experiments then implies within 

SU(2) >c U(1) models that only the unlikely and ungainly assignment of the electron 

and u-quark, but not the d-quark, to right-handed doublets is possible. 

For theories with gauge groups larger than SU(2) x II@), 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) X U(1).15y 16, l7 

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 models 21,22 

involving SU(3) x U(1) and SU(3) x SU(3). 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(l), 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 

couplings 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. 



-24- 

References 

1. F. J. Hasert et al., Phys. Letters 46B, 138 (1973); A. Benvenuti et al., ! 

Phys. Rev. Letters 32, 800 (1974); S. J. Barish et al., Phys. Rev. Letters 

33, 448 (1974); B. C. Barish et al., Phys. Rev. Letters 34, 538 (1975). 

2. C. Prescott, C. Sinclair et al. (SLAC-Yale-Bielefeld collaboration), SLAC 

proposal E-122, 1975 (unpublished). An earlier experiment, C. Prescott 

et al. (SLAC-Yale collaboration), SLAC proposal E-95 found no significant 

asymmetry in deep inelastic electron-deuteron scattering at the level of 

several times 10 -4: A = - 8.2 f 4.4 (statistical) f 9.3 (systematic) X low4 at 

q2 = 1.2 Gev2; H. Pessard, SLAC seminar and private communication, June 

1977. 

3. S. M. Berman and J. R. Primack, Phys. Rev. E, 2171 (1974) and Phys. 

Rev. DlO , 3895 (1974)(Erratum). 

4. E. Derman, Phys. Rev. D7, 2755 (1973); W. W. Wilson, Phys. Rev. DlO, - 

218 (1974). 

5. M. A. B. Beg and G. Feinberg, Phys. Rev. Letters 33, 606 (1974); 

S. M. Bilenkii et al., Ref. 10. 

6. S. Weinberg, Phys. Rev. Letters 19, 1264 (1967); A. Salam, in Elementary 

Particle Theory, Ed. N. Svartholm (Almquist and Wikseh, Stockholm, 

1969), p. 367. 

7. P. E. G. Baird et al. , Nature 264, 528 (1976). 

8. M. L. Per1 et al., Phys. Rev. Letters 35, 1489 (1975) and Phys. Letters 

63B, 466 (1976). 

9. S. Herb et al., Phys. Rev. Letters 39, 252 (1977). 



-25 - 

10. S. M. Bilenkii et al. , Sov. J. Nucl. Phys. 2-1, 675 (1976); 

Sr G. Grigoryan and S. V. Esaibegyan, Iz. Acad. Nauk Arm. SSR 11, 11 ’ - 

(1976); E. Reya and K. Schilcher, Mainz University preprint, MZ-TH-75/l, 

1975 (unpublished); D. Cuthiell and J. N. Ng, University of Alberta pre- 

print, 1977 (unpublished). 

11. See, for example, R. P. Feynman, Photon-Hadron Interactions 

(W. A. Benjamin, Reading, MA, 1972). 

12. E (E ‘) is the energy carried by the initial (final) lepton. q2, the invariant 

four-momentum transfer from the lepton to the hadron, is positive for 

space-like q 
P 

. (Y = e2/4n = l/137. 

13. TechnicaIIy, if we fix Y = E-E ’ and q2 to be greater than certain minimum 

values to insure being in the deep inelastic region, then y- 0 only as 

E - 00. At SLAC energies, the minimum value of y obtainable for deep 

inelastic scattering is - 0.1. 

14. The SU(2) x U(1) model and neutral current phenomenology are reviewed by 

J. D. Bjorken, in Proceedings of the Summer Institute on Particle Physics, 

M. C. Zipf, Ed. (SLAC, Stanford, California, 1976), p. 1. Recent results 

from CERN (F. Eisele, invited talk at the Topical Conference of the SLAC 

Summer Institute on Particle Physics, July 11-22, 1977 (unpublished)) 

indicate sin2ew = i. Such a value of sin2ew, rather than 5 which we use 

in calculating predictions of SU(2) x U(1) models, has its most important 

effect on the asymmetries in deep inelastic scattering which become y 

independent if the electron is a right- handed singlet and larger in absolute 

magnitude. 



- 26- 

.- 

15. J. Pati and A. Salam, Phys. Rev. 

I 16. H. Fritzsch and P. Minkowski, Nucl. Phys. B103, 61 (1976). See also ’ 

E. Ma, Phys. Letters 

17. R. N. Mohapatra and D. P. Sidhu, Phys. Rev. Letters 38, 667 (1977) and 

Brookhaven preprint BNL-22561, 1977 (unpublished) and references 

therein to earlier work. See also A. Zee, F. Wilczek, and S. B. Trefman, 

Princeton preprint, 1977 (unpublished). 

18. A. De Rujula, H. Georgi and S. L. Glashow, Harvard preprint 

HUTP- 77/AOO2, 1977 (unpublished). See also the more recent treatment 

of SU(2) x SU(2) x U(1) by A. De Rujula et al. , Harvard preprint 

HUTP-77/A028, 1977 (unpublished). 

i 19. Models using SU(3) or SU(3) x U(1) as a gauge group include H. Fritzsch 

and P. Minkowski, Phys. Letters , 99 (1976); M. Yoshimura, Prog. 

Theor. Phys. 57, 237 (1977); D. Horn and G. G. Ross, Caltech preprint 

CALT-68-597, 1977 (unpublished). R. M. Barnett and L. N. Chang, 

SLAC preprint SLAC-PUB-1932, 1977 (unpublished). 

20. G. Segre and J. Weyers, Phys. Letters , 243 (1977); G. Segre and 

M. Golshani, University of Pennsylvania preprint UPR-0075T, 1977 

(unpublished); P. Langacker and G. Segre, Phys. Rev. Letters 39, 259 

(1977). 

21. B. W. Lee and S. Weinberg, Phys. Rev. Letters 38, 1237 (1977). 

B. W. Lee, R. E. Shrock and S. Weinberg, to be published. 



-27- 

22. J. D. Bjorken and K. Lane, to be published and private communication. 

23.“In Eq. (20) the space-time structure of the right-hand side has been sup- 

24. 

25. 

26. 

pressed: G represents both GE and GM times the appropriate gamma 

matrices taken between nucleon spinors. 

See the review of A. B. Clegg in Proceedings of the 6th International 

Symposium on Electron and Photon Interactions at High Energies, 

H. Rollnik and W. Pfeil, Eds. (North-Holland, Amsterdam, 1974), p. 49. 

A recent discussion is found in F. J. Gilman and I. Karliner, Phys. Rev. 

DltJ 2194 (1974). 

R. N. Cahn and G. Kane, University of Michigan preprint UMHE 77-1, 

19 77 (unpublished). 



- 28- 

Figure Captions 

Fig. i‘ The asymmetry, A = (aR-aL)/(oRf cL), for deep inelastic polarized 

electron-deuteron scattering as a function of y = (E-E f)/E in various 

SU(2) x U(1) models. The asymmetry is given in units of 10e5q2/G, V2, 

sin2 B W = l/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. 

Fig. 2 The asymmetry, A = (oR- aL)/(oR + oL), for deep inelastic polarized 

electron-proton scattering at x = l/3 as a function of y = (E-E ‘)/E in 

various SU(2) X U(1) models. Notation and units as in Fig. 1. 

Fig. 3 The asymmetry, A, for polarized elastic electron-proton scattering at 

high energies, in units of 10m5, as a function of q2. The SU(2) x U(1) 

models are labeled as in Figs. 1 and 2, and sin2 0 W = l/3. The 

asymmetry is negligible in the high energy regime if the electron is 

in a right-handed doublet. 

Fig. 4 The asymmetry, A, for ep - eA+ at high energies, in units of 10m5, 

as a function of q2. The SU(2) x U(1) models are labeled as in Figs. 1 

and 2, and sin28 W = l/3. The asymmetry is negligible in the high 

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