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Abstract 

The left-right cross section asymmetry for Z boson production in e+e- anni- 
-&l&ion (ALR) has been measured at EC,,, = 91.55 GeV with the SLD detector at 
the SLAC Linear Collider (SLC) using a longitudinally polarized electron beam. 
The electron polarization was continually monitored with a Compton scattering 

. . polarimeter, and was typically 22 %. We have accumulated a sample of N 10,200 
Z events. We find that ALR = 0.100 & 0.044 f 0.003 where the first error is sta- 
tistical and the second is systematic. From this measurement, we determine the 
weak mixing angle defined .at the Z boson pole to be sin2 elzt = 0.2378 f 0.0056. 

..- INTRODUCTION 
This paper presents the result of a mea- 

surement of the-left-right cross section asym- 
metry (ALR) in the production of Z bosons by 
eSe- collisions performed by the SLD Collab- 
oration at the SLAC Linear Collider.’ 

The left-right asymmetry is defined as fol- 
lows, 

ALR G 
b(e+ei + z) - a(e+ei + Z) 

(1) i- a(e+-e, + Zj + a(e+e7; ---) Z) ’ 

where a(e+ei --) Z) and a(e+ez + Z) are the 
production cross sections for Z bosons with 
left-handed and right-handed electrons, re- 
spectively. Within the context of the Standard 
Model, this quantity is a sensitive function of 
the electroweak mixing parameter sin2 6$“: 
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where ve and a, are the vector and axial vector 
coupling constants of the Z boson to the .elec- 
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tron current. Note that ALR is sensitive to the 
initial state couplings and is insensitive to the 
final state couplings: The left-right asymme- 
try has the following properties:3 it is sensitive 
to virtual electroweak corrections; it is insen- 
sitive to real radiative corrections; it is a weak 
function of center-of-mass energy, E,,, near 
the Z pole; and it is expected to be relatively 
large, in the range 0.10-0.15. 

We measured ALR by counting all 
hadronic decay modes of the Z boson (the 
sample also contains r+r- final states) for 
each of the two longitudinal polarization states 
of the electron beam. The measurement does 
not require an absolute luminosity measure- 
ment or any knowledge of the absolute detec- 
tor acceptance and efficiency.’ 

THE POLARIZED ELECTRON BEAM 
AT THE SLC 

The SLAC Linear Collider (SLC) was de- 
signed to produce, accelerate, and collide a 
spin-polarized electron beam? A diagram of 
the SLC is shown in Figure 1. The polar- 
ized electron source consists of a GaAs pho- 
tocathode that is illuminated by a circularly 
polarized laser beam.6 The emitted electrons 
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Figure. 1. The SLC. The electron spin direction is 
indicated by the double-arrow. .- 

-are longitudinally polarized, and  the electron 
helicity is changed randomly ou  a  cycle-by- 
cycle basis (the SLC operates at 120  Hz). The  
polarization of the em itted electrons is typi- 
cafiy 28 % . 

A system composed of the .dipole mag-  
nets in the transfer line from the linac to 
the damp ing rings, and  a  superconduct ing 
solenoid magnet,  is used to rotate the longi- 
tudinal;goIarization of the beam into the ver- 
tical direction to preserve polarization during 
storage in the damp ing ring. A system com- 
posed of two superconduct ing solenoids and 
the dipole magnets in the return line to the 
linac is used to reorient the polarization vector 

upon extraction from the damp ing ring. This 
system has the ability to provide nearly all 
polarization orientations in the linac. A frac- 
tional polarization loss of 5  %  occurs in the 
damp ing ring. 

The  electron pulse is transported through 
the North Arc and F inal Focus systems of the 
SLC to the interaction point (IP) of the ma- 
chine. Polarization loss in the arcs due to en- 
ergy dispersion is expected to be  5-10 fraction- 
ally, while the net spin rotation due to the are 
system is sensitive to the parameters of the 
orbit and  is measured emp irically. The  spin 
rotation system is adjusted to maximize the 
longitudinal polarization at the IP. 

After passing through the interaction 
point, the longitudinal component  of the elec- 
tron beam polarization is measured with a  
Compton polarimeter. The  Compton po- 
larimeter, which will be  described in the next 
section, measured a  typical IP polarizatiou 
of 22  % . 

The  electron and positron beams are then 
transported to the south and north beam 
dumps, respectively, where precision energy 
spectrometers7 are located upstream of the 
beam dumps and mon itor the beam energies 
continually. The  mean  electron and positron 
energies were measured to be  45.71 GeV and 
45.84 GeV, respectively. The  mean  center-of- 
mass energy was E,, = 91.55 f 0.04 GeV. 

THE POLARIZATION MEASUREMENT 

The Compton polarimeter continually 
mon itors the longitudinal polarization of the 
electron beam after it has passed through the _  
IP and before it is *deflected by dipole mag-  
nets. Polarimeter data are acquired continu- 
ally for intervals of 20,000 SLC cycles (-3 m in) 
and  are logged in summary form onto SLD - 
data tapes. A diagram of the polarimeter is 
shown in F igure 2. The  electron beam collides 
with a  circularly polarized photon beam which 
is produced by a  frequency-doubled Nd:YAG 
laser of wavelength 532 nm. The  scattered and 
unscattered beams remain unseparated unt,il 
they pass through a  pair of dipole magnets. 
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Figure 2. A schematic diagram of the Comptoll Polarimeter. 

The scattered electrons are dispersed horizon- 
tally and exit the vacuum system through a 
thin window. Electrons in the energy inter- 
val 15-30 GeV are detected and momentum 

^ analyzed by a pair -of redundant multichannel 
. detectors (a Cherenkov detector and a propor- 
tional tube ‘detector). We measure the count- 
ing rates in the detectors for anti-parallel and 
parallel photon/electron beam helicities; given 
the laser polarization the asymmetry formed 
from these rates determines the electron beam 
polarization.8 The circular polarization of the 
laser beam at the Compton IP was measured 
to-be 93.$2%. Th e absolute helicity of the 
laser po~rizatibn was determined from com- 
parison with a calibrated quarter-wave plate: 
In order to avoid systematic effects, the sign of 
the circular polarization is changed randomly 
on sequential laser pulses. 

The channel-by-channel polarization asym- 
metry as measured by the Cherenkov detec- 
tor is shown in Figure 3. The solid histogram 
represents the best fit of the data to a con- 
volution of the theoretical asymmetry and a 
simulated response function of the spectrom- 
eter. The errors reflect the systematic uncer- 
tainties in the transverse position of the detec- 
tor and the momentum scale of the spectrome- 
ter, which are determined from measurements _ 
of the minimum electron energy point a.nd the 
zero-a.symmetry point. 

Including effects due to the Compton po- 
larimeter spectrometer and laser systems, we - 
estimate the total relative systematic error on 
the polarization (T) to be 3%. 

We have performed a number of checks of 
the polarization measurement. The polarime- 
ter measures the electron scattering rate for 
two helicity states of electrons and two he- 
licity states of photons. From these rates we 
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0” Figure 3. The polarization asymmetry measured by 
seven channels of the Cerenkov detector. The solid 
histogram represents the best fit of the data to a con- 
yolution of the theoretical asymmetry and a simulated 
response function of the spectrometer. 

form  two non-zero asymmetries and two null 

asymmetries; and we verify that the nonzero 
-asymmetries are consistent and that the null 

asymmetries are consistent with zero. 

An additional systematic error would 
arise if the average beam polarization at the 

Compton interaction point differed from  the 
- lumi.nositp-weighted average beam polariza- 

- tion at the SLC interaction point (the true po- 

larization). -We have investigated a number of 

possible effects, none of which exceeds the level 

of a relative 0.1%. For example, the SLC col- 

lision point and the electron-photon collision 
-point are separated by a lattice of quadrupole 

magnets. The beam divergence is different at 

the two points and the beam direction could . -~ 
be diff$&rt at;the two points. We estimate 

that these effects cause the measured and true 

polariz.ations to differ by less than a’ relative 

0.07%. For details on other effects, see refer- 
lo.1 

ences. 

THE SLD DETECTOR 
AND EVENT SELECTION 

The polarized eSe- collisions are mea- 
sured by the SLD detector which has been -de- 
scribed elsewhere? This analysis makes use 
of the liquid argon (LAC)‘” and warm iron 
(WIC)14 calorimeter systems to measure the r 
energies of final state particles, the central =* 
drift chamber (CDC) t o reconstruct the trajec- 
tories of charged particles in a solenoidal mag- 
netic field of 0.6 T, and the luminosity moni- ’ 
toring system (LUM) l5 to measure the rate of - 
small-angle Bhabha scattering events. 

The sample of 2 decays used here was se- 
lected via a calorimetric analysis based largely 
upon the LAC. The calorimetric analysis must 
distinguish 2 events from  several backgrounds - 
that are unique to the operation of a lin- 
ear collider and differ from  those encoun- 
tered at eSe- storage rings. The backgrounds 
fall into two major categories: those due to 
low energy electrons and photons that scat- 
ter from  various beamline elements and aper- 
tures, and those due to high energy muons 
that traverse the detector parallel to the beam 
axis (due to the low average current in the 
SLC, backgrounds caused by beam collisions 
with residual gas in the beamline are negli- 
gible). We make use of the fine segmenta.- 
tion and tower geometry of the LAC to sup- 
press both backgrounds. All electromagnetic 
and hadronic LAC towers used in the anal- 
ysis are required to satisfy a combination of 
tower threshold cuts and criteria that select 
against radially isolated energy deposition in a 
combined electromagnetic-hadronic tower. All - 
events are required to satisfy a set of global 
event cuts based on total visible energy and 
energy bala.nce. 

Our Z  events are associated with polar- 
ization measurements by proximity in time, 
where we require that all acceptable events 
must have been recorded by the SLD detector 
within 1 hour of a polarization measurement. 

As we describe in the next section, a con- 
trol sample is provided by small-angle Bhabha, 



- scattering events selected using the LUM sys- 
tem. The accepted Bhabha scattering cross 

- section is approximately twice the total cross 
section for hadronic 2 final states. 

The sign of the electron beam helicity is 
supplied to the SLD data acquisition system 
via two redundant data paths. The correct 
synchronization of the helicity signals with 
triggered and logged events is verified by the 
following procedure: The positron beam is 
turned off. The electron source is modified 
-to deliver beam for only one of the two elec- 
tron helicity states. Data are logged with a 
low threshold LAC trigger or a random trig- 

:* ger. An offline analysis is then used to verify 
that radiation is observed in the various detec- 
tor subsystems only for events of the expected 
helicity. This test has been performed on seven 
occasions to date. During the tests, the rate of 

- -improperly synchronized pulses was less than 
0.05% at 95% confidence. 

Weestimate that the combined efficiency 
of the trigger and the 2 selection criteria is 

-about 92% for hadronic 2 decays. Compar- 
ing this selection procedure with one that is 
based upon tracking information16 and by ap- 
plying our selection procedure to Monte Carlo 
events, we estimate that the residual beam- 
related background in the 2 sample is less 

- than 1%. -The contribution of two-photon pro- 
. cesses to the 2 sample has been estimated by a 

Monte Carlo simulation to be less than 0.1%. 
Another component of our sample, tau lep- 
ton pairs, constitute an estimated 1.5 f 0.5% 
of the sample. Since tau pair events mani- 
fest the correct value of ALR, ye do not re- 
-move them from the sample. Final state eSe- 
events are removed since the presence of the 
t-channel photon exchange subprocess dilutes 

-the valx+f A.LR. We apply an e+e- identifi- 
cation procedure which searches for large and 
highly localized energy deposition in the elec- 
tromagnetic section of the LAC. The residual 
e+e- background in the hadronic 2 sample is 
about 0.5%. 

A total of 10,224 2 events and 25,615 
small-angle Bhabha events satisfy the selec- 
tion criteria. We find that 5,226 of the 2 
events and 12,832 of the small-angle Bhabha 
events were produced with left-handed elec- 
tron beam and 4,998 of the 2 events and 
12,783 of the Bhabha events were produced 
with right-handed bearn.17 

DETERMINATION OF ALR 
The left-right asymmetry is defined in 

equation (1) in terms of the cross sections 
for completely polarized electron beams col- 
liding with an unpolarized positron beam. For 
the case where luminosity, event detection effi- 
ciency, electron polarization and backgrounds 
are helicity-independent (and we will justify 
these assumptions), the following simple ex- 
pression holds : 

A LR = 

where A,,,, is the observed asymmetry, P is 
the luminosity-weighted, average polarization 
and NL and NR are the total event counts pro- 
duced by left- and right-handed electron beam 
respectively. 

The helicity dependence of event accep- 
tance is negligibly small.4 The Compton po- 
larimeter measures the difference between left- 
and right-handed beam polarization to be less 
than 5 x 10m3. There is considerable reason 
to believe that the left-right SLC luminosity 
asymmetry is also quite small. The use of a 
Pockels cell to reverse the source laser helicity 
provides a very pow.erful constraint upon pos- 
sible differences in the left-handed and right- 
handed electron beams produced by the pho- 
toemission gun. In addition, since the cou- 
plings of the electron spins to fields of the 
beam transport system are much weaker than 
the corresponding couplings of the electron 
charges, we expect that the beams remain 
nearly identical as they are damped, acceler- 
ated, and transported to the interaction point. 
Finallv, the use of random sign reversal of 
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- 
-the-electron beam helicity insures that there 

are no correlations between the beam helicity 
- and periodic variations in the SLC luminosity. 

In order to investigate a possible left- 
right luminosity difference, we have compared 
a number of electron beam parameters by he- 
licity. We verify that the beam currents, en- 
ergies, and energy spreads are independent of 
the beam helicity. The beam position and di- 
rection at the end of the linac are also inde- 
pendent of helicity. We verify that the flux 
of beamstrahlung photons produced by beam- 
-b earn lfiteractions is independent of the beam 
helicity.? _ From these checks we conservatively 
estimate that the left-right SLC luminosity 

..I asymmetry is less than 10m3. We have also 
checked that the numbers of left-handed and 
right-handed pulses logged by the SLD data 
acquisition system are equal to within statis- 
tical errors. 
.~ Finally, we note that the left-right asym- 
metry of -the small-angle Bhabha scattering 
cross section is. expected to be very small (N 
10u4). -Th.erefore, the numbers of small-angle 

-Bhabha events produced from left-handed and 
right-handed beams, Nlurn~ and Nlarn~ re- 
spectively, measure the relative left- handed 
and right-handed luminosities. The relative 
luminosities may be expressed in terms of 
the luminosity asymmetry, Altim E (N~,,L - 
Nlum~)f(Nlam~+N121m~),which we currently 

-measure to be Alam = 0.002f0.006. 
The average polarization can be esti- 

mated from.measurements of the beam polar- 
ization that are made when valid 2 events are 
recorded, 

1 Nz 

p = Nz i=l c Pi, (4) 

where Nz is the total number of 2 events, 
and P; is the polarization that was measured 
when th.e.:ith event was logged. We evaluate 
the lum%osity-*weighted polarization to be 

7 = 22.4 ztO.7%, 

where the error is dominated by the systematic 
uncertainty on the polarimeter measurements. 
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Figure 4. The electron beam polarization as sampled 
when each Z event was logged. 

Using equation (3), we find the left-right asym- 
metry to be 

ALR = 0.100 f O.O44(stat.) f O.OOS(syst.). 

The systematic error is dominated by the error 
on the polarization determination. 

CONCLUSIONS AND PLANS 

We report a measurement of the left-right 
asymmetry in the 2 boson production cross 
section at E,, = 91.55 GeV. Using a sample of 
10,224 hadronic events, we find the left-right 
asymmetry to be 0.100 f 0.044 f 0.003. We 
calculate the electroweak mixing parameter to 
be 

sin2 $wt 
W = 0.2378 f O.O056(stat. + sys.), 

where we have corrected the result to account 
for the deviation of the SLC center-of-mass 
energy from the Z-pole energy and for initial - 
state radiation (the correction from the result 
given by equation (2) is +0.0003)‘“. Our -re- 
sult is consistent with recent results from the - 
LEP experiments!’ 

In the future, we expect to make a num- 
ber of improvements. We anticipate significant 
improvements in SLC luminosity, leading to an 
accumula.ted data sample of more than 50,000 
events during the upcoming 1993 run. We ex- 
pect to increa.se the electron polarization to a, 



- 
-value above 40%. It may be possible to make 

use of the recent development of strained lat- 
- tice cathodeS” to achieve source polarizations 

in excess of 80%. 
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