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Precision Measurement of Klectroweak Effects in e + e - p, +p, at Js =29Gev
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A high-statistics measurement has been made of the process e+e p, +p, at Js =29 GeV
with the MAC detector at the SLAC storage ring PEP. The electroweak forward-backward charge
asymmetry for a sample of approximately 16 000 events was measured to be
= —0.063+0.008+0.002. The ratio of the cross section to the lowest-order QED cross section
was measured to be 8» = 1.01+0.01+ 0.03. From these results the weak neutral axial-vector and
vector couplings are determined to be g~g~" ——0.25 + 0.03 + 0.01 and g~g~ = —0.02 + 0.03 + 0.09.

PACS numbers: 13.10.+q, 12.30.Cx

The process e+ e p,
+

p, provides a low-
background test of the theory of electroweak interac-
tions. ' The axial-vector part of the weak neutral
current causes a forward-backward asymmetry in the
angular distribution, while the vector part produces a
very small change in the cross section relative to the
pure QED prediction. Previously published measure-
ments of this process by Fernandez et al. 2 and other
groups on the storage rings PEP at SLAC and PE-
TRA5 9 at DESY have been based on just a few
thousand events. The MAC-detector results reported
here are based on a total integrated luminosity of
222 + 4 pb ' at a c.m. energy of 29 GeV, yielding ap-
proximately 16000 events with reduced backgrounds
due to improved selection criteria.

The MAC detector' features very large solid-angle
coverage ( & 95'/o of 4m) with both electromagnetic
and hadronic calorimetry and tracking of charged parti-
cles. A ten-layer central drift chamber (CD) in a
0.57-T axial magnetic field provides momentum reso-
lution of o.~/p2 = 0.065 sing. This chamber is sur-
rounded by a hexagonal barrel of lead-plate elec-
tromagnetic calorimeters and iron-plate hadronic
calorimeters, closed by iron-plate end caps, all with
proportional-chamber sampling. The approximately
1-m thickness of central and end-cap absorber iron is
magnetized toroidally to 1.7 T and is surrounded by
three to six layers of drift chambers which track
emerging charged particles with a momentum resolu-

tion of a-~ jp = 0.3. Scintillators placed inside the cen-
tral and end-cap iron provide trigger and time-of-flight
information.

Substantial trigger redundancy for this measurement
is provided by two independent event triggers, either
(a) a coincidence of opposing scintillators, or (b) at
least one penetrating track defined by hits in the CD in
coincidence with appropriate signals in the correspond-
ing scintillator and hadron calorimeter. To be accepted
as p, pairs, triggered events must satisfy the following
conditions: (1) Two CD tracks must form a vertex at
the beam intersection region, be collinear within 15,
and satisfy ~cosg~ ( 0.95. (2) Each of the tracks must
deposit energy in the electromagnetic calorimeter con-
sistent with minimum ionization, and have a scintilla-
tor hit with time of flight consistent with the track's
originating at the beam interaction point. (3) At least
one of the two CD tracks must have a corresponding
track in the outer drift-chamber system and a momen-
tum of at least 7.0 GeV determined from the weighted
average of the separate measurements in the two sys-
tems. (4) The charge assignments by the CD and the
outer drift-chamber system (if present) must agree for
each track, and the two tracks must have opposite
charge.

A total of 16058 events passed all of these cuts.
The selection criteria are designed to reject events
from Bhabha scattering, cosmic rays, two-photon
processes (eepp, final states), and tau pairs. Of these
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possible backgrounds, Bhabha scattering is of most
concern since the reaction exhibits almost 100'/o charge
asymmetry. However, from a study of the effect of
the cuts on a large sample of Bhabha events in the
MAC detector, we find that the contamination in the

-p,air sample is less than 0.05%. Cosmic rays passing
the scintillator-timing and vertex-position cuts are
found to contribute less than 0.5%. Monte Carlo cal-
culations have been made of the background from
two-photon p, pairs" and w pairs, ' including a full
detector simulation' with all the conditions applied to
the data. The contributions to the p, -pair san1ple are
determined to be (0.4+ 0.05)% from two-photon p,

pairs and (0.9 + 0.1)% from ~ pairs. Both background
contributions have been subtracted from the data. All
of the above backgrounds introduce an uncertainty of
less than 0.001 in the asymmetry and 0.7% in the total
cross section.

The detection efficiency for p, pairs was calculated
by a Monte Carlo simulation and was checked by use
of the redundancy in the trigger. The overall geome-
trical and detector efficiency is 67'/o. Asymmetric
biases in the detector efficiency are found to be very
small and tend to cancel because of periodic reversal of
the magnetic fields. The overall charge misidentifica-
tion probability is determined to be 0.2/o, dominated
by the 25% of the events with only one matching track
in the outer drift-chamber system.

Thc cross section for e e p, p, is given ln thc
Born approximation by

gator. '4 With sin28w= 0.22, Mz = 93 GeV/c, and the
standard-model values of g~ gg = 0.25 and g vgt" = 0.25
x (1 —4 sin 8w) = 0.0036, the predicted asymmetry is
A „„=—0.063 and the predicted ratio is R„„=1.001.

The raw data of this experiment were corrected for
the backgrounds previous1y described and for radiative
effects in both the y and Z exchange diagrams. A
Monte Carlo calculation' with detector simulation
predicts radiative corrections to the charge asymmetry
of +0.0314 + 0.0006, 20'/o of which is due to photonic
corrections to the Z exchange diagrams. The ability
of the Monte Carlo procedure to mode1 the data is
checked by comparisons to the observed differential
cross section for radiative muon-pair production.
The angular dependence of the corrected data is shown
in Fig. 1(a), with the dotted line representing a
(1+cos28) distribution. The data with the QED con-
tributions subtracted out, shown in Fig. 1(b), clearly
demonstrate the expected linear dependence on cos0.
A two-parameter fit to the data was made to determine
the charge asymmetry A„„and the cross-section ratio

The integrated luminosity represented by the
sample was determined from Bhabha-scattering
events. The full statistical and systematic errors of the
background subtraction were included. The fit, shown
by the solid curve in Fig. 1(a), has X = 14.6 for 18 de-
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electroweak couplings of the electron and muon,
respectively. The parameter 3„„in (1) is given by
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and corresponds to the forward-backward charge asym-
metry for the full solid angle. The quantity X is given
by

4sln 8wcos 8w(1 —b)[(s Mz)+IMzi z~

(4)
where 8w is the mixing angle (Weinberg angle) and
5 = 0.070 is thc self-energy correction to the Z propa-
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FIG. 1. (a) Angular dependence of the cross section for
the process e+ e p,

+
p, . The data are shown after

corrections (see text), together with the results of a two-
parameter fit by Eq. (1) (solid line). The dotted line shows
the expected lowest-order QED cross section. (b) The
difference between the measured muon-pair cross section
and the QED cross section divided by the total QED cross
section, both to order o. . The electroweak prediction corre-
sponding to 3» = —0.063 is shown as the solid line.
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grees of freedom and yields

A „„=—0.063 + 0.008 + 0.002,

R „=1.01 + 0.01 + 0.03,

where the first error is statistical and the second
represents the systematic error. These values are in
excellent agreement with the standard-model predic-
tions. The error in the asymmetry is a factor of 2
smaller than in previously published measurements by
this and other groups. The precision of the R„„
measurement is limited by systematic uncertainties in
the detection efficiency and in the determination of
the integrated luminosity. Several authors prefer that
the Zo self-energy not be included in the Born approx-
imation. If this correction is not included in Eq. (4)
(6 =0.0) and the data are corrected for the self-
energy, then both the expected and measured charge
asymmetries are —0.059.

The measured A „„and R„„may be used to deter-
mine the parameters of the standard model. With use
of the standard-model values of gv and gz, the 68%-
and 95%-confidence-level contours in the Mz and
sin Hw plane were calculated. Figure 2 shows these
contours, the best-fit value, and the determination of
these quantities by Arnison et al. and Bagnaia et al. at
the CERN SPS collider. ' A determination of the Z
mass can be made if sin Hw is fixed to 0.22, giving
Mz = 94+66 GeV/c2. Conversely, if Mz is fixed at 93
GeV/c, then sin Hw =0.22+oo4.

A second interpretation of these results is obtained
if the weak couplings are allowed to vary, with con-
stant values of sin Hw=0. 22 and Mz =93 GeV/c,

0.6

0.5

0.4

giving

g„gy = 0.25 + 0.03 + 0.01,

g'gp = —0.02 + 0.03 + 0.09,

in good agreement with theory and other published
data

A test of universality for the neutral-current cou-
plings may be made by comparison of the results of
this experiment with the recent MAC-detector mea-
surement of the tau asymmetry, A „=—0.061
+0.012+0.005. '7 The ratio of the axial-vector cou-

plings is gJ/go=0. 97+0.25. This universality test,
which involves neutral-current couplings, is in princi-
ple distinct from the universality test given by compar-
ison of the tau and muon lifetimes, which involves
charged-current couplings.

In conclusion, the differential cross section for
e+e p, +iu, at Ws =29 GeV has been measured
with a much improved precision compared to previous
experiments. The values calculated for sin28w and Mz
agree well with those determined by pp collider and
neutrino scattering experiments. Measurements of the
electroweak couplings are found to be in excellent
agreement with the standard electroweak theory.
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FIG. 2. Contours of allowed sin 0~ and Mz from this ex-
periment. Both the 68%- and 95%-confidence-level limits
are shown. The shapes of the contours are highly sen. sitive
to the overall R» normalization. The best-fit value and the
values measured by the UA1 and UA2 experiments (Ref.
16) are also shown.
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