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The measurement of the nonelectromagnetic forward-backward charge asymmetry in
the reaction e+e —iz'tz at ~s-34.6 GeV and in the angular region 0& IcosOI&0. 8 is re-
ported. With a systematic error less than 1%, we observe an asymmetry of (-8.1+2.1) /p.

This is in agreement with the standard electroweak theory prediction of (- 7.6+ 0.6)%.
The weak-current coupling constants are also reported.

PACS numbers: 13.40.Ks
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One of the most important advances in physics
in the last two decades is the development of the
electroweak theory. ' Lepton-hadron experiments'
in the last decade have shown agreement with this
theory. These experiments are characterized by
the following experimental conditions: (1) rela-
tively low c.m. energy, namely, s=200 GeV';
(2) relatively low momentum transfer q'= —100
GeV' in the spacelike region; (3) the use of nu-
clear targets.

The reaction

e+e - p+p

proceeds via timelike momentum transfers, and
at high energies q' = s = 1200 GeV' offers the pos-
sibility of observing directly the effect of the neu-
tral vector boson Z'- p,'p. . According to elec-
troweak theory, ' reaction (1) proceeds through
both photon and Z intermediate states. The re-
sulting differential cross section is'

and

G F s m~'
2tro. s- ms' '

A'=(-7. 6 ~ 0.6)%.

Experimentally, the detectable effect of for-
ward-backward asymmetry is

(4)

N(8& ~/2) -N(8& n/2) «,
N(8& zr/2)+ N(8& m/2)

where N is the number of p with a polar angle in
the indicated range measured with respect to the
e beam direction. To compare the measured
asymmetry A from (5) with the neutral-current
prediction from (4), the measured distributions
are corrected for the small (o.', positive) QED

with GF/v 2 the Fermi constant, ms the mass of
the Z', and g~ and g„ the vector and axial coup-
lings of the Zc to the lepton fields. At vs=34. 6
GeV, the term a, cos 8 produces a measurable
forward-backward charge asymmetry a, cos 8/
(1+a,)(1+cos'8). Using sin'8~=0. 23, we have,
after integration, the total asymmetry A~= -9.5/o.
After radiative corrections including initial-state
photon emission on interference terms we have
A~=(- 8.7 +0.6)%. In the angular region of our
experiment, 0& Icos8I & 0.8, we have
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asymmetry A
For the present study" we have installed end-

cap muon chambers, extending the muon accep-
tance to cover leos~ |& 0.9, so that the region
where the charge asymmetry is expected to be
largest is well covered. Equal amounts of these
data have been collected by using both magnetic
field polarities of the detector. Our selection
criteria for muon-pair events are (a) two mini-
mum-ionizing particles emerging from within a
cylindrical region of 20 cm length and 5 cm radi-
us centered at the beam crossing point, penetrat-
ing 90 to 160 cm of magnetized iron, and reaching
the outside drift chambers; (b) a time coincidence
in the muon trigger counters to better than 5 nsec;
(c) an acollinearity angle between the two tracks
less than 20'; (d) P„& Vs/4 for at least one muon,
where P„ is the measured muon momentum. A
total of 2435 p'p, events were collected at fs
= 34.6 GeV.

Much effort was spent to understand the sys-
tematic bias of the asymmetry measurement and
to keep it &1%. We list some examples:

(1) Uncertainty in momentum measurement—This uncertainty affects the determination of
muon charge. The inverse-momentum resolution,
k=1/P, is o(k)/k=30/c for P =17.5 GeV/c. There
are 50 observed events where both muons are
measured to have the same charge (2.1% of the
sample), which were removed. This suggests
that in less than 0.1% of the events, the wrong
charge assignment was made for both muons. As
a further check of this (and other systematic er-
rors), the data were processed by two completely
independent analysis teams using different event
selection and momentum fitting procedures.
Event-by-event comparisons of the data obtained
from each processing scheme indicate excellent
agreement.

(2) Uncertainty in detector accePtance This.—
may cause a given solid angle for positive muons
to be different for negative muons. The system-
atic error due to detector acceptance can be sig-
nificantly decreased by alternating the polarity
of the detector magnetic field. Any acceptance
asymmetry will produce effects which are equal
and opposite for positive and negative magnet
polarities. Therefore, the difference between
the measured asymmetries with each field polar-
ity displays twice this systematic bias. To meas-
ure the detector asymmetry, we collected a sam-
ple of 20000 cosmic-ray muons with momentum
greater than 10 GeV. Most of these cosmic-ray
data were collected during normal data-taking
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FIG. 1. (a) The measured detector asymmetry A„de-

fined as the percentage difference in acceptance for
pos.itive and negative muons as a function of the polar
angle, as determined from 20000 cosmic-ray events
with momenta between 10 and 50 GeV/c. The angular
distribution of muon-pair events as a function of the
cosine of the scattering angle, for (b) ~s=14 GeV and
(c) ~s =22 GeV, corrected for detector acceptance and
the & QED angular asymmetry. The full curves are
fits to the data, under the assumption of Eq. (2). The
dashed curves represent the angular distribution due to
the lowest-order QED alone.

periods, thus appropriately reflecting any possi-
ble time-dependent changes in detector response.
After correction for the different time of flight
and energy loss, the detector response to a cos-
mic-ray muon going through the interaction region
is equivalent to that for a collinear muon pair of
the same energy. From a detailed study of these
cosmic-ray muon data, ' we calculate the detector
asymmetry as a function of the polar angle 9, as
shown in Fig. 1(a), and thus conclude that the de-
tector contribution to the charge asymmetry is
less than 1%. Furthermore, this detector asym-
metry is eliminated by collecting data in equal
amounts with both magnet polarities, thereby can-
celing to the first order all systematic errors
which relate to the charge measurement of muons.

(3) Trigge~ inefficiency. —From the measure-
ment of muon yields from redundant triggers, we
observe a &0.5% uncertainty in the total muon-
pair rate. This implies that the uncertainty in
muon asymmetry will be &0.1%.

(4) Tau Pairs. —The contamination from e+e
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-v'7 —p, 'p, v„v& v„v, is about 1%' and yields a
similar angular distribution to that from muon
pairs.

(5) Two pho-ton process .—Muon pairs from e'e
-e'e p.'p. are characterized by lower muon mo-
menta and by muon acollinearity angles that are
roughly uniform up to 90'.' We calculate that the
rate of such events satisfying the above criteria
is less than 0.2/o of the muon-pair rate.

(6) Cosmic rays. —From coincidence timing,
we estimate a cosmic-ray contamination to the
muon-pair sample of less than 0.4%.

From these studies, we conclude that by taking
equal amounts of data at both magnetic polarities,
the total systematic error is & 1%.

As a consistency check on the systematic er-
rors, Figs. 1(b) and 1(c) display the distribution
of p.'p, events as a function of the scattering an-
gle" for v"s =14 and 22 GeV. As seen, the devia-
tions from QED angular distributions are small
at v's =14 and 22 GeV; the asymmetry values are
A = (+ 5.3 & 5.0)% and A = (- 4.3 & 6.1) /o, respec-
tively. This is consistent with the expected s de-
pendence of the asymmetry.

The total cross sections for e'e - p'tt at Ws

=14, 22, and 34.6 GeV, normal. ized to the expec-
tations from QED (after a'radiative corrections), '
are measured to be o»/ooEz& =1.04&0.05, 1.02
+0.05, and 0.99 +0.02, respectively. The cor-
responding luminosities are 1.57, 3.12, and 48.3
pb '. The systematic error for all three values,
due primarily to the luminosity measurement er-
ror, is 3/o. QED cutoff-parameter' limits are
A, =180 GeV and A =163 GeV (95/o confidence
level).

Figure 2 displays the distribution of muon-pair
events as a function of the scattering angle for
v's =34.6 GeV. The data show a distinct asymme-
try. Indeed, the total asymmetry A~, resulting

l.2

from the simple counting of events forward and
backward in e for 0& )cosel& 0.8, is Ar=(-6. 7
&2.1)/o. The asymmetry due to QEDA =(1.4
+0.5)/o. Therefore we observe a non-QED asym-
metry

A =(- 8.1 + 2.1)o/o.

Our result agrees with the Glashow-Weinberg-
Salam prediction [Etl. (4)]

A'=(- 7.6 ~0.6)%.

Our results limit the mass of Z' to rnz & 51
GeV with 95% confidence. If we fit the form of
Etl. (2) to the data, as indicated by the solid
curve, we obtain the asymmetry value extrapo-
lated to all angles. The resulting value is A
= (-9.8 a2.3)% with lt' = 7.2 for six degrees of
freedom. This result can be compared with the
corresponding A~= (- 8.7 +0.6)% and with the
value of Brandelik etal. , ' A= (-16.1 a3.2/o), and
the value of Bartel etal. ,

' A=(-12.8 &3.8)%.
In Table I we display the asymmetry values

for v's=34. 6 GeV obtained from each polarity in-
dividually, and for two regions of cos8. The com-
patibility of these values indicates the insensitiv-
ity to variations in detection and measurement
efficiencies. Assuming p, -e universality, we
have used the measured charge asymmetry val-
ues and the total p,'p, cross sections to calculate
the two coupling constants gv and g„of Etl. (2).
For mz = 90 GeV we obtain

g~' = 0.01 +0.05, g„' = 0.28 +0.06.

The systematic error ing~' (a0.06) comes from
the systematic error in luminosity measurement
of 3%. The upper limit in the systematic error
in g„' (+0.03) comes from the upper limit in the
systematic error of 1% in the charge asymmetry
measure ment.
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TABLE I. Charge asymmetry for both magnet polar-
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FIG. 2. Same as Figs. 1(b) and 1(c) at ~s =34.6 GeV,
s bowing the elect roweak effee t.

Sum

22.4
25.9
48.3

—7.8+ 3.1
—8.4~ 2.8
—8.1+ 2.1
—7.6~ 0.6

—11.4+ 3.5
—10.1+3.1
—10.7+ 2.3
—9.0+ 0.6
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Transverse rotation-group representation indices are shown to appear in one-loop radi-
ative corrections. Some conjectures are made on how such index structure generalizes to
higher orders. An unusual correlation between the absence of UV divergences in super-
symmetric theories and the equality of such indices for fermions and bosons is described.
This correlation is argued to be a fundamental indicator of higher-order UV behavior for
D =10 Q =4) supersymmetrie Yang-Mills theory and D = 11 (N = 8) supergravity. Within
this context, the significance of O(8) triality is discussed.
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In this Letter I discuss some striking group-
theoretical features which appear in radiative
corrections as computed perturbatively for rela-
tivistic quantum field theories. These features
seem to be very general in character, and may
lead to further simplifications in the rules used
to determine the UV structure of field theories.
Although I expect wider applications, I will pri-
marily discuss supersymmetric theories in this
Letter, since their UV structure is of paramount
theoretical interest.

I shall show how radiative corrections involve
'"transverse rotation-group representation in-

dices" by giving a simple one-loop example. Qn
the basis of such low-order perturbation theory
results, I conjecture that higher-loop processes
involve generalized higher-order representation
indices. I also suggest a factorized form for the
dependence of higher-loop corrections on boson
and fermion indices in supersymmetric theories
such that generalized indices are a direct indica-
tor of certain higher-order effects. I observe that
these conjectures are consistent with an other-
wise unusual correlation between the equality of
group representation indices for the fermions and
bosons found in certain supersymmetric theories
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