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Recent experiments performed at PETRA to test quantum electrodynamics are shown to provide

nontrivial constraints on the structure of weak neutral currents.

g =o [lp s/(s -A, ')]', (2)

where s, as usual, stands for the center-of-mass
energy squared. Recently, the Mark J Collabora-
tion' at PETRA has published limits on ~, based
on data at s = 169 to 999 GeV:

&97 GeV,

~, &71 GeV,

at the 95% confidence level. Similar results have
been obtained by the PLUTO and JADE Collabora-
tions. ' More recently, it has been reported that
new Mark J limits on~& are4

&160 GeV,

~, &120 GeV.

Because these limits for &, are comparable to,
or even greater than, the conjectured mass of a
Z boson, which is believed to mediate weak-neu-
tral-current interactions with dimensionless
coupling strength of order e, it is of obvious im-
portance to examine simultaneously possible
weak-interaction effects.

Suppose the effective Lagrangian for the neutral-
current interactions of electrons and muons can

Recently, stringent limits have been set at
PETRA on the QED-violation parameters A „
as defined below, in electron-positron annihila-
tions into muon pairs,

+e ~ /J. +p,

Because we now have every reason to expect a
weak-neutral-current contribution to (1) at some
level, the significance of such QED tests should
be assessed by considering simultaneously the
electromagnetic and weak interactions. The pur-
pose of this note is to show that the "QED experi-
ments" already performed at PETRA provide
nontrivial information on the parameters of neu-
tral currents.

It has been traditional to characterize a possible
violation of QED in the colliding-beam reaction
(1) by parametrizing the data as follows'.

~VA ~VV~AA ' (6)

For orientation purposes we first concentrate
on first-order effects in G, i.e., weak-electro-
magnetic interference. To this order only the
vector-type interaction (the hvv term) contributes
to the cross section for (1), and the fractional
deviation from the QED prediction is readily de-
rived to be

&&/0'upo = (G/&27tH)kvvs

Comparing (7) with the expansion of (2) in powers
of s/A, ', we obtain

h vv = 4m cl/&2GA (6)

where we have considered only the h«&0 case.'
A model-independent comparison therefore yields
an upper limit on A« for a lower limit on ~

A &97 GeV ~hvv &0.59,

A &160 GeV ~ hvv (0.22
(9)

It is notew'orthy that the most recent Mark J limit
on A already rules out, at the 95% confidence
level, the SU(2)-symmetric V —A model' and the
once-popular "hybrid model, "' both of which pre-
dict h« to be 4.

Within the context of the standard SU(2) @ U(1)
model, ' which predicts

hvv = 4 (1 —4 sin'8~)~, (10)

the experimental limits on ~ can be used to pro-

be written in the following four-fermion form'.

& = —( G/~~) [hvv (er&e+ Br~ P)(sr~e+ ur~&)

+2hvA(sr&, e+ &r~i )(error, e+ t r~r, f )

+NCAA(error s+ i r~r. i )(error, e+Pr~r. ~H

(5)

where pe universality has been assumed. If the
neutral-current interactions are due to the ex-
change of one or more Z bosons, h«and h»
must be positive semidefinite. For a single-Z-
boson model we have the factorization constraint
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vide constraints on sin'8~, indePendently of any
other exPeH ments. The Mark J limits imply

&9V GeV~ sin26~&0. 63,

A & 160 GeV ~ 0.02 & sin 8~ & 0.48,

which are already seen to be nontrivial results.
So far we have considered only the effects due

to weak-electromagnetic interference (of order
G). Let us now include corrections from the pure
weak term (of order G') which contains both vec-
tor and axial-vector couplings. We also take into
account the finite mass of a Z boson within the
context of single-Z-boson models where the
coupling constants are normalized to agree with
the four-fermion Lagrangian (5) in the low-s
(i.e., s «m~') limit. " Equation (8) is now modi-
fied as follows:

ao/ooan = —4(s/4vo, )[G(s,m~')/~2

x (h»„—(s/4mo) [G(s, m~')/V2]

x (hvv + hAA) ) s
' (12)

where

G (s, m~) =—G/(1 —s/m~') 2 G . (13)

1,2-
m =

Z

mz= 90

mz=50

We see from (12) that there exist three inde-
pendent parameters Ay@ Agg and 1z A limit
for A, for particular values of s and mz, de-
fines an allowed region in an h«-h» plane, as
illustrated in Fig. 1 for s=1000 GeV' andA =160
GeV. We have done this with m~ =~ (four-fermion
limit), m~ = 90 GeV (mass predicted by the stan-
dard model for sin'8~ = 0.23), and two small values
of m~ (50 and 40 GeV). The allowed region is to
the left of the curves. We observe that for ex-
pected values of h~~ (=—,') a smaller value for mz

constrains h«more rigidly. Hopefully a mea-
surement of forward-backward asymmetry in (1)
will soon provide a rough value for h».

In single-Z-boson models with pe universality,
h«and h» are related to other neutral-current
parameters by the factorization relations"

h Fv gv /c v hAA gA /cv (14)

where g~ and g& are the vector and axial-vector
coupling constants in neutrino-electron scattering,
and c, stands for the elastic neutrino-neutrino
scattering constant. In a wide class of gauge
models c,' is predicted to be unity; c,' can also
be determined experimentally by comparing in-
elastic neutrino-nucleon scattering, inelastic
electron-deuteron scattering (the "SLAC asym-
metry") and neutrino-electron scattering. The
factorization predictions are exhibited in Fig. 1
using the most recent compilation of neutrino-
electron scattering data. " Also shown in Fig. 1
are the predictions of the SU(2)-symmetric V -A
model, the hybrid model, and the standard model
with sin'6I~ set to 0.23.

Curves analogous to those in Fig. 1 may also be
drawn from limits on A„but they turn out to lie
too high above those in Fig. 1 to be of practical
interest. There is, however, an interesting con-
straint supplied by the Mark J limit on A, . With-
in the context of single-Z boson models con-
strained to give the same low-s predictions as the
standard model, with sin'8~=0. 23, we obtain a
lower limit on the Z-boson mass as follows":

300(+)
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500(-)
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250 (-)
2oo(-)

A, & 120 GeV at s = 1000 GeV' ~ m~ & 36.3 GeV.
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FIG. 1. Allowed regions in hzz-k~ plane for & = 160
GeV and s=1000 GeV, with mz-—'0, 90, 50, 40, GeV.
The predictions of various models are also indicated.
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FIG. 2. &o/0@ED vs sin eI, in the standard SU(2)U(1)
model at s=1000 GeV, together with appropriate values
of A~. The range of sin28I allowed by the Mark J limit
on & is indicated.
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Let us now turn to the predictions of the stan-
dard SU(2) U(1) model. The number of parame-
ters now decreases from three to one; the weak-
mixing angle 6)~ is the sole parameter in terms
of which we can express h«[see (10)], h„~
(=-,' independent of 8~), and m~ (= V4.6 GeV/
sin281). In Fig. 2 we plot the predicted value of

Ao/cryo vs sin'8~ at s = 1000 GeV'. The scale
on the right gives the appropriate values of A, .
The allowed range of sin'8~ for A & 160 GeV is
very close to that obtained earlier using only
first-order considerations with m~ =~ [see (11)],
which is expected because & «mz' even for

FIG. 3. &+O~E~ vs s in the standard SU(2)(3 U(1) mod-
el. for (a) sin ez ——0-0.25, and (b) sin 8&=0.25-0.50. Al-
so shown is &0/0~D vs s using (2) for A,= 120 GeV and
~„=160GeV.

sin 8~=0.5. %'e also note that if sin 8~ is really
around 0.23, finite deviations from the QED cross
section are virtually impossible to observe at
present energies.

In Figs. 3(a) and 3(b) the energy dependence of
ho/oooo predicted by the standard model is illus-
trated for sin'8~ between 0 and 0.5. Shown also
for comparison is ~o/o&Eo, given by (2) for
A, =120 GeV andA =160 GeV.

To conclude, the level of sensitivity reached
by the PETRA QED tests is such that weak-inter-
action effects can no longer be ignored. These
tests should therefore be regarded more properly
as tests of electromea& theories (quantum flavor
dynamics). In particular, the Mark J results
recently reported already rule out, at better than
the 95% confidence level, the SU(2)-symmetric
V -A model and the once popular hybrid model
and have begun to constrain the single parameter
of the standard SU(2) 8 U(1) model, sin'8~, inde-
pendently of any other measurement. Further-
more, within the framework of single-Z-boson
models that give the same low-q' predictions as
the standard model with sin'0~ =0.23, the Z-boson
mass must be greater than 36.3 GeV.
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