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Improved Measurement of the Left-Right Z0 Cross Section Asymmetry
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We present a new measurement of the left-right cross section asymmetrysALRd for Z boson
production by e1e2 collisions. The measurement was performed at a center-of-mass energy o
91.28 GeV with the SLD detector at the SLAC Linear Collider (SLC). The luminosity-weighted
average polarization of the SLC electron beam wass77.23 6 0.52d%. Using a sample of 93 644Z
decays, we measure the pole value of the asymmetry,A0

LR, to be0.1512 6 0.0042sstatd 6 0.0011ssystd,
which is equivalent to an effective weak mixing angle of sin2 u

eff
W ­ 0.231 00 6 0.000 54sstatd 6

0.000 14ssystd. [S0031-9007(97)02596-9]

PACS numbers: 14.70.Hp, 12.15.–y, 13.10.+q, 13.88.+e
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In 1993, the SLD Collaboration performed a precis
measurement of the left-right cross section asymmetry
the production ofZ bosons bye1e2 collisions [1]. In this
Letter, we present a substantially improved measurem
based upon new data recorded during the 1994–1995
of the SLAC Linear Collider (SLC) with larger beam
polarization and better control of systematic uncertaintie

The left-right asymmetry is defined asA0
LR ; ssL 2

sRdyssL 1 sRd, wheresL andsR are thee1e2 produc-
tion cross sections forZ bosons at theZ-pole energy with
left-handed and right-handed electrons, respectively. T
standard model predicts that this quantity depends up
the effective vectorsyed and axial-vectorsaed couplings
of theZ boson to the electron current,

A0
LR ­

2yeae

y2
e 1 a2

e
;

2s1 2 4 sin2 u
eff
W d

1 1 s1 2 4 sin2 u
eff
W d2

, (1)

where the effective electroweak mixing parameter
defined [2] as sin2 u

eff
W ; s1 2 yeyaedy4. Note thatA0

LR
is a sensitive function of sin2 u

eff
W and depends upon

virtual electroweak radiative corrections including thos
which involve the top quark and Higgs boson and tho
arising from new phenomena. The recent measurem
of the top quark mass [3] has, as a determination
a previously unknown parameter of the standard mod
greatly enhanced the power of this measurement as a
of the prevailing theory.

We measure the left-right asymmetry by countin
hadronic and (with low efficiency)t1t2 final states
produced ine1e2 collisions near theZ-pole energy for
each of the two longitudinal polarization states of th
electron beam. The asymmetry formed from these rat
ALR, must then be corrected for residual effects arisin
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from pure photon exchange andZ-photon interference to
extractA0

LR.
The operator of the SLC with a polarized electro

beam has been described previously [4]. In 1994, t
beam polarization at the SLC source [5] was increas
from 63% to ,80% by the use of a thinners0.1 mmd
strained-lattice GaAs photocathode [6] which was illum
nated by a pulsed Ti:sapphire laser operating at 845 n
The circular polarization state of each laser pulse (an
hence, the helicity of each electron pulse) was chosen r
domly. The electron spin orientation was manipulated
the SLC North Arc by a pair of large amplitude beta
tron oscillations to achieve longitudinal polarization at th
SLC interaction point (IP) [7]. The maximum luminosity
of the collider was approximately6 3 1029 cm22 sec21.
The luminosity-weighted meane1e2 center-of-mass en-
ergy sEcmd is measured with precision energy spectrom
ters [8] to be91.280 6 0.025 GeV.

The longitudinal electron beam polarizationsPed is mea-
sured by a Compton scattering polarimeter [9] locat
33 m downstream of the IP. After it passes through t
IP and before it is deflected by dipole magnets, the ele
tron beam collides with a circularly polarized photon bea
produced by a pulsed frequency-doubled Nd:YAG laser
wavelength 532 nm operating at,17 Hz. Since the accel-
erator produces electron pulses at 120 Hz, the polarim
ter samples each seventh machine pulse. The scatt
and unscattered components of the electron beam rem
unseparated until they pass through a dipole-quadrup
spectrometer. The scattered electrons are dispersed h
zontally and exit the vacuum system through a thin wi
dow. A multichannel Cherenkov detector observes t
scattered electrons in the interval from 17 to30 GeVyc.
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The counting rates in each detector channel are m
sured for three combinations of electron and photon be
parameters: parallel electron and photon helicities, a
tiparallel helicities, and photon beam absent. The lat
combination is used to measure detector background. T
asymmetry formed from the background-subtracted cou
ing rates is equal to the productPePgAi, wherePg is
the circular polarization of the laser beam at the electro
photon crossing point andAi is the analyzing power
of the ith detector channel. The laser polarization w
maintained ats99.6 6 0.2d% by continuously monitoring
and correcting phase shifts in the laser transport syste
The analyzing powers of the detector channels incorpor
resolution and spectrometer effects and differ sligh
from the theoretical Compton asymmetry function at th
mean accepted energy for each channel [10]. The m
mum energy of a Compton-scattered electron for t
initial electron and photon energies is 17.36 GeV. T
location of this kinematic end point at the detector w
monitored by frequent scans of the detector horizontal p
sition during polarimeter operation. This technique dete
mines and monitors the analyzing powers of each detec
channel.

Polarimeter data are acquired continually during t
operation of the SLC. The absolute statistical prec
sion attained in a 3 minute measurement is typica
dPe ­ 0.8%. The systematic uncertainties that affect th
polarization measurement are summarized in Table I. T
total relative systematic uncertainty is estimated to
dPeyPe ­ 0.64%.

In our previous Letter [1], we examined an effect th
causes the beam polarization measured by the Comp
polarimeter Pe to differ from the luminosity-weighted
beam polarizationPes1 1 jd at the SLC IP. While the
Compton polarimeter measures the polarization of t
entire electron bunch, chromatic aberrations in the SL
final focus optics reduce the contribution of off-energ
electrons to the luminosity. The on-energy electro
with larger average longitudinal polarization therefo
contribute more to the total luminosity andj can be non-
negligible. To first order, the magnitude ofj depends
ction
TABLE I. Systematic uncertainties that affect theALR measurement. The uncertainty on the electroweak interference corre
is caused by the625 MeV on the SLC energy scale.

Systematic uncertainty dPeyPe s%d dALRyALR s%d dA0
LRyA0

LR s%d

Laser polarization 0.20
Detector linearity 0.50
Analyzing power calibration 0.29
Electronic noise 0.20

Total polarimeter uncertainty 0.64 0.64
Chromaticity and IP correctionssjd 0.17
Corrections in Eq. (2) 0.06

ALR Systematic uncertianty 0.67 0.67
Electroweak interference correction 0.33

A0
LR Systematic uncertainty 0.75
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quadratically on the width of the beam energy distributi
NsEd, the energy dependence of the arc spin rotat
dQsydE, and the dependence of the luminosity p
electron on beam energydL sEdydE.

During the 1994–1995 run, a number of measures
the operation of the SLC and in monitoring procedur
significantly reduced the size of thischromaticitycorrec-
tion and its associated error. The fractional rms beam
ergy spread was reduced to approximately 0.12% (0.2
in 1993) and non-Gaussian tails in the beam energy d
tribution were reduced to a negligible level [11]. Opt
mization of the SLC arc spin transport system reduced
measured energy dependence of the spin rotation in
arc to dQsydE ­ 1.4 radyGeV (2.5 radyGeV in 1993).
Finally, dL sEdydE was reduced by improvements in th
SLC final focus optics [12]. Constraints ondL sEdydE
were made directly from our data via a determination
the Z production rate as a function of beam energy, w
consistent results obtained from the observed energy
pendence of the beam size and from simulations of
final focus optics [12]. We then determine a contrib
tion to j of 10.0020 6 0.0014 due to the chromaticity
effect, which is smaller by a factor of 8 than it was i
1993. An effect of similar magnitude arises due to t
small precession of the electron spin in the final focusi
elements between the SLC IP and the polarimeter. T
effect contributes20.0011 6 0.0001 to j. The depolar-
ization of the electron beam by thee1e2 collision process
is expected to be negligible [13]. The contribution o
depolarization toj is determined to be0.000 6 0.001
by comparing polarimeter data taken with and witho
beams in collision. Combining the three effects describ
above, the overall correction factor is determined to
j ­ 0.0009 6 0.0017.

The e1e2 collisions are measured by the SLD dete
tor which has been described elsewhere [14]. The tr
ger relies on a combination of calorimeter and tracki
information; the event selection is based on the liqu
argon calorimeter (LAC) [15] and the central drift cham
ber tracker (CDC) [16]. For each event candidate, e
ergy clusters are reconstructed in the LAC. Selec
2077



VOLUME 78, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 17 MARCH 1997

y,
f-
ce

nt

ll.
is
ry

nt

e
–
d
e
ed

e
e
to

e

-
o
r-
e

ty
I)
events are required to contain at least 22 GeV of ener
observed in the clusters and to manifest a normaliz
energy imbalance of less than 0.6 [1,17]. The left-rig
asymmetry associated with final statee1e2 events is
expected to be diluted by thet-channel photon exchange
subprocess. Therefore, we excludee1e2 final states by
requiring that each event candidate contain at least fo
selected CDC tracks, with at least two tracks in ea
hemisphere defined with respect to the beam axis, or
least four tracks in either hemisphere (this track topolo
requirement excludes Bhabha events which contain
reconstructed gamma conversion). The selected C
tracks are required to extrapolate to within 5 cm radial
and 10 cm along the beam direction of the IP, to have
minimum momentum transverse to the beam direction
100 MeVyc, and to form a minimum angle of 30± with
the beam direction.

We estimate that the combined efficiency of the trigg
and selection criteria iss89 6 1d% for hadronicZ decays.
Tau pairs constitutes0.3 6 0.1d% of the sample. Because
muon pair events deposit little energy in the calorimete
they are not included in the sample. The residual bac
ground in the sample is due primarily toe1e2 final state
events. We use our data and a Monte Carlo simulation
estimate this background fraction to bes0.08 6 0.08d%.
The background fraction due to cosmic rays, two-phot
events, and beam related processes is estimated to
s0.03 6 0.03d%.

A total of 93 644Z events satisfy the selection crite
ria. We find that 52 179sNLd of the events were pro-
duced with the left-handed electron beam and 41 4
sNRd were produced with the right-handed beam. Th
measured left-right cross section asymmetry forZ pro-
duction is Am ; sNL 2 NRdysNL 1 NRd ­ 0.114 41 6

0.003 25. We have verified that the measured asymm
try does not vary significantly as more restrictive crite
ria (calorimetric and tracking-based) are applied to th
sample and thatAm is uniform when binned by the az-
imuth and polar angle of the thrust axis.

The measured asymmetry is related toALR by the
following expression which incorporates a number a sm
correction terms in lowest-order approximation,

ALR ­
Am

kPel

1
1

kPel

"
fbsAm 2 Abd 2 AL 1 A2

mAP

2 Ecm
s0sEcmd
ssEcmd

AE 2 A´ 1 kPelPp

#
,

(2)

wherekPel is the mean luminosity-weighted polarization
for the 1994–1995 run;fb is the background fraction;
ssEd is the unpolarizedZ cross section at energyE;
s0sEd is the derivative of the cross section with respect
E; Ab , AL , AP , AE , andA´ are the left-right asymmetries
2078
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[18] of the residual background, the integrated luminosit
the magnitude of the beam polarization, the center-o
mass energy, and the product of detector acceptan
and efficiency, respectively; andPp is any longitudinal
positron polarization which is assumed to have consta
helicity [1].

The luminosity-weighted average polarizationkPel is
estimated from measurements ofPe made whenZ events
were recorded,

kPel ­ s1 1 jd
1

NZ

NZX
i­1

Pi ­ s77.23 6 0.52d% , (3)

whereNZ is the total number ofZ events, andPi is the
polarization measurement associated in time with theith
event. The error onkPel is dominated by the systematic
uncertainties on the polarization measurement.

The corrections defined in Eq. (2) are found to be sma
The correction for residual background contamination
moderated by a nonzero left-right background asymmet
sAb ­ 0.055 6 0.021d arising from e1e2 final states
which remain in the sample. Residual electron curre
asymmetrys&1023d from the SLC polarized source was
reduced by reversing a spin rotation solenoid at th
entrance to the SLC damping ring twice during the 1994
1995 run. The net luminosity asymmetry is estimate
from the measured asymmetry of the rate of radiativ
Bhabha scattering events observed with a monitor locat
in the North Final Focus region of the SLC to beAL ­
s21.9 6 0.3d 3 1024. The polarization asymmetry is
directly measured to beAP ­ s12.4 6 1.0d 3 1023.
The left-right beam energy asymmetry arises from th
small residual left-right beam current asymmetry du
to beam loading of the accelerator and is measured
be s19.2 6 0.2d 3 1027. The coefficient of the energy
asymmetry in Eq. (2) is a very sensitive function of th
center-of-mass energy and is found to be0.0 6 2.5 for
Ecm ­ 91.280 6 0.025 GeV. As was discussed in our
previous publication [1],A´ andPp are negligible. The
corrections listed in Eq. (2) changeALR by s10.2 6

0.06d% of the uncorrected value.
Using Eq. (2), we find the left-right asymmetry to

be ALRs91.28 GeVd ­ 0.1485 6 0.0042sstatd 6 0.0010 3

ssystd. The various contributions to the systematic er
ror are summarized in Table I. Correcting this result t
account for photon exchange and for electroweak inte
ference which arises from the deviation of the effectiv
e1e2 center-of-mass energy from theZ-pole energy (in-
cluding the effect of initial-state radiation), we find the
pole asymmetryA0

LR and the effective weak mixing angle
to be [19]

A0
LR ­ 0.1512 6 0.0042sstatd 6 0.0011sstatd

sin2 ueff
W ­ 0.231 00 6 0.000 54sstatd 6 0.000 14sstatd ,

where the systematic uncertainty includes the uncertain
on the electroweak interference correction (see Table
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which arises from the625 MeV uncertainty on center-of-
mass energy scale. Combining this value of sin2 u

eff
W with

our previous measurements [1,20] we obtain the values

A0
LR ­ 0.1543 6 0.0039,

sin2 ueff
W ­ 0.230 60 6 0.000 50 .

This sin2 u
eff
W determination is smaller by 2.5 standar

deviations than the recent average of 23 measureme
performed by the LEP Collaborations [21].
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