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1. Introduction

As is well known (Marshak et al., 1969), in conventional V — A theories of
weak interactions, one considers only charged weak currents and charged inter-
mediate vector bosons. Various arguments, both theoretical and experimental,
are used to exclude weak neutral currents (WNC) and the neutral intermediate
vector or scalar bosons. For example, it is argued that if WNC existed some
purely weak interaction processes, such as the following, should be observed.

et vve) = e +r.(v,) (1.1a)
0B > 1 0,5 (1.1b)
v (V) + N =>v,(n,) + N (1.1¢)
v+ N -+ X (hadron) (1.19)
v+(@Z)>vtutu+(2) (1.1e)

For a long time none of these crucial reactions was observed and this tended
to support the view that WNC did not exist. Support for WNC has, however,
recently come from two independent sources, one experimental and the other
theoretical.

Experimentally, evidence has been found (Hasert et 2l., 1973; Benvenuti ef
al., 1974) for reactions (1.1c) and (1.1d) in which neutrinos are coupled to
hadrons. This led immediately to the renewed speculation that other WNC
processes might soon be found and that WNC do indeed exist. This question has
to be settled by carrying out more systematic searches for other WNC processes
of the type listed above.

If one admits the idea of a WNC, one can think of another class of processes,
conventionally treated as purely electromagnetic (neutral) current processes,
which would now be admixtures of weak and electromagnetic interactions. The
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result is that we have further means of searching for WNC. Among reactions in
the latter group we have the following:

e te e te (1.28)
e te sy tu” (1.2b)
e tet e +et (1.2¢)
e tet sy +ut (1.2d)
e" + e~ — hadrons (1.2¢)

e tpre +p (1.26)

e tpre +X (1.2g)

Searches for WNC in these processes consists of looking for modifications to
conventional electromagnetic theory results for these processes arising from the
WNC contributions. From an experimental point of view one can look for
corrections to the magnitude of differential cross-sections. This however in-
volves measuring the cross sections to very high precision, beyond the tested
limits of QED, including radiative corrections. This is hard to achieve.

A more promising line of attack is to lock for parity-violating effects since
the weak contribution will violate parity but not the electromagnetic part. The
interference between the two contributions can be projected out and its effect
measured by looking for forward-backward asymmetry in the differential
cross-section. In addition, one can measure the helicity of the scattered elec-
trons by measuring, for example, the angular distribution of the bremsstrahlung
emitted by the scattered electrons in matter. In a two-body process such as the
M¢ller scattering, with initially unpolarised electrons, such mean helicities
should be zero if WNC parity-violating interactions are absent.

However, even when one knows what to measure in order to detect the
presence of WNC, one still has to make a judicious choice of the reaction. Some
processes are kinematically more favoured than others for the purpose of search-
ing for WNC effects. Since colliding e*e™ beams are already available, providing
large centre of mass energies which may not be too far from the intermediate
vector-meson (Z°) pole, considerable effort (Cung et al., 1972; Love, 1972;
Godine & Hankey, 1972; Brown et al., 1972; Dicus, 1973; Palmer, 1974; Budny,
1973; Budny & McDonal, 1974) has since gone into estimating the contribu-
tions of WNC to e*e™ annihilation. On the other hand, the only high energy
e"e~ experiment is that carried out by the Princeton-Stanford group (Prince-
ton-Stanford Collaboration, 1966) at the modest energy of 4/(s) = 1100 MeV,
using the 500 MeV electron storage rings at Stanford. It is unlikely that the
WNC effects will show up at such low energies in view of the expected large
mass of the Z°. However, there have been recent proposals (PEP Project, 1974)
to build higher energy (=800 (GeV)?) colliding (¢"e”) beams, and it may not
be out of place to calculate the expected WNC modifications of the Mgller
scattering at these higher energies. One such simple calculation is reported here.

In addition to purely experimental efforts as a source of renewed interest
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in WNC, one has aiso that recent theoretical gauge models of the Weinberg-
Salam type (Weinberg, 1967, 1971; Salam, 1968; Lee, 1972) require such
WNC. In trying to achieve the very desirable goal of unifying electromagnetic
and weak interactions and overcoming inherent divergence difficulties, one was
led to a new class of interaction Lagrangians, in which WNC are manifestly
present. Thus finding such WNC can lend great support to such gauge models,
although it is also clear that the existence of WNC does not necessarily imply
the correctness of any gauge theory. The best marriage at present between gauge
theories and WNC theories is to use the form of WNC Lagrangians suggested
by gauge theories for the purpose of estimating the expected magnitude of the
WNC contributions to various processes. In this respect we shall use the Wein-
berg model as the prototype Lagrangian.

2. Neutral Current Correction to M@ller Scattering

We now consider the Méller process e”e™ — e7e” in the lowest order in
which the following Feynman graphs (Fig. 1) contribute. We assume an inter-
action Lagrangian of the form

Li=¢g E’)’neAg + fE'Yn{gV T84 75)623 2. 1)

where gy and g4 measure the relative proportions of vector and axial vector
weak neutral currents; f is related to the universal Fermi coupling constant:

G(=10"My) by  fP=(2)GM

where Mz is the mass of the intermediate vector boson and My the nucleon
mass.

The kinematics of the reaction is as shown in Fig. 2, in which the incident
electron defines the positive z axis. This electron is scattered through angle .
All our computations are done in the centre of mass system. The two initial
electrons are assumed unpolarised although, as in the case of colliding e*e~
beams, a high degree of transverse polarisation may be achieved for the collid-
ing e"e” beams, due also to synchrotron radiation (Baier, 1971). The spins of
the two final electrons are summed over to obtain an unpolarised Mgller cross-
section. Later, we project out the spin of one of them in order to study the
helicity problem. The calculations are done in the relativistic limit in which
E > m, the electron mass. We then have

pl,u = (Es 03 OaE)
Da, =(F,0,0,-F

= ) 2.2)
Py = (E, Esin 6 cos ¢, E sin 6 sin ¢, E cos )

pay = (E, —E sin 6 cos ¢, —E sin 6 sin ¢, —F cos 8)
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The amplitude becomes
- rt 1 — !t
M= e(z)u(plsl)7uu(plsl) ;l“{ u(Pﬁz)’)’uu(pzSz)

- 1A 1 - !
- e?)u(pZSZ)'Yuu(plsl) ng u(p,lsl)’qu(stz)

- t s 1 - o
+ FuP's)vuEy +8avs)u(p1sy) 7 M u(2852)7,(8v + 8475)u(p252)
—Mz

- ot l - r
— FPupasayyu(gy + gavsiu(pisy) q,‘z‘ Y u@s)YuEr + 8475 )(pas2).

Mz
2.3)
where ¢ = (p1 — p1); ¢ = (p1— P?2).
With the Bjorken-Drell (1964) conventions, this leads to the following
expression for the amplitude squared, the two final spins being summed over

M2=X[1+5,yz+52] (24)
where X is the high energy limit (E* > m?) of the M¢ller scattering. We have
4 2y\2
€ (3+z%
= e e 2.5
X 4m? {(1 —2)*(1 +z)2jl (2:5)

with z = cos . The correction terms 8.,z and & 7 are the interference term and
the pure weak term respectively. We have

[8ky + (1 +2)°k,)
[2E*(1 — 2) + M;*}(3 +2%)?

fPE?
81z =5 (1 2%
€o

+{z+-2z) (2.6)

where ky = (g2 +84° +837 t2) and kp = (gv* — g4 +8V — g4
We shall assume time reversal invariance and put g3 = gy'; 25 =84. The
pure weak interaction term 8z is usually very small and can be neglected.
The spin averaged differential cross-section is given by

do 1 mt
(z;ﬁ) “ a2 M

d
= (;‘é)M [1+6,7+8,] (2.7)
where
(QQ) - .‘i‘% {_.@_“Lizi.):_z} (2.8)
ddly 4E* |(1—2z2)*(1 +2)

which is the high energy limit of Méller cross-section.
For the case where we are interested in the helicity of one of the final
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electrons, we modify equation (2.3) by inserting the spin projection operators
(Bjorken & Drell, 1964).
Taking traces as before we obtain that

dQ 4E* (1 - 2)%(1 +2)? | 327 (1 — 2)[2B%(1 ~ 2) + M 2]
. 4k, + 8hks . 4, + Shks
(1= 2)[2E%(1 +2) + Mz?] (1 +2)[2E*(1 —z) +Mz?]

4y + (1 — 2)%ky + 4h(1 + 2)k;4
(1+2)[2E*(1 +2) + M, ?]

do o [ (22 +3)? ]+£{(4k1+(1 +2)*k, + 8hks)

2.9)

where k3 = (gyg4 + 25g%) and where we have taken the polarisation four
vector of the scattered electron as

i _h ) .
S1=;(E,psin9 cos ¢, p sin 8 sin ¢, p cos )

with & as its helicity.
From equations (2.6) and (2.7) we note that the forward-backward asym-
metry (4) defined by

do do
@ g

do do
@+ o)

is zero. That is, the one-photon contribution as well as the electromagnetic-
weak interference term is front-back symmetric. This is unlike the case of

e*e” — u"u~ where the axial vector part of the weak neutral current is able to
give rise to an interference term which is front~back asymmetric. In that case,

a search for WNC can be based on a measurement of asymmetric angular distri-
bution. Such a measurement cannot be used for this lowest order M¢ller scatter-
ing. On the other hand the mean helicity (%) defined by

do do

—— h::.!. e St = _.
LT g D

do do

— h::+ U = _.

dQ( 1)+dﬂ(h 1)

becomes, from equation (2.9),
(hY=(4f’gye4E*)

« 4W+ (1 +2)(3 - 2)T
R+ f2E* (8k,(2E% + M) + 5k, [T(1 — 2)° + W( +2)*]}

(2.10)
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where
_ej(z*+3)?
o1 -2?
T=2E%1-z)+My  W=2E*1+z)+M}

If we put r = E2/M% and work in the limit 7 < 1, then equations (2.6) and
(2.10) become

[(M% + 2E%)* — 4E%27]

5 L2 =28k, + (1 +2)°Fs]
L (3 +2%)?

+(z > —2) (2.11)

4f%gyga(l — z8)r[4 + (1 +2)(3 — 2)]
e3(3 +z%)?

(hy= (2.12)

3. Numerical Checks and Discussions

We may now use the Weinberg model to estimate the magnitudes of these
effects. According to the Weinberg model

gr=—}+ 2 tan’ o
VT  ttan?
g4=—%
1 +tan®
f= ——— ¢
2tana

where a is the Weinberg angle estimated to be about 35°.

We notice that near the forward direction (z = 1) ., z is very small, while
away from the forward direction §. 7 can be large.

Withz=0,E=5GeV and Mz =75 GeV, 8,7 = 0-5%. For £ > 15 GeV,
8.7 can be over 4%, which is measurable. Similarly we find that () is smal
near the forward direction but can be appreciable off the forward direction.
For £=5GeV and Mz =75 GeV, (h) = —0-1%. For E 2 30 GeV, (k) is over
4%, and can be detected.

4, Conclusion

We conclude generally that at the proposed higher e”e” colliding beam
energies, the Mgller scattering process can be a fruitful ground for searching
for weak neutral currents.
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