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We have measured the process e e p, +p, at v s = 29 GeV using the High Resolution Spectrometer
at SLAC PEP. The forward-backward charge asymmetry is A„„=—(4.9+1.5+0.5}'/o based on 5057
events. A subsample of 3488 p, +p, events in the angular range icosHi ( 0.55 gives a cross-section ratio of

= 0.990 + 0.017 + 0.030, The resulting couplings of the weak neutral current are
g~g~~=0. 208+0.064+0.021 and g'„gi" =0.027+0.051+0.089. The QED cutoff parameters are A+ ) 170
GeV and A ) 146 GeV at 95'/o C.L.

The Glashow-Salam-Weinberg standard model of elec-
tromagnetic and weak interactions' provides a precise
description of leptonic processes. Electron-positron col-
lisions are an ideal laboratory to study electroweak effects in
a low background environment. Measurements of the pro-
cess e+e p,

+
p, have been reported by the various

groups at SLAC PEP (Refs. 2—4) and DESY PETRA (Ref.
5). We have previously2 reported results based on an in-
tegrated luminosity of 19.6 pb, and in this paper wc re-
port new measurements at Js = 29 GeV using an additional
sample of 86.0 pb ' obtained with the High Resolution
Spectrometer (HRS) at PEP.

Thc HRS detector is a solenoidal spectrometer which
measures charged particles and electromagnetic energy over

90/0 of the solid angle. For the new data, a set of Cheren-
kov counters was located between the central and outer drift
chambers. 6 The tracking system in the 16.2-kG magnetic
field measures the momentum of a large-angle, 14.5-GeV/c
particle to —3/0. The charge is unambiguously identified
for icos8i ( 0.9.

A 40-module barrel shower-counter system provides elec-
tromagnetic calorimetry and time-of-flight (TOF) informa-
tion over 62'/0 of the solid angle. Thc energy resolution for
14.S-GeV showering particles is o.E /E = 7'/o. For mini-
mum-ionizing pal tlclcs, the energy deposition is typically
200 MeV and the time-of-flight measurement has an rms
error of 360 ps. A 40-module end-cap shower-counter sys-
tem provides the same information over 27'/0 of the solid
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angle, but o-~/E is —9% and TOF resolution is about +1
ns.

Every event accepted as a p, +p, candidate had to satisfy
the following conditions.

(1) It had two oppositely charged particles.
(2) Each particle had a momentum p between 7.25 and 20

GeV/c and deposited less than 1 GeV of energy E in the
shower counters.

(3) Each particle was detected within 15 ns of the beam
crossing time and the time difference between the two parti-
cles of an event was less than 6 ns.

(4) The distance of closest approach of a track to the ver-
tex was less than 1 cm radially and less than 9 cm along the
beam direction.

(5) The acollinearity angle was less than 25'.
These cuts effectively removed beam-gas interactions,

two-photon events, and cosmic rays.
Geometrical cuts were used to avoid holes in the detector

acceptance. The barrel shower-counter system covers the
polar angle with uniform efficiency for ~cos8~ & 0.55. The
coverage of the end-cap shower-counter system used in this
analysis was 0.7 & ~cosHj & 0.8. The azimuthal acceptances
have periodic gaps, every 9' for the barrel and every 18' for
the end cap. Although the physical width of the gap is
about 1 cm, a cut 3 cm wide was made. The track-finding
efficiency and the trigger efficiency were measured to be
uniform for ~cos8~ & 0.8 using Bhabha-scattered electrons.
These geometrical cuts ensured that events were accepted
only within regions of the detector where the detection effi-
ciency is uniform.

The events passing these cuts are 98.7% genuine muon
pairs from the e+e p,

+
p, process. The largest remain-

ing background comes from the reaction e+e v+v in
which the v

—'s decay into muons, charged pions, and
charged kaons. The fraction of such events passing the cuts
was calculated to be (0.8+0.08)'/o of the p, +p, signal using
a Monte Carlo simulation of the experiment and the known
~-decay branching ratios.

The next largest background comes from the two-photon
reactions e+e ~ e+e p, +p, , e+e ++vs, e+e K+K
in which the scattered electrons are undetected at small an-
gles with respect to the beam. From a study of the distribu-
tion of the events in fractional momentum versus acol-
linearity angle, we estimate this contamination to be
(0.4 + 0.1)%.

A potentially dangerous background to the charge-
asymmetry measurement comes from Bhabha scattering
e+e e+e because the angular distribution has a steep
forward peak. The Monte Carlo simulation shows that less
than 0.1% of the sample in the barrel region, and 0.2% in
the end-cap region, come from misidentified Bhabha-
scattered electrons. The contamination from cosmic rays is
& 0.1% of the signal in the barrel region and 0.3% in the

end-cap region.
The resulting new data sample consists of 4246 p, +p,

events, of which 3488 events were detected in the barrel-
shower-counter system. The background in ihe latter sam-
ple was estimated to be 45 events. The reconstruction effi-
ciency of the tracks, including the central-drift-chamber effi-
ciency, was 99.0/o. The overall efficiency, including the
geometrical cuts and trigger inefficiency, was 87.4/o in the
barrel region.

%'e have studied possible asymmetric biases of the detec-
tor. The bias caused by an end-to-end azimuthal twist of

the central drift chamber is negligible. The asymmetry
caused by the charge misassignment is much less than 0.1%
because of the high magnetic field. The symmetry of the
spectrometer has been checked using hadronic annihilation
events; the result is an asymmetry of —(0.4+0.8)%, con-
sistent with zero.

In order to determine the absolute cross section, we used
a subsample of data in the central angular region
~cos8~ & 0.55. The integrated luminosity was calculated
from the Bhabha-scattered events in the same angular
range. The cuts applied to obtain the Bhabha events were
identical except that the energy was required to be greater
than 3 GeV and E/p greater than 0.4. Since the topology of
the Bhabha events and the muon events is identical, many
systematic errors cancel when the ratio is taken between
these two processes. The measured integrated luminosity is
86.0+2.0 pb ' using a simulation which includes all the
Feynman diagrams up to order n'. The pure QED process
alone predicts (3477.5+17.9+104.3) p, +p, events in this
angular range. The first error is statistical and the second
systematic. The systematic uncertainty in the luminosity
dominates the error. Therefore, the cross-section ratio to
the QED prediction up to order o, ' is

R„„=0.990 + 0.017 + 0.030

where the known contributions from the background
processes above have been subtracted statistically.

In order to determine the forward-backward charge asym-
metry, we have used the angular distribution which is
shown in Fig. 1 after corrections for geometrical acceptance
and the order-a~ QED radiative correction. The overall nor-
malization is fixed by the theoretical value of Bhabha
scattering, i.e., assuming R» ——1. Since any binning of the
data represents a loss of information, we used a maximum-
likelihood-method technique to determine the asymmetry.
%e used

N

L (A ) = X in[(1+cos'8;+A cos8;)E(cos8;)R (cos8;) ]

where A is a parameter to be determined, E (cos8;) is an ac-
ceptance correction and is symmetric in cosg;, and R (cosg;)
is the radiative correction.

The charge asymmetry, A» extrapolated to the full solid
angle, is defined as

where Nf (Nq) is the number of events with the p,
+ in the

forward (backward) hemisphere with respect to the e+
beam direction. The result is

A „„=—(4.4 + 1.6 + 0.5)'/o

The systematic error of 0.5% includes the Bhabha-scattering
background and an estimate of possible detector bias.

The curve in Fig. 1 shows the expected angular distribu-
tion with the asymmetry parameter determined above. The
fit yields a x~=19.3 for 25 degrees of freedom. The QED
correction up to order o, ' contributes +1.6% to A».

We have published' a value of A»= —(8.4+4.3)%
based on the data sample of 19.6 pb '. The two measure-
ments are consistent. Since there are considerable differ-
ences in the detector geometry, the trigger, and the detector
configuration between two data samples, we average the
measurements assuming that the error distributions are
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TABLE I. Vector and axial-vector couplings.

70
HRS only

0.208 + 0.064 + 0.021
0.027 + 0.051 + 0.089

PEP average

0.249 + 0.041
0.019 + 0.070

60

~ 50
C0

+0

30

IO

recent values for the Weinberg angle of sin 8~ ——0.22 +0.01
and a Zo mass of (93 2 2) GeV, the predicted values of
A» and R» at v s = 29 GeV are A» = —5.9% and
R» = 1.00. Our measurements are therefore consistent
with these predictions.

With the above values for sin 0~ and Mz, a model-
independent determination of the vector and the axial-
vector couplings from our measurements of A» and R»
gives the results listed in Table I ~ Alternatively, assuming
Mz =93 GeV, we find sin 8~=0.29+009 from our data. A
more precise determination can be made by averaging the
three PEP experiments. The Mark II collaboration' mea-
sures A „„=—(7.1 + 1.7)% and R» ——1.002 + 0.013 +0.016.
The MAC collaboratiori, 4 based on about 10000 p,

+
p,

events, gives A» = —(5.8 + 1.0 + 0.3 )% and R» ——0.976
+0.014+0.034. The weighted averages are then

A» = —(5.87 + 0.97)%

0- I.O -0.5
t

0
cos e

0.5 I.O
and

R „„=0.994+ 0.022,

FIG. 1. The angular distribution of muons for 4246 events of the
process e+e p, +

p,

and

R»= 1+2g'„g~ Reg, 3 =4g,'g,&ReX

1 s
4sln Hwcos Hg s Mz +IMzI z

with the interference terms included. The charge asym-
metry is then A»=33/8R». The standard-model values
are

g,'gJ' = 0.25, g'„g„"= 0 25 (1—4 s.in28~) 2 = 0.0036

for sin28~=0. 22, where 8~ is the Weinberg angle. Taking

Gaussian. The final result is then

A» = —(4.9 + 1.5 + 0.5)%

based on a total of 5057 p, +p, events and a total integrated
luminosity of 106 pb

The standard model predicts the differential cross section
to be

do/d cos8= (n a'/2s ) [ R»(1 +c o's)8+ 2 cos8]

where

where we have added the systematic and statistical errors
linearly. Table I also gives the axial-vector and vector cou-
plings calculated from these averages.

The weak radiative correction is not included in the above
numbers; it could change the predicted asymmetry by about
0.3%. The error on the axial-vector coupling is dominat-
ed by the statistics, whereas the error on the vector coupling
is limited by the systematics.

Since the effect of the weak interaction on R» is expect-
ed to be small, we can use our measurement of R» to test
QED. The QED cutoff parameters are defined by

2$
~measured ~QED 1 +

A+

Oui data give A+ &170 GeV and A &146 GeV at 95%
C.L.

Finally, we put a limit on the additional contribution from
the nonstandard models' such as SU(2)l. &&SU(2)& x U(1)
or SU(2) && U(1) x U(l)', in which g„ is replaced by
g„+4C. Taking sin 9~=0.22+0.01, we find C (0.057
with 95% C.L.
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