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ABSTRACT 

The asymmetries in the elastic scattering of longitudinally polarized 

electrons by neutrons, protons, and deuterons are computed in detail 

within the SU(2) x U(1) gauge theory of the weak and electromagnetic inter- 

actions. The neutron target asymmetries are several times larger, but 

are of the same sign as those for a proton target. Elastic polarized 

electron-deuteron scattering gives relatively large asymmetries of the 

opposite sign. At q2 = 1 GeV2 in the standard model with sin2eW = .25, 

the asymmetries at high energy for proton, neutron, and deuteron targets 

are about -4 x 10D5, '-13x 10B5, and -!-9x 10e5, respectively. 

(submitted to Phys. Rev. D) 
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1. INTRODUCTION 

An interference between the weak and electromagnetic interactions 

can g$ve rise to a difference between the cross sections for scattering 

-. 

of right- and left-handed electrons on either leptonic or hadronic targets. 

The measurement'. of deep inelastic asymmetries to the required level of 

accuracy increases the interest in the theoretical predictions for both 

elastic and inelastic electron-nucleon scattering asymmetries. 

The consequences of weak-electromagnetic interference for electron 

scattering experiments have been explored over the last several years 

since gauge theories in general, and the Weinberg-Salam SU(2)xU(l) model2 

in particular, have become central to understanding the weak interactions. 

The asymmetry expected in polarized electron elastic scattering has been 

calculated in several papers. 3,495 Recently predictions for elastic 

electron-proton scattering, A electroproduction, and deep inelastic scat- 

tering were brought up-to-date in terms of gauge theories of present in- 

terest. 6 

However, in the case of elastic scattering Ref. 6 was restricted in 

that only elastic electron--proton scattering was considered, certain 

approximations were made which are relevant to high energy (Ebeamz 20 GeV) 

experiments done at SLAC, and results were presented only for sin2eW=1/3. 

In the present paper we remove these restrictions. In Section II we 

calculate both electron-proton and electron-neutron elastic scattering 

for a range of values of sin2eW. Furthermore, we calculate the terms 

neglected in Ref. 6 within an SU(2)xLJ(l) gauge theory and show their 

quantitative effect. While at low energy they turn out to be of con- 

siderable importance, 7 we show they truly are negligible for most SLAC 

. - 
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energies when the right-handed electron is a singlet under the gauge 

grow, as in the original Weinberg-Salam model. When the electron is 

assign4 to a right-handed doublet the previously neglected terms give 

the whole asymmetry, and it is an order of magnitude smaller. Elastic 

electron-neutron scattering turns out to give an asymmetry many times 

bigger than that for elastic electron-proton scattering for typical values 

of the kinematic and SU(2)xU(l) model parameters. 

With some quite general assumptions about the gauge theory trans- 

formation properties of the quarks making up the neutron and proton in 

the deuteron, we rederive in Section III a very simple form5 for the 

asymmetry in elastic electron-deuteron scattering. It is relatively 

large in magnitude and opposite in sign to that predicted for elastic 

or inelastic scattering on protons and neutrons separately. Finally in 

Section IV we present a discussion of our results. 

II. POLARIZED ELECTRON-NUCLEON ELASTIC SCATTERING ASYMMETRIES 

As noted above, the asymmetry between the cross sections for elastic 

scattering of right- and left-handed electrons on nucleons expected be- 

cause of the interference between exchange of a photon and a weak neutral 

boson, ZO,has been calculated previously. 3-6 Taking the couplings at 

the nucleon vertex to be the usual Dirac (eFl(q2)) and Pauli (eFz(q2)/2MN) 

ones for the photon, and correspondingly, Ft(q2) and Fg(q2) as well as 

G;(q2) (th e coefficient of y y ) for the Z", one finds the-asymmetry: 839 
v5 
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A 
dog-daL 

eN + eN= daR+duL = 

= &) {-gA[f$ (,:+,;) (F;+F;) + (2EE' - $) @F; + $+ F;F;)] 

-gv G;(F:+F;) (E2-Er2)/ (1) 

Here E and E' are the initial and final electron energies and gv and gA 

are the vector and axial-vector couplings of the Z" with mass MZ to the 

(assumed) point-like electron. 

In Ref. 6 the limit q2/2sE -+ 0, or equivalently E -+ ~0, was taken 

in Eq. (1). In that limit, argued in Ref. 6 to be a good approximation 

in the SLAC experimental regime, Eq. (1) simplifies dramatically tog 

A 
eN -+ eN - 

(2) 

We now wish to examine this high energy approximation in some detail. 

Specifically, we investigate quantitatively how big the terms proportional 

to the axial-vector coupling of the nucleon can be in various cases. Of 

course, when g A of the electron vanishes, these previously neglected terms 

are the only contributions to the asymmetry in lowest order. To investi- 

gate this, and to calculate asymmetries with neutron as well as proton 

targets, we need the couplings of the Z" to the nucleon. For the sake 
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of completeness, we review here the usual procedure 10 for obtaining these 

couplings. - 

Ue first recall that FT and Fi, or equivalently Gf$ and Gi are 

dependent on the particular gauge theory. Their magnitude is most directly 

obtained by considering the coupling of the-y and Z" to quarks. In terms 

of quark fields the electromagnetic current is 

Neglecting the contribution of strange and charmed quarks to the nucleon's 

electromagnetic properties, we have 11 

$,dlp) = eGi 

(3a) 
= n < I F ;iYPd - 5 ;yIIuln> , 

and 

where an isospin rotation has been used to obtain the last equalities in 

Eqs. (3a) and (3b). Thus, 

<PI%~uIP> = <n/zynd/n> = 2GFz , 

and 

<p/aypd]p> = <nI;u,u/n) = G32Gz . 

(ha) 

(4b) 

Now in terms of right- and left-handed weak charges, Q R and QL9 Of 

the quarks, which are determined by the gauge theory model, the weak 

vector current is 
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Combining this with Eq. (4) we have, 

Gi,=i (Q~u+Q~u)jPG~p+G~n) , , 9 , , 

(54 

+ QE,d)cGg,p.+ 2Gg,n) ' 

G; p = 3 (Q;,u + Q; u) (2G; p + G; n) , , , , 
(5b) 

and similar equations for the vector couplings of the 2' to the neutron. 

The axial-vector couplings of the Z" to the nucleon are determined 

in a similar manner. We first recall that the isovector axial-vector 

current is measured in weak neutron beta decays: 

< I- P vg5u - &,y5db> 

= -+liiypy5u - aY,Y5d/n> = GA(q2> 9 (6) 

where GA(O)= +1.24. The isoscalar portion of the axial-vector current 

is determined by demanding that the ratio of isoscalar and isovector 

matrix elements be the same as that for total magnetic moments: 10 

(pIhg5u + h,Y5dlP) 

(7) 

= 
3bp + 11,) 

< I-- P uYnY5u - &,Y5d/P> 3 
?p - 'n 

where 

= Gy 
UP , 

M p(O) = 2.79 and un = GG n(O> = -1.91 . 
, 
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This is supported by the F/D ratio in SU(3) being nearly the same for 

the weak axial-vector current and the total magnetic moment. Such an - 
equal&y is predicted by the quark model, l2 where F/D = 213; and indeed, 

the factor 3(n, + nn)/(up - nn) in Eq. (7) could be replaced to high 

accuracy by its quark model value of 315. 

Putting together the results for matrix elements of the axial-vector 

current yields: 

<P/;Y,,Y~~IP> = eIaYuY5dIn> 

= c,(q2) 

(84 

and 

(pIbyY5dlp) = <nl;YliY5uI”) 
(8b) 

The axial-vector couplings of the Z" in a particular gauge theory are 

then related back to the quark charges: Since the axial-vector quark 

current is 

we have 

G; p = ; (9; u - Q; u)GA , , , 

(94 

- Q:,d)GA (wn) 
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and 

G; n = + (Q; u - Q; u GA , 3 , ) ("cp':,) 

@b) 

All that remains is to specify the weak quark charges. We concen- 

trate on SU(2)xU(l), where 

'i u = 2 since , w case W 

'F! u = 2 since , w cosew 

'i d = 2 since , w case W 

Q; d = 
e 

, 2 sinew c0sf3~ 

for the quarks, and 

Q; e = 
e 

, 2 sinew c0s.0~ 

Q; e = 
e 

, 2 sinew ~0~0~ 

GA ( i 

21-lp + u, 
. 

pp - nn 

4 2TyR - 3 sin2eW i , 

( 1 - 4 sin2eW 1 , 

+ Zj sin2eW , 

( -1 + $ sin2eW ) , 

( 2TSR + 4 sin2eW ) 
, 

( 
-1 + 4 sin2eW ) Y 

(10) 

(11) 

for the electron. Here Bw is the Weinberg angle; recent neutrino experi- 

ments13 determine sin2eW to be in the neighborhood of 0.25. TiR is the 

value of the third component of weak isospin for a right-handed fermion 

i, which is zero in the original Weinberg-Salam model. The most popular 

i 
alternative is to put fermions in right-handed doublets, so that T3R=i$. 
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However, an analysis 14 of a combination of neutrino induced neutral 

current processes (as well as results of Ref. 1) are inconsistent with 

1 d 1 eiths TyR = 2 or TsR = - ?. d Henceforth we take TyR = T3R = 0, but leave 

open the two possibilities, T e 
3R 

= 0 or - +. 

We now employ Eqs. (5), (9.), (lo), and (11) to calculate the asym- 

metry in Eq. (1). For this purpose we assume that all the vector current 

form factors Gg, Gz, Gi, Gg, have the same dipole q2 dependence: 

2 

G(q2) = G(0) 1 + & 1 * (12) 
. 

Similarly, we take the axial-vector form factors to be of the form 10,15 

2 

G,(q2> = GA(o) l+ -&jjZ-- ’ . 1 (13) 

For the Weinberg-Salam model with sin2eW = -& we display in Fig. 1 

the asymmetry in electron-proton and electron-neutron elastic scattering 

when the incident beam energy is 3.23 GeV, 19.38 GeV, and infinity. The 

first two values of beam energy are of particular relevance to SLAC, where 

the spin of the electron precesses by an additional 180° between the linear 

accelerator and the end station for each 3.23 GeV of beam energy. In the 

limit of infinite energy Eq. (1) reduces to Eq. (2); the latter being 

the equation used in Ref. 6 to predict the elastic asymmetry. In fact, 

the curve in Fig. 1 for the elastic electron-proton scattering asymmetry 

at E = ~0 is precisely the Weinberg-Salam model curve in Fig. 3 of Ref. 6. 

We see that the approximation used in Ref. 6 to compute the elastic 

asymmetry at high energies is very good. Only at the lowest SLAC ener- 

gies does there appear to be a noticeable, and perhaps measurable, de- 

viation. Since most of the difference between the exact Eq. (1) and 
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the approximate Eq. (2) comes from dropping the term proportional to 

2 
gVGA' we see that the actual value of gvGi has little effect on the 

predifled magnitude of the asymmetry in the original Weinberg-Salam 

model at high energies. However, at low energies, particularly below 

1 GeV, the asymmetry g.enerally does depend quite strongly on the term 

Z proportional to gVGA, as shown in recent 4,7 calculations. It is in this 

way that lower energy elastic scattering experiments are of special 

importance. 

On the other hand, if the electron is in a right-handed doublet 

CT& = - i) then gA=O and the dominant contribution to the high energy 

elastic asymmetry vanishes. Everything now comes from the term propor- 

Z tional to gVGA. Using the exact Eq. (l), the resulting elastic electron- 

proton scattering asymmetry is a factor of about three to ten smaller 

than when T& = 0. This can be seen by direct comparison of Figs. 2 and 

3 in which the elastic scattering asymmetry is computed for sin2eW = 0.20, 

0.25, and 0.30 and T&=0 and - i, respectively. 16 

Figures 1, 2, and 3 also contain predictions for polarized electron- 

neutron elastic scattering asymmetries for the same range of parameters 

in SU(2)xU(l) as above. The most dramatic and important difference be- 

tween a neutron and a proton target is the magnitude of the predicted 

asymmetries. The neutron asymmetries are much larger. For sin2BW = $ 

and T& =O there is an order of magnitude difference at q2=1 GeV2. For 

sin28 1 
W = 7; it is factor of about three at the same q2. Even when 

1 T& = - 2 and both the neutron and proton asymmetries are much smaller in 

magnitude, the neutron asymmetries are still a factor of two or so bigger. 

This difference originates in SU(2)xU(l) primarily because the d quark 



-ll- 

has a larger vector coupling to the Z" than the u quark, and shows up 

more dramatically in elastic than in inelastic scattering. 
CI 

III. POLARIZED ELECTRON-DEUTERON ELASTIC SCATTERING ASYMMETRIES 

Since elastic electron-neutron scattering will be accomplished by 

measuring the quasi-elastic scattering on the neutron (and proton) in 

deuterium, the question comes to mind as to what true elastic electron- 

deuteron scattering will yield. The asymmetry for polarized electron 

scattering on isospin zero nuclei has been considered previously. 5 We 

review the argument briefly here. 

If we neglect the strange and charmed quarks in the nucleon, and 

hence in the deuteron, the up and down quarks (or antiquarks) in a 

deuteron together have net third component of weak isospin equal to zero 

in SU(2)xU(l). This holds for the right- and left-handed quarks sepa- 

rately. 17 The weak charges, Qz and Qf , of the deuteron then only get 

contributions in SU(2)xU(l) from the term proportional to QYsin2eW. 

More generally, the local current Jz to which the Z" couples, when taken 
1-I 

between deuteron states is proportional to that for the photon: 

<D$D> = - 
e sin2eW<~IJ~j~> 

sineWcOseW (14) 

As a result there are no axial-vector couplings of the Z" to the 

deuteron and the vector couplings, being proportional to the electro- 

magnetic ones, exactly cancel between the numerator and denominator in 

the expression for the asymmetry. The final result5 for the elastic 

electron-deuteron asymmetry in SU(2)xU(l) is then: 

A eD -+ eD 
= +(z) (j.+2T;R)(2 sin2eW) . 
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Values of this asymmetry when T:R=O are shown in Fig. 2, along with 

those for elastic electron-proton and electron-neutron scattering. The 

magnifide is relatively large, and very importantly, positive. With 

sin2ew ~ (: 0.3 this is the only elastic or inelastic electron scattering 

asymmetry in SU(2)xU(l) which is expected to be positive at high energies. 

Furthermore it gives a very clean measurement of sin2eW. Unfortunately, 

the rapid fall-off of the deuteron form factor makes it problematic as 

to whether this will prove to be a practical way of extracting sin2eW 

with high accuracy. 

- 

IV. DISCUSSION 

We have calculated elastic electron-proton, electron-neutron, and 

electron-deuteron scattering asymmetries in detail within the context 

of the SU(2)xU(l) gauge theory of weak and electromagnetic interactions. 

Asymmetries of the same magnitude as in deep inelastic scattering are 

generally found. 

The terms in the elastic electron-proton (or neutron) asymmetry pro- 

portional to G$ the axial-vector coupling of the Z" to the nucleon, are 

found quantitatively to give negligible contributions at beam energies 

of Q 20 GeV. Only low energy 

to such terms and can be used 

Weinberg-Salam model. 

(below a few GeV) experiments are sensitive 

to determine their value in the original 

The asymmetries for elastic electron-neutron scattering for sin2ew<0.3 

are of the same sign, but much larger in magnitude, when compared to those 

for electron-proton elastic scattering. Electron-deuteron scattering, 

however, gives asymmetries of similar magnitude but opposite sign to 

other predicted elastic or inelastic asymmetries within SU(2)xU(l). 
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In contrast to deep inelastic polarized electron scattering asymmetry 

measurements, elastic scattering offers two advantages in testing the 

underlying gauge theory of weak and electromagnetic interactions. First, 

one does not need to depend on the applicability of the quark-parton model 

in general, or knowled.ge of quark flavor distributions.in the nucleon in 

particular, in order to intepret the results. One only needs to relate 

mostly measured elastic form factors of the nucleon, often at small values 

of 42, to the quark couplings of the y and Z". While some theoretical 

assumptions are necessary to carry this out, they seem relatively well 

founded and, importantly, different from those required to interpret deep 

inelastic scattering. 

Second, at SLAC energies elastic scattering is very much like doing 

a measurement at y = (E-E')/E M 0 for deep inelastic scattering. In 

fact, for a given scattering angle as y decreases one passes from the 

deep inelastic region, to that of resonance electroproduction, and finally 

to elastic scattering. We recall6 that in deep inelastic scattering the 

asymmetry is proportional to gA of the electron at y=O; if gA vanishes so 

does the asymmetry. Contrasting Figs. 2 and 3 we see a similar effect in 

elastic scattering; if gA vanishes (T;R = - i, as in Fig. 3), then the 

asymmetry in elastic scattering at SLAC energies drops by roughly an order 

of magnitude. Polarized electron-nucleon elastic scattering is then an 

alternative, or at least complementary, method to measuring a y distribu- 

tion in true deep inelastic scattering in order to determine the singlet 

or doublet assignment of the right-handed electron in SU(2)xU(l). 
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FIGURE CAPTIONS 

1. The asymmetry in polarized electron-proton and electron-neutron 

%Sastic scattering for electron beam energies of 3.23 GeV, 19.38 GeV, 

and infinity. All predictions are for the Weinberg-Salam model with 

sin20 = 1 
w 3' 

2. The asymmetry in polarized electron-proton, electron-neutron, and 

electron-deuteron elastic scattering at a beam energy of 19.38 GeV 

for the Weinberg-Salam model (TzR- -0) and sin2eW=0.20, 0.25, and 0.30. 

3. The asymmetry in polarized electron-proton and electron-neutron 

elastic scattering at a beam energy of 19.38 GeV in SU(2)XU(l) with 

the right-handed electron in a doublet (T:R = - $) and sin2eW=0.20, 

0.25, and 0.30. 
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