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Klectroweak Effects in e+e p, +p, at 29 GeV
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A measurement of the cross section for production of collinear muon pairs based upon
a sample of about 3000 events observed in the MAC detector at the storage ring PEP is
presented. From the angular asymmetry A.

&&
= 0.076+ 0.018 the axial-vector weak neu-

tral coupling is found to be given by gA'gA" = 0.31+ 0.08.

PACS numbers: 13.10.+q, 12.30.Cx

The production of muon pairs in the reaction

e'e —p, 'p

is sensitive to the effects of the axial-vector part
of the weak neutral current through an antisym-
metric contribution to the angular distribution.
We report a measurement of the muon pair pro-
duction cross section obtained with the MAC de-
tector operating at the Stanford Linear Accelera-
tor Center storage ring, PEP.

The MAC detector, described in detail in Ref.
1, includes a calorimeter and muon identifier

of &95% solid angular acceptance. The calorim-
eter is composed of 91 cm of steel absorber sur-
rounding the interaction point as a hexagonal
prism with end caps, with proportional wire
chambers interspersed at 2.5-cm intervals to
detect ionization from traversing particles. The
steel is magnetized by toroid coils with a strength
of about 18 kG, and is surrounded by four to six
layers of drift chambers for tracking muons. In-
side the iron calorimeter is a lead-plate shower
chamber to detect photon and electron showers
in the central region, icos01» 0.8; the inner por-

1238 1983 The American Physical Society



VOLUME 50, NUMBER 17 P H YSI t" AL REVIEW LETTERS 25 APRIL 198$

ee —(ee)p. p, (2)

with undetected electrons. Both backgrounds
were reduced by a large factor by requiring the
sum of energies of the two muon tracks to be
greater than 8 GeV. Cosmic rays were removed
by cuts on the track-associated scintillator tim-
ing and by loose cuts on the vertex position. The
longitudinal beam position of events which passed
the timing requirements indicates that fewer than
0.5% of the remaining sample are cosmic rays.
Two-photon-induced pairs were removed by re-
quiring the muons to be collinear (i.e. , opposite-
ly directed) within 10'. According to a Monte
Carlo calculation, ' the surviving background from
(2) amounts to 1.8% of the signal.

tions of the end-cap iron calorimeters serve the
same function in the polar regions. Scintillators
placed three plates behind the entrance faces of
the iron calorimeter provide triggering and tim-
ing. Innermost is a ten-layer drift chamber in a
5.7-kG solenoidal magnetic field.

The data reported here resulted from an expo-
sure of 39.9 pb ' at the center-of-mass energy
29 GeV. The pertinent trigger for this measure-
ment was formed by the coincidence between
pairs of scintillators in opposing sextants or end-
cap quadrants, or by at least one penetrating
track as def ined by a hit cluster in the central
drift chamber in coincidence with a 400-MeV or
greater pulse in the azimuthally matched calorim-
eter and scintillator sextant. Of the events read
into the on-line computer, those which had clus-
ters of central-drift-chamber hits in the appro-
priate azimuthal regions were recorded for fur-
ther analysis. This requirement avoided the log-
ging of cosmic rays which missed the central
drift chamber.

After reconstruction, events were taken which
had two central-drift-chamber tracks that formed
a vertex compatible with the known beam inter-
section volume, i.e. , a satisfactory y' for the
vertex-constrained fit. Each track was extrapo-
lated into the calorimeters to be associated with
the energy-deposition data. A particle was clas-
sified as a muon if it appeared to be minimum
ionizing through the calorimeters, or if an asso-
ciated track segment appeared in the outer drift
chambers. It was required that both tracks be
classified as muons for an event to be considered
further.

Events passing these criteria included a large
background of cosmic rays and of muon pairs
from the two-photon reaction,

Events coming from Bhabha scattering,

e'e -e'e

if misidentified and included in the sample, would
represent a serious background because of the
large asymmetry of reaction (8). Particular at-
tention was paid to elimination of these events in
the choice of criteria for classifying muons.
From a small subsample of events that fail slight-
ly more restrictive criteria we estimate the frac-
tion of Bhabha events in the sample to be less
than 0.3%.

The remaining background was from the reac-
tion

followed by decay of the v's to muons or penetrat-
ing charged pions, perhaps accompanied by z"s.
The fraction of these events in the sample was
calculated by Monte Carlo program' to be 2.5%
compared with the signal.

The final sample contains 3067 events, of which
about 130 are from background processes dis-
cussed above, mainly reactions (2) and (4). Nei-
ther of these reactions affects the angular distri-
bution strongly, in contrast with reaction (3); in
particular, their charge asymmetries are mild.
Asymmetric biases in the detection efficiency are
minuscule, since forward and backward events
are distinguished by the sign of the very small
curvature of the tracks in the solenoid and toroid
spectrometers. A bias would be produced by an
end-to-end azimuthal twist of the central drift
chamber. Such an effect has been detected (and
corrected) with the Bhabha event sample, which
is far more sensitive because of the typically
steep dip angle and extreme asymmetry of these
events. Even before correction of the twist, the
false asymmetry for muon pairs was negligible.
Both the solenoid and toroid field polarities were
reversed periodically during the data collection.
A correction was made in the angular distribution
fit (see below) for dilution of the asymmetry
caused by misassignment of the sign of charge
of both muons, which occurred in 8.0% of the
events.

The detection efficiency of the central drift
chamber as a function of production angle was
determined from a Monte Carlo calculation. The
redundant calorimeter/outer-drift-chamber parti-
cle identification permitted determination of the
identification efficiency directly from the data.
The efficiency of the scintillator system was ob-
tained from a sample of events in which only one
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in-time scintillator was required. The overall
geometrical plus detector efficiency was such
that about 75/0 of a.ll collinear pairs produced (in
4~ sr) were accepted into the sample.

The production of muon pairs is described ac-
cording to the standard electroweak theory4 by

2

I (1+a,) (1+cos'0) + 2a, cosa ], (5)
d cos9 2s

where to order nG we have

G —s
1, 2 AF, Agv, A ~ ~2 1 /M 2

z

Here 0 is the angle between the p' and the inci-
dent e'. Equation (5) includes the contributions
of the single-photon annihilation diagram and of
its interference with annihilation through the neu-
tral weak intermediate vector boson, Z', of mass
Mz.

Radiative corrections to Eq. (5) have been cal-
culated with the Monte Carlo program of Berends
and Kleiss, ' which includes terms of order +'.
These terms contribute a charge asymmetry of
+0.028. Checks on the ability of the calculation
to model the data are provided by the measured
distribution in the noncollinearity angle, shown

in Fig. 1, and by data on radiative muon pair pro-
duction from this experiment. '

The differential cross section after radiative
corrections is shown in Fig. 2, with the overall
normalization of the data adjusted (see below) to

I
I

I
I

I

agree with that of the theoretical cross section.
A maximum-likelihood calculation determined
the best-fit value of a„ from which we find the
charge asymmetry,

A» ——(N, —N )/(N++N ) = —,a,/(1+a, ), (6)

where N, (N ) is the number ot' events ha.ving the
p.

" produced at positive (negative) cos8, extrap-
olated to 4z angular acceptance. With the assump-
tion that a, «1 (see below), the result is

A„„=—0.076+ 0.018-IL 0.003.

The second error quoted is systematic and is at-
tributable mainly to possible Bhabha background.
With the standard-model value g„'g~" = 0.25 and

M~ = 90 GeV, Eq. (5) predicts A„„=—0.063 at
s = (29 GeV)'. A recent calculation' including radi-
ative corrections to Z'-exchange diagrams leads
to the slightly lower prediction A» = —0.060.
With this effect taken into account the product of
electron and muon axial-vector coupling con-
stants from the fit is

g~'g~" = 0.31+ 0.08,

in good agreement with the theory and with other
published measurements, ' as can be seen in Fig.
3. The solid line in the figure is the standard-
model prediction with Mz = 90 GeV. The dash-
dotted curve is the result of a fit to the s depen-
dence of A», with Mz as a parameter and g„'g~"
=0.25, yielding the limit M~&50 GeV with 95'%%up

confidence.
From Eq. (5) we see that the muon pair cross

section depends upon the vector coupling con-
stants via a normalization shift. The standard-
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FIG. 1. Distribution in the noncollinearity angle for
muon pairs. The curve is calculated following Ref. 5,
and including the tracking resolution.

FIG. 2. Differential cross section for muon pair
production, after radiative correction. The curve is
the result of the fit described in the text.
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FIG. 3. Dependence of A&& on s (only the more pre-
cise published measurements are shown). The solid
line is the standard-model prediction. The dash-dot-
ted line is the result of the fit described in the text.

model prediction is

gv'g„" = —,'(l —4 sin'8 ~)',

where 0~ is the Weinberg angle. Previous ex-
periments' give

sin'0&= 0.23 + 0.01,

and hence gv'gv" = 3.6&& 10 '. The resulting con-
tribution to a, is smaller than those of higher-or-
der terms, implying a, «0.01. The absolute
cross section from our data is 0.99+0.02+0.05
times the pure QED prediction [Eq. (5) with a,
=c, =0]. From this scale factor we find

The precision of the measurement of the vector
couplings is limited by systematic uncertainties
in the normalization.

In conclusion we have observed, with a signifi-
cance of about 4 standard deviations, the effect
of the weak neutral current in muon pair produc-
tion by electron-positron annihilation.
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