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We have measured the partial widths of the Z° into lepton pairs, and the forward-backward charge asymmetry for the process
e*e~ —pu*u~ using the L3 detector at LEP. We obtain an average Iy, of 83.0% 2.1+ 1.1 MeV. From this result and the asymmetry

+0.046

measurement, we extract the values of the vector and axial vector couplings of the Z° to leptons: gyv= —0.066*303% and ga=

—0.495+3087.

1. Introduction

The mass and width of the Z° have been accurately
determined at LEP [1,2], using data from the reac-
tion ete~ —hadrons. Precise measurements of [y, the
partial width of the Z° into charged leptons, and of
the lepton charge asymmetries can be used to deter-
mine parameters within the standard model [3] and
to test the validity of that model. In this paper we
present our determination of I'y, and of the Z° vector
and axial vector couplings, gy and g4, to charged lep-
tons. The results are based on our measurements of

! Supported by the German Bundesministerium fiir Forschung
und Technologie.
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theete~ —e*te  ande™e~—»p*p~ cross sections and
on the forward-backward charge asymmetry Agp in
eTe”—>utu~. With the increased luminosity deliv-
ered by LEP ( ~1 pb—!), we have increased the data
sample sizes by a factor of five relative to our pre-
vious analysis [4]. The systematic errors also have
been reduced by a careful study of the detector
performance.

2. Data collection

The L3 detector has been described in detail else-
where [35]. It consists of a central tracking and vertex
chamber, a BGO electromagnetic calorimeter, a had-



Volume 238, number 1

ron calorimeter made of uranium, brass and propor-
tional wire chambers and a high precision muon
chamber system. The calorimeter system covers 99%
of 47. Luminosity is measured by detecting small an-
gle Bhabha events in two forward BGO calorimeters.

The e*e~ data sample used in this analysis was ob-
tained during October-December 1989 at LEP. The
luminosity corresponding to this data sample was
measured with a systematic error of 1.7%, as de-
scribed in detail in ref. [1]. The p*p~ sample in-
cludes data from the same period plus data from Sep-
tember where the luminosity systematic error is 4%.

Events of the type e*e~ —»e*e~ (y) were detected
in the BGO barrel calorimeter. They were triggered
using an “energy trigger” with a total energy require-
ment of 12 GeV, as well as clustered energy triggers
[6]. The trigger efficiency has been studied using
eTe” —eTe (y) events selected by the off line anal-
ysis. From the comparison of trigger data with the
signals from the BGO readout, both of which were
digitized and recorded on tape, dead trigger channels
have been located and the efficiency measured. The
totally efficiency is determined to be 0.975+0.014
(stat) for the whole running period.

The principal trigger for ete”-u*p=(y) events
requires two or more tracks in the muon chambers
and at least two hits in the plastic scintillators sur-
rounding the BGO calorimeter. The scintillator trig-
ger efficiency has been studied using a second, looser
trigger, which requires at least one track in the muon
chambers and at least one scintillator hit. The effi-
ciency of the muon track trigger was measured by
analyzing inclusive muon events that are triggered by
the energy trigger as well as the muon trigger. From
these studies we determine an efficiency greater than
99.5% for the di-muon trigger.

3. Event selection

Events from the processete~—e*e~ (y) in the an-
gular region covered by the BGO electromagnetic
calorimeter (42°-138°) were extracted from the data
by requiring that the total energy measured in the
BGObe above 0.72\/§. Atleast 2 clusters in the BGO,
with energies between 10 and 55 GeV were required,
and the two highest energy clusters were required to
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have an acollinearity angle between them of less than
90°.

The efficiency for selectinge*e~—e*e~ (y) events
which enter the BGO angular region was obtained by
Monte Carlo calculation [7]. The detector simula-
tion took account of the small number of inactive
channels in the BGO calorimeter for each running
period. We found an efficiency of 0.961 £0.010 for
events within the defined angular region for the cuts
described above.

For the same cuts, the background from tt and
¢ e~ —hadrons was found to be less than 0.3% of the
final e*e~ event sample. The background due to
e*e~ —yy has been calculated according to ref. [8],
and has been subtracted from the data at each value
of ./s. For \/§=Mzo, this background amounted to
1.8% of the signal cross section. The contribution of
the “two photon process” e e~ —ete~ete~ to the
final sample was calculated to be negligible.

Adding in quadrature the systematic errors in the
trigger efficiency (1.4%), the acceptance (1.0%), the
event selection (0.5%), the background subtractions
(0.2%) and the luminosity measurement (1.7%), we
obtain a total systematic error of 2.5% in the
ete~—ete (y) cross section.

Events from the process e e~ —pu*u=(y) were se-
lected by requiring:

(1) two tracks in the muon chambers with a recon-
structed momentum greater than 2 GeV, with at least
one track pointing to within 200 mm of the vertex,

(2) total energy deposited in the hadron calorim-
eter less than 15 GeV,

(3) less than 15 shower peaks in the electromag-
netic calorimeter, and

(4) acollinearity angle between the two muons less
than 15°.

In order to include final state radiation we define
E, as the muon momentum plus the energy con-
tained in a cone of semi-aperture 15° around the
muon trajectory in the BGO calorimeter. We
required:

(5) 0.30\/§ <E,< 0.70\/5, for muons measured in
all three muon chamber planes. The sum of the two
E, was required to be above 40 GeV.

Each muon track had to have a scintillator hit. Us-
ing the scintillator timing, corrected for the flight path
from the interaction region to the scintillator, we re-
quired at least one of the following:

125
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(6a) the times for both muons had to be within
+2.5 ns of the beam crossing time and their differ-
ence less than 2.5 ns, or

(6b) the time for one of the muons had to be within
2.5 ns of the beam crossing, and both muons had to
satisfy a tight vertex cut.

Cuts (2) and (3) were used mainly to reject had-
ron events with muon pairs while cuts (4) and (5)
removed events of the type ete"—ete putp~ and
ete =ttt sputu—+v's, Cut (6) was applied to
reject cosmic ray background, without losing those
ete” -»p*u~ events where one scintillator was hit out
of time due to a random coincidence with back-
ground in the scintillator.

From the analysis of simulations for the process
ete sttt —utpu~+v's [9], we estimate a con-
tamination of (0.7 +0.3)% in the selected muon pair
sample. The other background sources mentioned
above (cosmic rays, p*u~ from the two photon pro-
cess) have been found to give negligible contributions.

The acceptance for e*e~—u*pu=(y) was calcu-
lated by applying the same cuts on events generated
by a Monte Carlo program [9] and simulated in the
L3 detector. We found an overall acceptance of
0.505+£0.009 (Monte Carlo statistical error). A cor-
rection varying in time during the running period has
been applied to the acceptance, in order to account
for slight changes in the detector performance. The
sources of systematic error are then: 2.1% due to lu-
minosity measurement, 1.8% due to Monte Carlo
statistics, 0.4% due to event selection, and 0.5% due
to trigger efficiency. Combining the systematic errors
in quadrature we obtain a total systematic error in
theet e~ —p*u~ cross section of 2.8%.

4. Partial width for Z’—»e*e~

Because of the lack of a sufficiently accurate Monte
Carlo generator for the e*e~ channel, the error on
the theoretical cross section corresponding to our
event sample, and hence on our determination of I,
could be significant. We have therefore used two
methods to determine I, from our electron data. In
the first and most direct method, we subtracted the
contribution of the ¢ channel y exchange term and its
interference from the three data points around the
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peak. For these points, the subtraction is only a
(16 £+ 1.6)% correction to the data.

In the second method a fit using an analytical for-
mula given in ref. [10] was used. This has the advan-
tage of using all of the data whether on or off the peak,
but may be systematically less accurate because only
simple cuts are available in the calculation. Results
from both methods are presented below, and are in
agreement within the theoretical systematic errors
quoted. We consider the value obtained using method
1 as our basic result on I',., and we have used it in the
analysis in the following sections of this paper.

For the first method, the cross sections measured
in the 42°-138° polar angle range are given in table
1. The errors shown are statistical only. The back-
ground from e*e~ vy has been subtracted in these
cross sections. To make the -channel subtraction, we
obtained the cross sections into di-electrons and into
di-muons, 6§;&” and of;¢* ~, from Monte Carlo sim-
ulations [7,9] and we calculated the s-channel con-
tribution to the cross section as

Oz0 =0Ocxp — (O0E™ —Tac" 7).

We then find

I',.=81.1+2.8(stat) *1.2(syst)
+0.7(theory) MeV .

The statistical error quoted above includes a con-
tribution of 1.6 MeV from the statistical error on the
measured total width of the Z°, as determined from
our hadron data ([2=2.539%0.054 GeV, M,=
91.160+0.038 GeV [1]).

In the second method we fitted the cross section as
a function of \/E using the analytic expression [10]
mentioned above, which takes into account both the
v and the Z° exchange diagrams in the s and ¢ chan-
nels with interference terms. Soft radiation is ac-
counted for by exponentiation, and hard photons are
included in the collinear approximation. Further cuts
had to be applied to the data in order to reject events
containing hard photons (of energy k> k,,,) emit-
ted at large angles (9> d,,,, ) With respect to the direc-
tion of the electrons (or positrons), since these events
are not accounted for by the fitting function. Events
with hard acollinear photons in the beam pipe are re-
jected by an acollinearity cut 4,,,, on the final state
ete™. Choosing 4,,,, effectively sets the k., used.
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Table |
The number of events and the measured cross sections for e*e™ —e*e~, for the selection criteria used in methods 1 and 2 described
above.

Vs (Gev) Method | Method 2

]Vevems Oe+e- (nb) Nevems Oe+e— (I’lb)

88.279 29 0.34£0.06 26 0.301£0.06

89.277 42 0.64+0.10 39 0.60£0.10

90.277 52 0.861+0.12 50 0.83+0.12

91.030 136 1.08£0.09 129 1.02+£0.09

91.278 161 1.01 £0.08 156 0.98+0.08

91.529 156 0.98+0.08 153 0.96+0.08

92.277 44 0.68+0.10 44 0.68+0.10

93.276 18 0.29+0.07 15 0.24+0.07

94.278 13 0.1510.04 11 0.1210.04

The choice of d,,,, and 4,,., has to done bearing in
mind that high values of these cuts make the formula
less precise while low values make the measurement
sensitive to finite resolution of the detector. After a
careful study of the performance of our calorimeter
we chose Jq.=10°, and 4, =10°, corresponding
10 Kpmax=7.3 GeV. We have studied the variation in
cross section, as measured using only the three en-
ergy points close to the Z° peak, and as predicted by
the fitting function changing the 4,,,, and d,,., cuts
between 5° and 15°. There is agreement within 1%
between prediction and experiment. We estimate a
2% error to the theoretical prediction of the cross sec-
tion in this second method.

The cross sections used in the fit are also given in
table 1. Note that since somewhat more restrictive
cuts were required to allow use of the formula, the
measured cross sections are smaller than those used
in the peak subtraction method. Fitting the data with
M5 and I, fixed to the values we determined from
the hadronic cross section [1] we obtain (fig. 1)
I,.=79.0%24(stat) * 1.1(syst) = 1.0(theory)
MeV. The difference between methods 1 and 2 is par-
tially statistical due to the exclusion of data away from
the peak in method 1. The remaining difference is
slightly larger than the ““theory errors” estimated. We
consider method 1 to be more reliable.

5. Partial width for Z°—p*p-

Thee*e™ —»p*u~— (y) cross section and its statis-
tical error measured as a function of /s are shown in

G (nb})

0.50

86 88 90 92 94 96
Is (GeV)

Fig. . Measured cross sections as a function of the CM energy
for the reaction ete~—e*e~ for the polar angle region from 42°
to 138°. The curve is the fit to the data obtained with method 2
as described in the text.

Table 2
Number of events and cross sections fore*e~—»ptpu~.

\/E (GeV) ptu~(y) events Op+,- (0b)
88.279 5 0.12+0.05
89.277 8 0.2910.10
90.277 51 1.15+0.16
91.030 82 1.4410.16
91.278 147 1.44+0.12
91.529 110 1.32+0.13
92.309 33 0.9710.17
93.276 32 0.7010.12
94.278 16 0.38+0.09
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2.0 T T T T T T

Vs (GeV)

Fig. 2. Measured cross sections as a function of the CM energy
for the reaction e*e~—p*u~. The curve is the fit to the data to
obtain I};.

table 2. We fitted these data using an analytic form
for the Z° cross section [11], and obtained M, =
91.11+0.13 GeV and I',=2.49%0.28 GeV which is
in excellent agreement with our previous measure-
ments of the hadronic final state [1]. Given this
agreement, we fit the data by fixing the mass and
width of the Z° to the values determined from our fit
to the hadronic cross section. The measured e*e™
—u*u~(y) cross sections and the fitted function are
shown in fig. 2. Using the u*p— data alone, we find

Fgfl:\/ Feeruu

=84.312.4(stat) £ 1.2(syst) MeV .

The statistical error quoted above includes a contri-
bution of 1.4 MeV from the statistical error in our
measured value of I'.

6. Average leptonic width

The correct determination of the average leptonic
width, and its error, requires that the correlations be-
tween the errors in I, and in I}, be taken into ac-
count. The statistical errors of 1.6 MeV on the partial
width for e Te~ final states, and of 1.4 MeV on the
partial width for u*p~ final states, which are due to
the statistical error on our measurement of I'; [1],
are completely correlated. The systematic errors on
I.. and I'; both contain a 0.85% contribution from
the systematic error on luminosity. These errors are
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also compiletely correlated for the two measurements.
We averaged the data from the two leptonic chan-
nels, assuming universality, and obtained

[e=83.0%2.1+1.1 MeV .

If we do not assume universality, we find [,,=
87.6 £ 5.6 MeV using the measured value of I',.. The
error quoted includes both statistical and systematic
errors.

7. Simultaneous fit to lepton and hadron data

We have made a simultaneous fit to our cross sec-
tions for hadron [1], ete™, and p*u~ production.
The fit is model independent with M, .4, I and
I',., as free parameters. As before, we have used the
analytical forms for the Z° cross section given in ref.
[11]. These include initial state radiation and a Breit—
Wigner with an energy dependent width. We find,
with a y?>=17 for 18 degrees of freedom,

M, =91.156+0.026+0.030 GeV ,
Thaa =1.74440.053 GeV |

T =82.8+2.4MeV,

Ty =537+48 MeV |

If we assume the partial width of the Z° to neutrino
pairs from the standard model, this value of I',,,, yields
the number of neutrinos N,=3.23+0.29. This value
should be compared with our determination within
the standard model using the hadron data alone of
N,=3.29+0.17.

8. Determination of g, and gv

Usingour e*e~ »ut = (y) event sample, we have
also measured the forward-backward charge asym-
metry Agg defined as

Op —0p
App = .
O + 0

By fitting do/d(cos ) to our data sample and ex-
trapolating cos 8 to the full range we obtained

App(1/5=89.94 GeV) = — (25.0£15.2)%,
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Fig. 3. Measured forward-backward charge asymmetry Agp as a
function of the CM energy for the reaction e*e~—»u*tu~. The
curve is the prediction of the standard model.

Arp(y/5=91.03 GeV) =~ (9.0£10.7)%,
Arp(y/5=91.28 GeV) = (17.9£8.4)%,
Arp(y/s=91.53 GeV) = (8.7210.2)%,
Arp(\/5=93.09 GeV) = (8.2 11.7)%,

Fig. 3 shows the measured asymmetries compared
with values predicted by the standard model
(Mo, =100 GeV and My =100 GeV).

Using the equation

G, M3
= —4=% (g2 4+g%),
4] 6\/§7T(gA gv)

we found
g3 +g%=0.250+0.007 .

From a fit to our asymmetry data and I, including
QED radiative corrections [ 12 ] and using the Z° mass
we have previously measured [1], we obtained:

8a=—0.49528507, gv=—0.06618537,

where the errors include systematics. Note that data
from other experiments [13-17] are used to deter-
mine the signs. Fig. 4 compares our determination of
ga and gy to previous measurements [ 13-18] #'.

# Note in fig. 4, that in order to compare with our result, we
have plotted the result of ref. [16] by adding in quadrature
their statistical and systematic errors.

PHYSICS LETTERS B

29 March 1990

-0.2 -0.1 0 0.1 0.2

Fig. 4. Results obtained from neutrino experiments and the e e~
experiments expressed as contours in g, and gv. Area (A) is the
result of the CHARM Collaboration (68% confidence level) [13],
area (B) is the combined e* e~ result from PETRA and PEP (95%
confidence level) [14], area (C) is the reactor v.e result (68%
confidence level) [15], area (D) is the BNL result (68% confi-
dence level) [16], and area (E) is the CHARM II result (68%
confidence level) [18]. The black area represents our measure-
ment based on the L3 measurements of Iy and the asymmetry
(68% confidence level ).

9. Conclusion

We have measured [, in both the e*e~ and p*u-
channels. The average result of

FQQ=83.0i2.1il.l MCV

is in good agreement with the expectation of the stan-
dard model. Combining our leptonic and hadronic
measurements, we get a model independent deter-
mination of the number of neutrino species of
3.231£0.29. We have also measured the forward-
backward charge asymmetry in u* = production for
5 values of \/} The asymmetry is consistent with the
standard model and allows us to determine the axial
vector and vector couplings of the leptons to the Z%

8a=—0.495780807, gv=—0.06623035.
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