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The parity-violating parameters A& and A, are directly measured by the SLD experiment at the SLAC
Linear Collider in e+e collisions with polarized electrons at the Zo resonance. Leptons with distinctive
total and transverse momenta are used to select and analyze Z bb and Z cc events. A& and A,.
are extracted by forming the left-right forward-backward asymmetry in electron beam polarization and
quark polar angle. From our 1993 sample of 1.8 pb ' of Zo decay data with an average electron beam
polarization of 63% we find A& = 0.91 ~ 0.14 (stat) ~ 0.07 (syst) and A = 0.37 ~ 0.23 (stat) ~ 0.21
(syst).

PACS numbers: 13.38.Dg, 11.30.Er, 14.65.Fy, 14.70.Hp

Measurements of fermion asymmetries at the Z reso-
nance probe a combination of the vector and axial vector
couplings of the Z to fermions, Af = 2ufaf/(Uf + af).
The parameters Af express the extent of parity violation
at the Zff vertex and provide sensitive tests of the stan-
dard model. The parameter A& is particularly interesting
theoretically, since it is sensitive at the 1% level to elec-
troweak radiative corrections to the Zbb vertex but insen-
sitive to propagator corrections which modify the weak
mixing angle sin Oiv [1].

The Born-level differential cross section for the reac-
tion e e ~Z" ff is

cr (z) = dof/dz (1 —A, P, ) (1 + z )

+ 2Af(A, —P„)z, (1)
where P, is the longitudinal polarization of the electron
beam [P, ) 0 for right-handed (R) polarization] and z =
cosO is the direction of the outgoing fermion relative to
the incident electron. The parameter Af can be isolated
by forming the left-right forward-backward asymmetry,

-f [trt. (z) —crt. (—z)] —[o tt (z) —trg (—z)]f f f f
AFti(z) = f f f f (2)

[ot.(z) + crt. (—z)] + [crit(z) + tran(
—z)]

= IP, IAf2z/(1+ z'). (3)

In this analysis, we identify b quarks and c quarks
through their decays into leptons. The lepton charge pro-
vides the quark-antiquark discrimination required to con-
struct the left-right forward-backward asymmetry. Two
complementary techniques are presented: (1) a simple
asymmetry analysis extracts A& from an enriched sample
of Z ~ bb events obtained by selecting leptons with
very high momentum and transverse momentum, and (2) a
more sophisticated maximum likelihood analysis extracts
both Aq and A, , from hadronic Z decays containing lep-
tons. In conjunction with a parallel analysis based on a
momentum-weighted track charge technique [2], this re-
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suit represents the first direct measurement of the magni-
tude of parity violation in Z ~ bb and Z cc decays.

The operation of the SLAC Linear Collider (SLC)
with a polarized electron beam has been described in
detail elsewhere [3]. During the 1993 run, the SLC
Large Detector (SLD) recorded 1.8 pb ' of data at the
Zo resonance with a luminosity-weighted electron beam
polarization of lPel = 0.63 ~ 0.01.

Charged particle tracking and momentum analysis is
provided by the central drift chamber [4] and the CCD-
based vertex detector [5], with combined momentum reso-
lution Bp~/p~ = ((0.01) + [0.0026 pi (GeV)] )'f in the
plane perpendicular to the beam axis.

The liquid argon calorimeter (LAC) [6] measures the
energies of charged and neutral particles and is also
used for electron identification. The LAC is segmented
into projective towers with separate electromagnetic and
hadronic sections. In the barrel LAC, which covers the
angular range lcos&l ( 0.82, the electromagnetic towers
have transverse size -(36 mrad)2 and are divided longitu-
dinally into a front section (EM1) of 6 radiation lengths
and a back section (EM2) of 15 radiation lengths. The
barrel LAC electromagnetic energy resolution is ere/E =
15 lo/QE (GeV).

Muon tracking is provided by the warm iron calorime-
ter (WIC) [7]. The WIC is 4 interaction lengths thick and
surrounds the 2.8 + 0.7 interaction lengths of the LAC
and SLD magnet coil. Sixteen layers of plastic streamer
tubes interleaved with 2 in. thick plates of iron absorber
provide muon hit resolutions of 0.4 cm and 2.0 cm in the
azimuthal and axial directions, respectively.

Events are selected by requiring at least 15 GeV of
energy in the LAC and at least six tracks with p& )
250 MeV. These requirements select a sample of 37500
hadronic Z events with negligible background.

Jets in Z events are formed by combining calorimeter
energy clusters according to the JADE algorithm [8] with
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parameter y, „&
= 0.005. The jet axis closely approximates

the b-quark direction in Z ~ bb events, with an angular
resolution of -30 mrad.

Electrons are identified by extrapolating tracks to
the barrel LAC and comparing the energies in nearby
calorimeter towers to the energy deposition expected
for electromagnetic showers. Electron identification is
attempted for tracks with p ~ 2 GeV in the angular
range ~cosH

~
( 0.72. Cuts are made requiring elec-

tromagnetic energy consistent with track momentum

[—2o. ( (F/p —1) ( 3o.], little or no hadronic en-

ergy leakage (E»d ~ 0.25 GeV), and relatively large
energy deposition in the front section of the electromag-
netic calorimeter [0.55 ( (EM 1 sinH)/(EM 1 + EM2)—
0.08ln(p) ( 0.85]. Electrons from photon conversions
are identified and removed with 90% efficiency. Pion
misidentification is less then 0.8% at low momentum,
falls slowly with increasing momentum, and constitutes
the most serious background in the electron sample.
The electron identification efficiency depends strongly
on track isolation, varying from roughly 50% for all
electrons to 70% for the electrons with high momentum
and transverse momentum used in the simple asymmetry
analysis presented below.

Muons are identified by matching extrapolated tracks
to hits in the WIC [9]. Muon identification is attempted
for tracks with p ) 3 GeV in the angular range ~cosH~ (
0.60. The track error matrix, including the effects of mul-
tiple scattering, is used to make a comparison with the fit-
ted muon track in the WIC. Full penetration of the WIC
is required. With these requirements, pion punchthrough
background is negligible. Muons from pion and kaon de-
cays and hadronic showers are a significant background,
but fall off rapidly with increasing momentum. The muon
identification efficiency is 85% within the momentum and
angular acceptance region.

A detailed Monte Carlo (MC) simulation of hadronic
Z decays is used to model the data. Z decays are
generated by the JETSET 6.3 program [10]. The 8 hadron
decay model was tuned to reproduce existing data from
other experiments. Semileptonic decays of B mesons
are generated according to the ISGW formalism [11]
with a 9% D** fraction [12], while semileptonic decays
of D mesons are generated according to the Mark III
decay model [13]. Particularly important experimental
constraints were provided by the B D and B lepton
momentum spectra measured by CLEO [14], the D
lepton momentum spectrum measured by DELCO [15],
and the B hadron multiplicities measured by ARGUS
[16].

The SLD detector response is simulated in detail using
GEANT [17] and has been checked extensively against
Zo data. A momentum-dependent efficiency correction
of at most 4% was required to make the MC charged
track multiplicity reproduce the data. In the electron
analysis, the MC hadronic background was originally too
large; agreement with the data was achieved by rescaling
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FIG. 1. Distributions of momentum and transverse momen-
tum with respect to the nearest jet axis for identified electrons
and muons in the data (points), compared to the MC prediction
(histograms) for various sources.

hadronic energies of early-showering pions by roughly
—10% after the calorimeter simulation.

Distributions of lepton momentum (p) and transverse
momentum (p, ) with respect to the nearest jet axis are
shown in Fig. 1. The MC prediction for all lepton sources
reproduces the data reasonably weil. Lepton s from
b-quark decay clearly dominate at high p and p, .

A direct method of measuring Ab is to observe the
left-right forward-backward asymmetry in the angular dis-
tribution of a purified sample of Z bb events con-
taining leptons from semileptonic b decay with high p
and high p, . We perform this simple analysis in order
to demonstrate the clear experimental asymmetry and to
provide a cross-check of the final result. An elliptical
cut on p and p„(p/18)2 + (p, /1. 1)2 ) 1 for muons and
(p/14)2 + (p, /1.0)2 ~ 1 for electrons, provides a sample
of leptons predominantly from direct b decay. A total
of 576 muons and 613 electrons are selected. The MC
breakdown of the various sources contributing to the lepton
sample is shown in Table I. Roughly 70% of the selected
leptons come from direct b-quark semileptonic decay.
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FIG. 2. Experimentally observed left-right forward-backward
asymmetry AF& (data points with statistical errors); theoretical
asymmetry function (P, ~Ab2z/(1 + z2) fit to data (solid curve).
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The experimental left-right forward-backward asymme-
try is calculated according to Eq. (2). The appropriate
sign for each lepton in the asymmetry sum is determined
by the beam polarization and the direction of the b quark,
which in turn is determined by the lepton charge and the
direction of the jet nearest to the lepton, z = cosOb =
—Qcos&,„. The experimental asymmetry is plotted in
Fig. 2.

The parameter Ab is extracted from the experimental
asymmetry by fitting the theoretical asymmetry function
AF&(z) of Eq. (3) to the data, correcting for asymmetry

dilution effects, and factoring out the luminosity-weighted
beam polarization. The asymmetry dilution corrections
are derived from the MC classification of lepton sources
and their corresponding intrinsic asymmetries, detailed in
Table I. The result of the high (p, p, ) asymmetry analy-
sis is Ab(muons) = 1.04 ~ 0.22(stat) ~ 0.11(syst) and
Ab(electrons) = 1.05 ~ 0.20(stat) ~ 0.13(syst).

A maximum likelihood analysis of all hadronic Zo

events containing leptons is used for the final determi-
nation of Ab and A, . The likelihood function contains the
following probability term for each lepton in the data:

(A, —P, lf
P(p, p, P,z;Ab, A, ) ~ 1 +

2 {fb(l —2y) [1 + b&co(z))Ab + f,[1 + A&cD(z)]A, + fblgAbl~)r.
i 1 —A, P, j i 1 + z')

(4)

The three signs governing the asymmetry —beam po-
larization P„ lepton charge Q, and jet direction cosO—
are incorporated automatically into the maximum likeli-
hood probability function (recall z = —Q cosO). The lep-
ton source fractions ( fb, f„fbkg) are derived by counting
leptons in the MC with similar p and p, to each lepton
in the data. The fb term combines direct and cascade
b-quark decays, signed according to their asymmetry con-
tributions. A correction factor (1 —2~) is applied to all
b-quark lepton sources to account for asymmetry dilution
due to B Bo mixing, with g = 0.12 taken from LEP mea-
surements of the average mixing in Z ~ bb events [18].
The background asymmetry Ab« is derived as a function
of p and p, from tracks in the data not identified as lep-
tons. A QCD correction factor is applied to the theoret-
ical asymmetry function to incorporate known QCD cor-
rections to the cross section [19]. The QCD correction is
as large as 5% at z = 0, and its inclusion decreases the
asymmetry by 3%%uo overall.

Systematic errors have been estimated for a number of
sources, summarized in Table II. The jet axis simulation
can affect the asymmetry measurement by distorting the
lepton p, spectrum and hence the MC lepton source
weights. This effect is constrained by comparing track

p, distributions in the data and MC and by comparing
the primary quark direction in the MC to the jet direction
after quark hadronization and calorimeter simulation. The
accuracy of the B— and Bo lepton spectra is directly

muons: Ab = 0.92 ~ 0.20(stat) ~ 0.10(syst)

A, = 0.38 ~ 0.29(stat) ~ 0.18(syst),

electrons: Ab = 0.89 4- 0.19(stat) ~ 0.12(syst)

A, = 0.35 ~ 0.36(stat) ~ 0.31(syst),

combined: Ab = 0.91 ~ 0.14(stat) ~ 0.07(syst)

A, = 0.37 ~ 0.23(stat) ~ 0.21(syst).

The combined final result takes into account the small
statistical and large systematic correlations between the
muon and electron analyses. The correlation between Ab

and A, is less than 10%. The result for Ab is consistent
with the high (p, p, ) asymmetry analysis, considering that
the full lepton sample is 5 times larger than the high
(p, p, ) subset and contains twice as many leptons from
direct b-quark decay.

This result complements that of an independent analysis
using a momentum-weighted track charge technique [2].
Taking into account small correlations between the two
analyses yields a combined SLD measurement of Ab =
0.89 ~ 0.09(stat) ~ 0.06(syst).

!
related to the uncertainty in the D** branching fraction
reported by the CLEO Collaboration [14).

The final maximum likelihood results are as follows:

TABLE I. Composition of the high (p, p, ) lepton sample and corresponding contributions to
the left-right forward-backward asymmetry.

Lepton source

Direct b l

Cascade b c l
Cascade b c l
Direct c l

y e+e
Hadron l
Misidentified l

Muon fraction

0.73
0.06
0.01
0.07

0.02
0.11

Electron fraction

0.69
0.07
0.01
0.08
0.02
0.00
0.13

Asymmetry

(1 —2g)Ab
—(I —2g)Ab
(1 —2y)Ab

—A,
0

Abkg

Abkg
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TABLE II. Systematic errors for the maximum likelihood analysis.

Source

Monte Carlo weights
Track efficiency
Jet axis simulation
Background level
Background asymmetry
9(Zo bb )
9(ZO cc)
B—,B lepton spectrum
B, lepton spectrum
Ab lepton spectrum
D lepton spectrum
Polarization
Second order QCD
B mixing g
Total

Parameter variation

fb, f, variation
MC data multiplicity match
15 mrad smearing
~10% variation
~50% (p, ), ~100% (e)
Rb = 0.220 ~ 0.003
R, = 0.171 + 0.014
B ~ 10% (D"")
D,** 20%, I',. /I
i9A„ /It))@' (5 —9)%
Peak p = 0.4 —0.6 GeV
(P, ) = 0.63 ~ 0.1

6«D uncertainty

y = 0.12 + 0.1

BAb(P)

0.04
0.01
0.06
0.02
0.01
0.01
0.01
0.02
0.03
0.01
0.02
0.02
0.01
0.03

0.10

6Ab(e)

0.08
0.02
0.05
0.01
0.01
0.00
0.00
0.05
0.02
0.01
0.02
0.02
0.01
0.03

0.12

BA, (p, )

0.08
0.01
0.06
0.03
0.03
0.00
0.03
0.12
0.05
0.02
0.04
0.01
0.04
0.00

0.18

BA, (e)

0.18
0.01
0.13
0.01
0.09
0.00
0.03
0.14
0.05
0.03
0.10
0.01
0.04
0.00

0.31

Our results for Ab and A, are in good agreement
with the standard model predictions of Ab = 0.94 and
A, = 0.67 (for sin Ot'b = 0.23). The experiments at the
CERN e+ e collider LEP measure the forward-backward
asymmetries AFtt ~ A, Af [20] rather than the direct quark
asymmetries Af and obtain values also in agreement with
the standard model, with relative errors on the order of
10% for A, Ab and 20% for A,A, .
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