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Improved Direct Measurement of Leptonic Coupling Asymmetries with Polarized Z Bosons
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We present final measurements of the Z boson-lepton coupling asymmetry parameters Ae, Am, and
At with the complete sample of polarized Z bosons collected by the SLD detector at the SLAC Linear
Collider. From the left-right production and decay polar angle asymmetries in leptonic Z decays we
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measure Ae � 0.1544 6 0.0060, Am � 0.142 6 0.015, and At � 0.136 6 0.015. Combined with our
left-right asymmetry measured from hadronic decays, we find Ae � 0.1516 6 0.0021. Assuming lepton
universality, we obtain a combined effective weak mixing angle of sin2u

eff
W � 0.230 98 6 0.000 26.

DOI: 10.1103/PhysRevLett.86.1162 PACS numbers: 13.38.Dg, 12.15.Ji, 13.10.+q, 13.88.+e
The extent of parity violation in the electroweak
interaction can be probed directly in the production and
decay of polarized Z bosons generated by e1e2 annihila-
tion. Parity violation in Z production �e1e2 ! Z� and
decay into charge lepton pairs �Z ! e1e2, m1m2, t1t2�
are characterized by the Z boson-lepton coupling asym-
metry parameters Ae, Am, and At . The asymmetry
parameter is defined as Al � 2ylal��y2

l 1 a2
l �, where yl

and al are the effective vector and axial-vector couplings
of the Z boson to the lepton (flavor “l”) current, re-
spectively. The standard model (SM) assumes lepton
universality, so that all three species of leptonic asymmetry
parameters are expected to be identical and directly re-
lated to the effective electroweak mixing angle �sin2u

eff
W �,

Al � 2�1 2 4 sin2u
eff
W ���1 1 �1 2 4 sin2u

eff
W �2�. The ef-

fective electroweak mixing angle depends on virtual
electroweak radiative corrections including those which
involve the Higgs boson and those arising from new
phenomena outside of the scope of the SM. Presently, the
most stringent upper bounds on the SM Higgs mass are
provided by measurements of sin2u

eff
W .

The SLAC Linear Collider (SLC) produces polarized
Z bosons in e1e2 collisions at the Z resonance using
a longitudinally polarized electron beam. Electron po-
larization �Pe� allows us to form the left-right cross-
section asymmetry to extract the initial state asymmetry
parameter Ae [1] and also enables us to directly measure
the final state asymmetry parameter Ae [1] and also
enables us to directly measure the final state asym-
metry parameter Al for lepton l using the left-right
forward-backward asymmetry [2] �ÃFB � 3

4 jPejAl�.
Experiments at the Z resonance without beam polar-
ization [3] have measured the product of initial and
final state asymmetry parameters �AFB �

3
4Ae ? Al�.

Those same experiments have also measured the tau
polarization [3] which yields Ae and At separately. The
SLC beam polarization enables us to present the only
direct measurement of Am. With 75% beam polarization,
the left-right forward-backward asymmetries yield a
statistical precision equivalent to measurements using
a 25 times larger event sample with the unpolarized
forward-backward asymmetry.

In this Letter, we report new results on direct measure-
ments of the asymmetry parameters Ae, Am, and At using
leptonic Z decays. The measurements are based on the
3.8 3 105Zs collected during 1996–1998 by the SLAC
Large Detector (SLD) experiment at the SLC. These
results are combined with earlier leptonic asymmetry
measurements [2] (based on 1.5 3 105Zs) and the more
precise left-right asymmetry measurement using Z decays
to hadrons [1], to give final measurements based on the
complete sample of polarized Z bosons.

This analysis relies on the Compton polarimeter [1,4],
tracking by the vertex detector and the central drift cham-
ber [5], and the liquid argon calorimeter (LAC) [6]. Details
about the SLC, the polarized electron source, and SLC op-
eration with a polarized beam can be found in Ref. [7].
Only the details most relevant to this analysis are men-
tioned here.

In our previous measurements [2], the analysis was re-
stricted to the polar-angle range of jcosuj , 0.7 due to
decreasing tracking and trigger efficiency for muon-pair fi-
nal states beyond this region, even though the high jcosuj
region is very sensitive to the asymmetry parameters. In
1996 we installed an upgraded vertex detector (VXD3) [8]
and a new trigger system for forward muon-pair events.
The improved acceptance of VXD3 allows highly efficient
track finding up to jcosuj � 0.9 [9]. The new trigger for
m1m2 events covers the angular range up to jcosuj ,

0.95 by requiring two back-to-back tracks that pass through
the interaction point and reach the end cap Warm Iron
Calorimeter [10].

Polarization-dependent lepton asymmetries are easily
computed from e2

L,R 1 e1 ! Z0 ! l2 1 l1, where l
represents an electron, a muon, or a tau lepton. The
differential cross section is expressed as follows:

d
dx

sZ�x, s, Pe; Ae, Al� � fZ�s�VZ�x, Pe; Ae, Al�

� fZ�s� ��1 2 PeAe� �1 1 x2�

1 �Ae 2 Pe�Al2x� ,

where s is the squared center-of-mass energy and x �
cosu gives the direction of the outgoing lepton �l2� with
respect to the electron-beam direction. (For Pe, we use the
convention that left-handed bunches have negative sign.)
Photon exchange terms and, if the final state leptons are
electrons, t-channel contributions have to be taken into ac-
count. The leptonic asymmetry parameters which refer
to the initial and final state lepton appear in this expres-
sion as Ae and Al , respectively. It was determined that
jPej � 76.16 6 0.40% and 72.92 6 0.38% for the 1996
and 1997–1998 runs, respectively [1].

Leptonic Z decay candidates are required to have
between two and eight charged tracks, each of which must
pass within 1 cm of the nominal e1e2 interaction point.
This excludes most hadronic Z decays, which have an av-
erage charged multiplicity of approximately 20. One hemi-
sphere must have a net charge 1 and the other a net charge
1163



VOLUME 86, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 12 FEBRUARY 2001
21 to ensure unambiguous assignment of the scattering
angle. Each event is assigned a polar-production angle
with respect to the electron beam direction based on
the thrust axis �cosuthrust� defined by the charged tracks
and we require jcosuthrustj , 0.9 �0.8� for 1997–1998
(1996) data.

A single additional cut is required to select the e1e2

final state. We consider the highest momentum track in
each hemisphere and require the sum of the associated
energies deposited in the LAC to exceed 65 GeV. The
e1e2 candidates have a small contamination (0.7%) from
t1t2 events.

For events of the type Z ! m1m2, we require the in-
variant mass of the charged tracks (assumed pion mass)
to be greater than 70 GeV�c2. This removes most Z !
t1t2 events and virtually all two-photon and hadronic Z
decay events. We remove the e1e2 final state by requiring
the energy deposited in the LAC by the highest momen-
tum track in each hemisphere to be less than 14 GeV. The
muon-pair sample has a very small contamination (0.2%)
from t1t2 final states.

The tau-pair final state selection requires the event mass
to be less than 70 GeV�c2 to remove m1m2 final states.
The maximum energy per hemisphere in the LAC asso-
ciated with a charged track is required to be less than
1164
39 GeV (33 GeV) for cosu , 0.7 �.0.7� to reject e1e2

final states. Two-photon events are suppressed by requir-
ing the angle between the total track momenta of the two
hemispheres to be greater than 160± and by requiring one
charged track to have momentum greater than 4 GeV�c.
The remaining background from hadronic Z decays is sup-
pressed by requiring each hemisphere invariant mass, mea-
sured using charged tracks, to be less than 1.6 GeV�c2.
The tau-pair candidates have some contamination from
muon pair (2.9%), electron pair (0.9%), two-photon events
(0.9%), and hadronic final states (0.6%).

Table I summarizes the selection efficiencies, back-
grounds, and numbers of selected candidates for e1e2,
m1m2, and t1t2 final states. Figure 1 shows the cosu
distributions for e1e2, m1m2, and t1t2 candidates for
the 1997–1998 data. The asymmetries in the 1996 data
are similar but have smaller acceptance �jcosuj # 0.8�.

We perform a maximum likelihood fit, event by event,
to incorporate the contributions of all the terms in the cross
section and to include the effect of initial state radiation.
We define three likelihood functions for individual lepton
final states. Ae and Am �At� are derived from m1m2

�t1t2� final states. These Ae results are combined with
the number obtained from e1e2 final states.

The likelihood function for muon- and tau-pair final
states is defined as follows:
L �x, s, Pe; Ae, Al� �
Z

ds0 H�s, s0�
Ω

d
dx

sZ�x, s0, Pe; Ae, Al� 1
d
dx

sZg�x, s0, Pe; Ae, Al� 1
d
dx

sg�x, s0�
æ

, (1)
where Ae and Al�� Am or At� are free parameters and
H�s, s0� is a radiator function. The integration over s0 is
done with the program MIZA [11] to take into account the
initial state radiation. The spread in the beam energy has
a negligible effect. �dsZ�dx� �. . .�, �dsg�dx� �. . .�, and
�dsZg�dx� �. . .� are the tree-level differential cross sec-
tions for Z exchange, photon exchange, and their interfer-
ence. The integration is performed before the fit to obtain
the coefficients fZ , fZg , and fg , and the likelihood func-
tion becomes

L �x, s, Pe; Ae, At� � fZ�s�VZ�x, Pe; Ae, Al�
1 fZg�s�VZg�x, Pe; Ae, Al�
1 fg�s�Vg�x� . (2)

These coefficients give the relative sizes of the three
terms at the SLC center-of-mass energy (

p
s � 91.237 6

0.029 GeV for the 1997–1998 run and 91.26 6 0.03 GeV
for 1996) [1].

The e1e2 final state includes both s-channel and
t-channel Z and photon exchanges which yields four
amplitudes and ten cross-section terms. All ten terms
are energy dependent. We define a maximum likelihood
function for e1e2 final states by modifying Eqs. (1) and
(2) to include all ten terms. The integration over s0 is
performed with DMIBA [12] to obtain the coefficients for
the relative size of the ten terms.
There are several systematic effects which can bias the
results. The uncertainties associated with these effects
are summarized in Table II and are small compared to the
statistical uncertainties. The uncertainty on the beam po-
larization is correlated among all the measurements and
corresponds to an uncertainty on Al of 60.0008. The un-
certainty in the amount of background and its effect on the
fitted parameters are taken into account. The background
contaminations have been derived from detailed Monte
Carlo simulations as well as from studying the effect of
cuts in background-rich samples of real data. The radiative
correction and their systematic errors are estimated using
the MIZA [11] and DMIBA [12] programs whose inherent
1 per mil precision leads to negligible effects compared
to our

p
s uncertainty. The uncertainty in the asymmetry

parameters due to a 61s variation of
p

s (which affects
radiative corrections) is of the order of 1024, except for
the Ae determination from e1e2 final states for which it
is of the order of 1023.

The dominant systematic error in the tau analysis re-
sults from the V-A structure of tau decay [13], which in-
troduces a selection bias in our analysis. For example,
if both taus decay to pn, helicity conservation requires
that both pions generally have lower momentum for a
left-handed t2 and right-handed t1 and higher momen-
tum otherwise. This effect, which biases the reconstructed
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TABLE I. Summary of event selections, efficiency, and purity for e1e2 ! l1l2 for the 1997–1998 (1996) data.

Event Background as % Efficiency in No. of selected
sample of selected events jcosuj , 0.9 �jcosuj , 0.8� events

e1e2 ! e1e2 0.7% (0.8%) t1t2 75% (87%) 15 675(2052)

Z ! m1m2 0.2% (0.2%) t1t2 77% (83%) 11 431(1625)

Z ! t1t2 0.9% (0.7%) e1e2

2.9% (2.2%) m1m2 70% (77%) 10 841(1494)
0.9% (0.9%) two photon

0.6% (0.3%) hadrons
event mass, is large at the SLD because the high beam
polarization induces a very high and asymmetric tau po-
larization as a function of polar angle. Using detailed
Monte Carlo simulation [14,15], we find an overall shift
in At of 10.0182 6 0.0018 �10.0183 6 0.0017� for the
1997–1998 (1996) runs due to the effect of the V-A struc-
ture, where the uncertainty is from Monte Carlo statistics.
The value extracted from the fit must be reduced by this
amount. The value of Ae extracted from t1t2 final states
is not affected since the overall relative efficiencies for
left-handed beam and right-handed beam events are not
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FIG. 1. Polar-angle distributions for Z decays to e, m, and t
pairs for the 1997–1998 SLD run. The solid line represents the
fit, while the points with error bars show the data in bins of 0.1
in cosuthrust. For jcosuthrustj . 0.7, the data are corrected for a
decrease in the detection efficiency with increasing jcosuthrustj.
changed significantly (only the polar-angle dependence of
the efficiencies is changed).

Tracks are less well measured at very high jcosuj and
charge confusion for these tracks dilutes the asymmetries.
We estimate this effect by comparing the numbers of op-
posite sign back-to-back tracks with same-sign pairs. The
uncertainty is found to be 60.0007 and 60.0011 for Am

and At , respectively. A small detector-induced forward-
backward asymmetry would also introduce a small bias
for At . Using a two-photon enriched data sample, we find
a small forward-backward asymmetry effect in the mo-
mentum distribution of negatively signed charged tracks
��1.0 GeV�c�. We estimate this causes a systematic un-
certainty of 60.0004 for At , while the effect is negligible
for Ae and Am. The selection efficiency as a function of
polar angle is another possible source of bias in Al . If this
efficiency is symmetric about cosu � 0 then Al is unaf-
fected for muons and taus. However, the maximum like-
lihood fit for the e1e2 final state may be affected even
for a symmetric efficiency, if it is not uniform. This sys-
tematic uncertainty is estimated to be 60.0002 for Ae by
using the Monte Carlo simulation to compare the nominal
result with the result for 100% selection efficiency for the
e1e2 final state. We have also studied the effect of the
uncertainty in the thrust axis determination, which also in-
cludes the uncertainty from the final state radiation, and
found that the contribution is negligible.

We find the results for Ae, Am, and At using the 1996–
1998 SLD runs to be Ae � 0.1549 6 0.0066�stat� 6

0.0013�syst�, Am � 0.152 6 0.016�stat� 6 0.001�syst�,
and At � 0.121 6 0.017�stat� 6 0.003�syst�, respec-
tively. We combine these results with our previous lep-
tonic asymmetry measurements [2], accounting for small
effects due to correlations in systematic uncertainties (po-
larization and average SLD center-of-mass energy). From
purely leptonic final states, we obtain Ae � 0.1544 6

0.0060. We also combine the Ae result with the left-right
asymmetry measurement using Z decays to hadrons
�A0

LR � Ae� [1] and obtain

Ae � 0.1516 6 0.0021 �with A0
LR� ,

Am � 0.142 6 0.015 ,

At � 0.136 6 0.015 .
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TABLE II. Summary of statistical and systematic uncertainties in units of 1024 for the
1997–1998 (1996) data.

Source Ae
e Am

e At
e Am

m At
t

Statistics 110(280) 130(330) 130(340) 180(470) 180(480)
Polarization 8 (8) 8 (8) 8 (8) 8 (8) 8 (8)
Backgrounds 5 (3) · · · 13 (14) · · · 14 (13)

Radiative correction 23 (17) 2 (2) 2 (2) 3 (1) 2 (2)
V-A · · · · · · · · · · · · 18 (17)

Charge confusion · · · · · · · · · 7 �2� 11 (1)
Detector asymmetry · · · · · · · · · · · · 4 (4)

Nonuniform efficiency 2 �2� · · · · · · · · · · · ·
Our results are consistent with lepton universality. Assum-
ing universality, we combine these results into Al , which
in the context of the standard model is simply related to
the electroweak mixing angle:

Al � 0.151 30 6 0.002 07,

sin2ueff
W � 0.230 98 6 0.000 26 .

Within the context of the SM, the above result can be
used to constrain the mass of the Higgs boson. We use
the measured Z boson [3] and top quark [16] masses, a
determination of a�M2

Z� [17], and the ZFITTER 6.23 pro-
gram [18] to obtain a 95% confidence level upper bound
of 147 GeV�c2.

In conclusion, we have presented direct measurements
of the Z boson-lepton coupling asymmetries Ae, Am, and
At using e1e2 ! e1e2, m1m2, t1t2 events produced
with a longitudinally polarized electron beam during the
1996–1998 SLD runs. These results are combined with
our previously published results, yielding SLD’s final re-
sult for the weak mixing angle. This is presently the most
precise available determination of this quantity.
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