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1. Introduction

The left-right asymmetry is defined as A°LR = (a L -- erR) / (a L + aR) , where aL and aR areSLAC-PUB-6493

May 1994 the e+e - production cross sections for Z bosons at the Z pole energy with left-handed and

(E/T) right-handed electrons, respectively. The Standard Model predicts that this quantity depends
upon the vector (v,) and a.xial-vector (ac) couplings of the Z boson to the electron current,

2v_a_ 2 [1 - 4sin20_]

A°LR-- v_ + ae2 -- 1 + [1- 4sin20ewff]_' (1)

PRECISE DETERMINATION OF THE WEAK MIXING ANGLE where the effective electroweak mixing parameter is defined [2]as sin 2 0_ - (1 - v_/a_)/4.
FROM A MEASUREMENT OF ALR IN e+e - --, Z °

Using the SLD detector, we count the number (NI., NR) of hadronic and r+r - decays of

M. Woods the Z boson for each of the two longitudinal polarization states (L,R) of the electron beam.

Stanford Linear Accelerator Center The electron beam polarization is measured precisely with a Compton polarimeter. From these

Stanford University, Stanford, CA 94309 measurements we determine the left-right asymmetry,

Representing

1 NL -- NR (2)
The SLD Collaborationi ALR((E_m)) = (7_"m) " NL + NR

Abstract where (Ecm) is the mean luminosity-weighted collision energy, a_,d (.p_um)is the mean luminosity-

In the 1993 SLC/SLD run, the SLD recorded 50,000 Z events produced by the colli- weighted polarization. This measurement does not require knowledgeofthe absolute luminosity.

sion of longitudinally polarized electrons on unpolarized positrons at a center-of-mass energy detector acceptance, or detector efficiency.
of 91.26 GeV. The luminosity-weighted average polarization of the SLC electron beam was

(63.0+1.1)%. We measure the left-right cross-section asymmetry in Z boson production, ALR, 2. Polarized SLC Operation

to be 0.1628i0.0071(stat.)+0.0028(syst.) which determines the effective weak mixing angle to

be sin2 0_ = 0.2292 + 0.O009(stat.)+ 0.0004(syst.). [a] The operation of the SLC with a polarized electron beam is illustrated schematically in
Figure 1. Polarized electrons are produced by photoemission from a GaAs cathode. Tile elec-

tron spin orientation is longitudinal at the source and remains longitudinal until the transport

Presented at the XXlXth Rencontres de Morion& to the Damping Ring (DR). In the Linac-to-Ring (LTR) transport, the electron spin precesses

Electroweak Interactions and Unified Theories by 450 ° to become transverse at the entrance to the LTR spin rotator solenoid. This solenoid

Meribel, France, March lO-19, 1994 then rotates the electron spin to be vertical in the DR to preserve the polarization during the
8ms storage time. The spin orientation is vertical upon extraction from the DR; it remains

vertical during injection into the linac and during acceleration to 46 GeV down the linac. The

spin transmission of this system is 0.99, with the small loss resulting from the beam energy in

the DR being 1.19 GeV, slightly lower than the design energy of 1.21 GeV; this causes the _pin

precession in the LTR to be 442 ° rather than 450 °, and the spin transmission is the sine of this

angle.

* Work supported in part by the Department of Energy, contract DE-AC03-76SF00515
f List of authors follows References. 2



= Compton Table 1: SLC Beam Parameters
Polafimeter

_ Parameter 1993 1994 (expected)
N + 3.0,101° (3.5-4.0)'101°

- _ _nalFocus "_ N- 3.0-101° (3.5-4.0)-101°

_/_ .._Coilider -_. // frep 120 Hz 120 Hz<r= 0.8pro (0.4-0.5)pro

_ "_,_ Arcs />_ o-, 2.6pro 2.4pro
: Linac _\ / Luminosity ,5-1029 cm-2s -1 (1 - 2) - 103° cm-2s -l

Z/hr (peak) 50 100-200

e- Spin Vertical--_'L[ " Polarization 63% 75%

e+ _'_['_ Uptime 70% 70%
 ll! Run time 6 months 6 months

UI Integrated Zs 50K 100K - 150K

.___ e + 3. Polarimetry at the SLC

ReturnLine The longitudinal electron beam polarization (Pc) at the IP is measured by the Compton
SpinRotation
Solenoids, polaximeter t*! shown in Figure 1. This polarimeter detects Compton-scattered electrons from

e-Spin Vertical ' the collision of the longitudinally polarized electron beam with a circularly polarized photon

e-- Damping Ring e+ Damping Ring beam; the photon beam is produced from a pulsed Nd:YAG laser operating at 532 nm. After

Spin Rotation.1 [J I Eecltron Spin the Compton Interaction Point (CIP), the electrons passes through a dipole spectrometer; a

Solenoid . _.-Y /-- Direction nine-channel Cherenkov detector then measures electrons in the range 17 to 30 GeV.

Thermion_Jc__ Polarized76a1^1 Source e-Source The counting rates in each Cherenkov channel are measured for parallel and anti-parallel

combinations of the photon and electron beam helicities. The asymmetry formed from these

Figure 1: The Polarized SLC rates is given by

R(---,---, ) - R(---*_ ) = 7:,eT,.rAc( E )
A(E) = R(_---_) + R(---**---)

The SLC Arc transports the electron beam from the linac to the SLC Interaction Point
where T'_ is the circular polarization of the laser beam at the CIP, and Ac(E) is the Compton

(IP) and is comprised of 23 achromats, each of which consists of 20 combined function mag- asymmetry function. Measurements of 7_v are made before and after the CIP. By monitoring

nets. The spin precession in each achromat is 1085 °, while the betatron phase advance is and correcting for small phase shifts in the laser transport line, we are able to achieve 7:'_ =

1080 °. The SLC Arc is therefore operating near a spin tune resonance, with the effect that (99 ± 1)%. Ac(E) and the unpolarized Compton cross-section are shown in Figure 2. The

vertical betatron oscillations in the achromats, which rotate the beam direction about the Compton spectrum is characterized by a kinematic edge at 17.4 GeV, corresponding to an 180°
backscatter in the center of mass, and the zero-asymmetry point at 25.2 GeV. Ac(E) is modified

vertical axis, can cause the beam polarization to rotate away from vertical; this rotation
from the theoretical asymmetry function 'Sj by detector resolution effects. This effect is about

is a cumulative effect in successive achromats. (The rotation of the vertical spin compo- 1% for the Cherenkov channel at the Compton edge. Detector position scans are used to locate

nent in a given achromat is simply due to the fact that rotations in x and y do not, corn- precisely the Compton edge. The position of the zero-asymmetry point is then used to fit for the

mute. while the cumulative effect is due to the spin resonance.) The resulting spin corn- spectrometer dipole bend strength. Once the detector energy scale is calibrated, each Cherenkov

ponent in the plane of the arc then precesses significantly. We take advantage of the spin channel provides an independent measurement of 7_e. The Compton edge is in channel 7, and
we use this channel to determine precisely 7_. The asymmetry spectrum observed in channels

tune resonance and introduce a pair of vertical betatron oscillations ('spin bumps') to ad-
1-6 is used as a cross-check; deviations of the measured asymmetry spectrum from the modeled

just the spin direction [a]. The amplitudes of these oscillations are empirically adjusted to
one are reflected in the inter-channel consistency systematic error. Figure 3 shows the good

achieve longitudinal polarization at the IP. Table 1 summarizes the relevant beam param- agreement achieved between the measured and simulated Compton asymmetry spectrum.

eters for the 1993 run, and also gives the expected beam performance for the 1994 run.
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1" I - ComptonPerimeter From measurements of N(E) and P(E) and from studies with a low-energy spread beam
Inter-Channel Consistency

(P" -75) <
-,-*_"1.0 _. (arbitraryu_,,_Unp°lariz?dCro_. Section o._0o i 4.7%(coreenergyrelative.distributiOnFrommeasurementsrmSless thanof N(E)0"1%andandnOp(E)lOw-energyandfromtail)'calculationsWedetermineofthe linworst_case
O

g ! o_0o - two results constrain _ to be in the range from (0-3.3)%. Thus, we find _ = (1.7 ± 1.1)%.
< 0.5 We correct the Compton measurement of (;re} foI this, and we find the luminosity-weighted

(_P_) = (63.0 + 1.1)%._ 0.20o polarization for the 1993 run to be turn
"10 =

_ o.10o Tile experiments described above to address the chromatic effect allow a determination of

"_ _ the beam polarization in tile linac. We find this to be "Olin = (65.7 + 0.9)% from measurements
o 0 0.00o • e

• M made on two separate occasions. This can be compared directly to measurements made by a
.,.j • m

-0_ [] i_h,_._s diagnostic Moiler polarimeter located at the end of the linac. This pola_-imeter analyzes the
!

_--J----"---_ -0._ ' ' i _ , _ t rate asymmetry in elastic scattering of the polarized electron beam from polarized electrons

7.5 10.0 12.5 15.0 17.5 t : 3 4 _ 6 7 in a magnetized iron foil. After corrections for atomic momentum effects in the Moiler target

=_ Distance from Undefleeted Beamline (cm) cxv_ _the Levchuk effect) [61 we find the Moiler measurements to give p_in = (66 + 3)%, in good

Figure 2: Compton cross-section and asymmetry Figure 3: Measured and simulated agreement with the Compton measurement.

Comptoa asymmetry Following the 1993 SLC/SLD run, the photocathode used for that run was taken to a

Polarimeter data are acquired continually during the operation of the SLC. The measured test beamline with a newly commissioned Mott polarimeter. This polarimeter analyzes the

beam polarization is typically 61-64%. Tile absolute statistical precision attained in a 3 minute rate asymmetry in elastic scattering of a polarized electron beam from nuclei in an uranium

interval is typically _79¢ = 1.0%. Averaged over the 1993 run, we find the mean beam polar- target. This polarimeter was built at UC lrvine and was calibrated there against another Mott

ization to be (T',} = (61.9 + 0.8)%. The systematic uncertainties that affect the polarization polarimeter! '1 The SLAC Mott polarimeter measured the 1993 SLC photocathode to give a
measurement are summarized in Table 2. beam polarization of (64 -t- 2)%, providing another cross-check on the Cornpton measurement.

The Compton polarimeter measures 7_ which can differ slightly from 7:'_"rn. The main con- 4. Z ° Event Selection

tribution to this difference arises from a chromatic effect. The electron beam is not inonochro- The e+e - collisions are measured by the SLD detector which has been described elsewhere.[ 8]

matic, but has an energy distribution, N(E), which is characterized by a narrow core (AE/E < The trigger relies on a combination of calorimeter and tracking information, while the event

0.2%) and a low-energy tail extending to AE/E __ -1% defined by collimators at the end of selection is entirely based on the liquid argon calorimeter.[ 11 We estimate that the combined

the linac. The luminosity and beam polarization at the IP also have a dependence on energy efficiency of the trigger and selection criteria is (93+1)% for hadronic Z decays. Less than 1_

given by L(E) and P(E). For the 1993 running, the energy dependence of L(E) resulted from of the sample consists of tau pairs. Because muon pair events deposit only small energy in the

the small vertical spotsize and the resulting limitation on the luminosity due to third order calorimeter, they are not included in the sample. The residual background in the sample is

chromatic aberrations in the final focus. P(E) results from the effective number of spin ro- due primarily to beam-related backgrounds and to e+e - final state events. We use our data

tations in the plane of the SLC Arc, which is measured to be 17.9 and is proportional to the and a Monte Carlo simulation to estimate the background fraction due to these sources to

energy. The three energy distributions N(E), L(E), P(E) yield the beam polarization, T'e (ie. be (0.23 + 0.I0)%. The background fraction due to cosmic rays and two-photon processes is

P(E) weighted by by N(E)), and the luminosity-weighted beam polarization, p_,,m (ie. P(E) (0.02+0.01)%.

weighted by N(E). L(E)). These are related b) 79_u'_ = T'e(1 + (), which defines the parameter 5. Measurement of ALn

(" Applying the selection criteria, we find 27,225 (NL) of the events were produced with tile

Off-energy electrons have reduced longitudinal polarization at tile IP due to spin precession left-polarized electron beam and 22,167 (NR) were produced with the right-polarized beam.

in the arc. They contribute less to the luminosity than on-energy electrons because they do The measured left-right cross section asymmetry for Z production is

not focus to a small spot at tile IP; however they contribute the same as on-energy electrons

to the Compton measurement of the beam polarization. Thus, T_ "rn can be greater than Pe Arn = (NL -- NR)/(NL + NR) = 0.1024 ± 0.004.5.

due to this chromatic effect, p t,,rn is constrained, however, to be less than the polarization in
To determine At, R from this, we use Equation (2) modified by some small correction terms,

the linac, T'_''_, since no spin precession occurs before the SLC Arc. Hence,

Am _ 1 [ 2 -o"(Ecm) ]ALR((Ecm)) = _ + f,(Am - A,)- Ac + AmAr,- Ecrn_AE-- .4_ (4)"O._urnp, < < (3)
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where fb is the background fraction; a(E) is the unpolarized Z cross section at energy E; a'(E) The gauge structure of the Minimal Standard Model (MSM) of electro-weak interactions

is the derivative of the cross section with respect to E; Ab, At:, A_,, AE, and A_ are the left-right requires three parameters to specify it. These can be chosen to be ct, GF and Mz. [l°] The levels

asymmetries of the residual background, the integrated luminosity, the beam polarization, the of precision being achieved at LEP and SLD for sin 2 0¢_ and F[_°] are now providing significant

center-of-mass energy, and the product of detector acceptance and efficiency, respectively, tests of the MSM. l_q These tests will become even more stringent if the recent results for the

The corrections defined in square brackets in equation (4) are found to be sroall. Of these top mass (mr = 174 4- 16 GeV) presented by the CDF collaboration t_21are confirmed, since

corrections, the most significant one is that due to background contamination. The correction the MSM predictions for sin20e_w and FZ depend on rot. In particular, the SLD ALR result

for this is moderated by a non-zero left-right background asymmetry (Ab = 0.031 4- 0.010) considered within the MSM framework predicts the pole top mass to be mt = 250 GeV -4-

arising from e+e - final states which remain in the sample. Backgrounds give a net fractional 20 GeV (exp) 4- 20 GeV (mlt), where the second error reflects the uncertainty for a Higgs

correction to ALR of (+0.17 5=0.07)%. Including all the corrections due to backgrounds and mass in the range 60 GeV to 1000 GeV. This deviates from the CDF result by a little more

left-right asymmetries in luminosity, polarization, energy and efficiency gives a net correction than 2 standard deviations. Altarelli commented t_zlin his presentation to this conference that

to ALR of (+0.10 ± 0.08)_; of the uncorrected value, the MSM 'works better than anticipated by many physicists.' Perhaps the level of precision in

Using equation (4), we find the left-right asymmetry to be electroweak tests at LEP and SLC will soon be sufficient to reveal indications of physics beyond
the MSM.

ALR(91.26 GeV) = 0.1628 4- 0.0071(stat.) 4- 0.0028(syst.). The next running period for SLD begins June 1, 1994 and the expected luminosity and

The contributions to the systematic error are summarized in Table 2. Correcting this result to beam polarization are given in Table 1. By the end of this run, the SLD expects to achieve a

account for photon exchange and for electroweak interference which arises from the deviation precision of 0.0005 for sin 2 0_t_.

of the effective e+e - center-of-mass energy from the Z-pole energy (including the effect of

initial-state radiation), we find the effective weak mixing angle to be REFERENCES

sin 2 0_ff = 0."229'2 -t- 0.0009(stat.) -t- 0.000,1(syst.). 1. K. Abe et. al., SLAC-PUB-6456, March 1994. Submitted to Phys Rev. Lett.

2. We follow the convention used by the LEP Collaborations in Phys. Left. B276, 247 (1992).
Table 2: Systematic uncertainties for the ALn measurement

3. T. Limberg, P. Emma, and R. Rossmanith, SLAC-PUB-62t0, May 1993.

Systematic Uncertainty [ 6T'e/7_¢(%) 6ALn/ALR (%) 4. M.J. Fero et al., SLAC-PUB-6423, April 1994.

Laser Polarization i 1.0 5. See S.B. Gunst and L.A. Page, Phys. Rev. 92,970 (1953).

Detector Calibration [ 04
Detector Linearity l 0.6 I 6. L.G. Levchuk, KttFTI-92-32, June 1992; and M. Swartz et al., SLAC_PUB-6467, April 1994.

Interchannel Consistency 0.5 ] 7. The calibration of the UC Irvine Mott polarimeter is described in H. Hopster. D.L. Abraham. Rev. Sc,.

El ctr-air. Noise [ 0 2 1 lnstrum. 59, 49 (1988).
1

Total Polarimeter Uncertainty 1.3 i 1.3 8. The SLD Design Report, SLAC Report 273, 1984.
Chromaticity Correction (_) ] 1.1

1 9. The LEP results were presented by B. Pietrzyk at this conference. See also CERN-PPE/93-157, August
Corrections in Equation (4) i 0.1

Total Systematic Uncert_;nty [ 1.7 1993.
i

' 10. Precise results from the LEP collaborations on the mass and width of the Z ° were presented at this

6. Conclusions conference by P. Clarke.

We note that tiffs is the most precise single determination of sin2 0_4_, yet performed. Corn- 11. For a recent review see M. Swartz, SLAC-PUB-6384, November 1993; talk given at 16th Int. Symposium

bining this value of sin e 0[_ with our previous measurement at ECM = 91.55 GeV, we obtain on Lepton and Photon Interactions, Ithaca, NY, August 1993. See also presentations to this conference

the value, sin" 0_ff = 0.2294 ± 0.0010. This result can be compared to the determination of by B. Pietrzyk, P. Clarke, F. Caravaglios, and G. Altarelli.

sin'-' 0_ from measurements of unpolarized asymmetries at the Z ° resonance performed by the 12. F. Abe et. al., FERMILAB-PUB-94-O97-E, April 1994; submitted to Phys. Rev. D.
LEP collaborations (Aleph, Delphi, L3. and OPAL). The LEP collaborations combine roughly

30 individual measurements of quark and lepton forward-backward asymmetries and of final 13. G. Altarelli. talk presented at this conference.

state r-polarization, to give a LEP global average of sin 2 O[_ = 0.2322 + 0.0005. t_l The LEP

and SLD results differ by 2.5 standard deviations.
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