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Direct Measurement of Parity Violation in the Coupling of Z° Bosons tob Quarks
Using a Mass Tag and Momentum-Weighted Track Charge
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We present a direct measurement of the parity-violation paramgteising a self-calibrating track-
charge technique. In the SLAC Linear Collider Large Detector (SLD) experiment we observe hadronic
decays 0fZ° bosons produced in collisions between longitudinally polarized electrons and unpolarized
positrons at the SLAC Linear Collider. A sample bb events is selected using the topologically

reconstructed mass @& hadrons. From our 1993—

1995 sample of approximately 150000 hadtbnic

decays, we obtaid;, = 0.911 * 0.045(stah = 0.045(sysh. [S0031-9007(98)06678-2]

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

Measurements ob quark production asymmetries at The measurement of the double asymmetry eliminates the

the z° pole determine the extent of parity violation
in the Zbb coupling. At Born level, the differential
cross section for the processe™ — Z° — bb can be
expressed as a function of the polar angjlef the » quark
relative to the electron beam direction,
b _ _ 2
g (f)_do-b/dfoc(l AEPE)(1+§)

+ 2Ab(Ae - Pe)f’ (l)
where P, is the longitudinal polarization of the electron
beam, ¢ = cosd. The parameters\; = 2vsa;/(v; +
af»), (f = eorb) where vy (ay) is the vector (axial
vector) coupling of the fermioyi to theZ® boson, express
the extent of parity violation in th&f f coupling.

dependence on the initial state coupling. The quantjty

is largely independent of propagator effects that modify
the effective weak mixing angle and thus is complemen-
tary to other electroweak asymmetry measurements per-
formed at thez® pole.

In this Letter we present a direct measurementdpf
from data collected in the SLAC Linear Collider (SLC)
Large Detector (SLD) between 1993 and 1995. We use an
inclusive vertex mass tag to select a sampl&€bt— bbh
events, and the net momentum-weighted track charge,
first suggested by Field and Feynman [3], to identify the
sign of the charge of the underlying quark. The analysis
presented in this paper uses an improved track-charge

From the conventional forward-backward asymmetriegalibration technique which greatly reduces the model

formed with an unpolarized electron be&m. = 0), such

dependence of the result.

as used by the CERN Lareg Electron-Positron Collider The operation of the SLC with a polarized electron
(LEP) experiments, only the product of parlty-wola_tlon beam has been described previously [4]. During the 1994—
parametersA,A, can be measured [1]. For a polarized 1995 (1993) run, SLD recordedl6 pb~!' (1.8 pb!) of

electron beam, it is possible to measutg directly by
forming the left-right forward-backward asymmetry [2]

[00(¢) — ol (—€)] — [oR(§) — or(—£)]

Ah =
FB('f) O_Z(f) + O'I}j(_g) + 0‘1}3(5) + 0'2(_5)
2¢
= |Pe|Ab 1+—§29 (2)

where L, R refers to Z° — bb decays produced with

e e~ annihilation data at a mean center-of-mass energy
of 91.28 *= 0.02 GeV, with a mean electron beam longi-
tudinal polarization o77.2 + 0.5% (63.0 * 1.1%).

A detailed description of the SLD can be found
elsewhere [5]. Charged particles are tracked in the
Central Drift Chamber (CDC) in a uniform axial magnetic
field of 0.6 T. In addition, a pixel-based charge-coupled
device (CCD) vertex detector (VXD) provides an accurate

a predominantly left-handed (negative helicity) or right-measure of particle trajectories close to the beam axis.
handed (positive helicity) electron beam, respectivelyThe measured¢ (rz) track impact parameter resolution
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approached1 um (37 um) for high momentum tracks, 700
and is76 um (80 wm) at p,+/sind = 1 GeV/c, where I + L
z is the coordinate parallel to the beam axis gnd is [ Left + - Right
the momentum in GeXt perpendicular to the beam line. 600 | 5
The momentum resolution of the combined SLD track- i +
ing systems is(6p./p.)* = (0.01)? + (0.0026p )% 500 F . i
The thrust axis is reconstructed using the liquid argon I + + [ ++
calorimeter, which covers a range|afosf| < 0.98. The + i
uncertainty in the position of the primary vertex (PV) is

7 wm transverse to the beam axis @fdum (52 wm for

bb events) along the beam axis.

Events are classified as hadrouit decays if they (1)
contain at least seven well-measured tracks (as describec L
in Ref. [5]), (2) contain a visible charged energy of at 200 |- =
least 20 GeV, and (3) have a thrust axis polar angle satis- i i
fying | cosOmmst| < 0.7. The resulting hadronic sample I i
from the 1993-1995 data consists of 76 554 events witha 100 -
nonhadronic background estimated to<b@.1%. Events i i
classified as having more than three jets by the JADE 0 hu
jet-finding algorithm withy.,, = 0.02 [6], using recon- -10-05 0 05 1.0 -05 0 05 1.0
structed charged tracks as input, are discarded, leaving
71951 events in the sample.

To increase theZ®’ — bb content of the sample, a FIG. 1. The polar angle distribution of the signed thrust axis
tagging procedure based on the invariant mass of thredor the b tagged sample. The estimated background is shown
dimensional topologically reconstructed secondary decally the shaded histogram.
vertices is applied [7,8]. The mass of the reconstructed
vertex is corrected for missing transverse momentum tevhereq; and f)/. are the charge and momentum of track
account partially for neutral particles. The requirement; respectively, and is a unit vector chosen along the
that the event contain at least one secondary vertex Withjrection of the reconstructed thrust axis so tigat> 0.
mass greater than.6 GeV/c? results in a sample of The vector? is therefore an estimate of the-quark
11092 candidatg® — bb decays. The purity (91%) and direction. We usex = 0.5 to maximize the analyzing
efficiency (65%) are calculated from the data with smallpower of the track-charge algorithm f@f — bb events.
corrt_ection, based on the Monte Carlo (MC) simulation,Figure 1 shows thel, = cosfy distribution of the
applied to account for thedschackground. ~ b-enriched sample separately for left- and right-handed

Using all track-charge quality tracks, as defined ingjectron beams. Clear forward-backward asymmetries are
Ref. [9], we form the signed@Q) and unsigned(Q+)  observed, with respective signs as expected from the cross
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momentum-weighted charge sums section formula in Eq. (1).
e The value ofA, is extracted via a fit to a maxi-
0=— > gisad; - DIE; - DI () mum likelihood function based on the differential cross
tracks section [see Eq. (1)], which provides a somewhat more
0. = Z qj'l(f)j e, (4) efficient estimate oA, than the simple left-right forward-

tracks

| backward asymmetry of Eq. (2):

p'(Ap) = (1 = APD[1 + (TH] + 2(A. — POTIA,f;2p) — D (1 — Abepy)
+ Afi@pl = (1 = Alep,) + Aperg(l = £ = D) 2phere — DI, (5)

where P! is the signed polarization of the eIectrdn functions of |Q|, as well as the secondary vertex mass
beam for eventi, f;, the probability that the event and|T.|.

is a Z° — bb(cc) decay, parametrized as a function The analysis presented in our previous publication [9]
of the secondary vertex mass, and)CD,b,c are final- useda MC simulation to qletermirp@ and had §ubstantial
state QCD corrections, to be discussed latefpck, dependence on the details of thefragmentation and3

is the estimated asymmetry of residuaii, dd, and decay modeling. In this analysis we measpgedirectly

s final states. The parameters are estimates of from the data [10]. Definin@, (Q7) to be the unsigned
the probability that the sign ofp accurately reflects momentum-weighted track-charge sum of the tracks in
the charge of the respective underlying quark, and aréhe thrust hemisphere containing tite (b) quark, the
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quantities probability p.. The value ofA. is set to its standard
Oum = 0p + OF Quir = O» — O3 (6) model value of 0.67, and the value df,.x, is set to

. i zero. After a small (0.2%) correction [14] for initial-state
may be related to the experimental observables defined iygiation andz-y interference, the value of, extracted

Egs. (3) and (4), respectivelyQuis| = 10| and Qum = from the fit isA, = 0.911 * 0.045(stad. This result is
Q+. Our MC simulation indicates that the, and Q5 found to be insensitive to the value of thetag mass cut.
distributions are approximately Gaussian. In this limit \ye nave investigated a number of systematic effects

[10], which can change the measured valueAgf these are
1 summarized in Table I. The uncertainty i, due to

Py(1Q]) = 1 + e—wlol’ (7) " the statistical uncertainties i1 Quir|?) and o2, corre-

with sponds to a 3.7% uncertainty #y,. The uncertainty in
5 the hemisphere correlation parameteis estimated [10]

~2g%  WQaiel?) — o g) Dby varying fragmentation parameters withiiTSET 7.4

o ot B ot ’ (8) and by comparison with theerwIG 5.7 [15] fragmenta-

0 _ tion model. The resulting uncertainty #), is 1.7%. The
whereqgir and oq;r are the mean and the width, respec-sensitivity of the result to the shape of the underlyipg
tively, of the Gaussia®y;s distribution. distribution is tested by generating various triangular dis-

In the absence of a correlation betwe@p and O3,  tributions as well as double Gaussian distributions with
Tdif = Oam, Where oy, is the observed width of the offset means. The test distributions are constrained to
Q.+ distribution. Thusa, can be derived from experi- yield a Q. distribution consistent with data, and the to-
mental observables. In the presence of a correlational uncertainty is found to be 0.8%. In addition, while the
aait = (1 + A)owm, Where A characterizes the strength mean value of the self-calibration parametey is con-
of the correlation which can be determined from the MCstrained by the data, it has a @bslependence due to the
simulation. FORETSET 7.411] with parton shower evolu-  falloff of the tracking efficiency at high caswhich must
tion, string fragmentation, and full detector simulation, pe estimated using the simulation, leading to a 0.4% un-
is found to be 0.027. The effects of light flavor contami- certainty inA,,.
nation are taken into account by adjusting the observed The extracted value of, is sensitive to our estimate
widths o3, and(|Quit|*), using the magnitude and width of the Z0 — c¢ background, which tends to reduce the
of the light-flavor andcc contributions estimated from observed asymmetry due to the positive charge of the
the MC. This correction increases the valuecaf by  underlyinge quark. The uncertainty in the purity estimate
2%. The value of;, measured with the data is in good of (91.1 + 0.9)% is dominated by the uncertainties in
agreement with the value extracted from the simulationhe charm tagging efficiendy, = 0.0382 = 0.0044) and
ap™™ = 0.249 = 0.013, 2" = 0.245 = 0.005). charm production fractiofR. = 0.1715 + 0.0056) and

Final-state gluon radiation reduces the observed
asymmetry from its Born-level value. This effect is
incorporated in our analysis by applying a correctionTABLE I. Relative systematic errors on the measurement
Agcp(lcosf|) to the maximum likelihood function of A,

[Eqg. (5)]. This correction is based on théa,) calcula-  Error source Variation S8A,/A,

tior_1 for massive finagostate quarks of Stav and Olsen [12], Self-calibration

which ranges fromAcp (| cosf|) ~ 0.05 at|cosf| =0 4, statistics 1o 3.7%

to ~0.01 at|cosf| = 1. Ay colleration JETSET, HERWIG 1.7%
However, QCD radiative effects are mitigated by theP(Q,) shape Different shapes 0.8%

use of the thrust axis to estimate thequark direction, cosé shape ofe, MC shape vs flat 0.4%

the Z° — bb enrichment algorithm, the self-calibration Light flavor 50% of correction 0.4%

procedure, and the cut on the number of jets. A MC Analysis

simulation of the analysis chain indicates that these efrag composition Mostlye, 1.5%

fects can be represented by a @esdependent sup- Detector modeling Tracking eff. 1.5%

pression factorxgcp = 0.25 * 0.08, such thatAgep = and resolution

xqcpAdep. The effects ofo(a?) QCD radiation [13], o corrections on/off

which are dominated by gluon splitting te, lead to an  Beam polarization *0.8% 0.8%

additional correctiordA, /A, = 0.004 = 0.002. QCD Xqcp, a; = 0.007, 0.6%

2nd order terms

The dependence of the-tagging efficiency upon the ., splitting +100% of JETSET7.4 0.2%
secondary vertex mass is taken from the simulation, with,

. . . . ¢ 0.67 = 0.08 0.8%
the overall tagging efficiency derived from the single- andAbckg 0 + 0.50 0.1%
double-tagging rates [7] observed in the data. Tagging, 0.1506 + 0.0028 «<0.1%
efficiencies for charm anduds events are estimated Total 4.9%

using the MC simulation, as is the charm correct-signing
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leads to a 1.5% uncertainty #y,. Details of the estimate ergy and National Science Foundation, the U.K. Particle
of the light and charmed quark efficiencies can be found®hysics and Astronomy Research Council, the Istituto
in Ref. [7]. Nazionale di Fisica Nucleare of Italy, the Japan-U.S. Co-

In order to obtain agreement between the data and theperative Research Project on High Energy Physics, and
simulation for therz impact parameter distribution, an the Korea Science and Engineering Foundation.
ad hocGaussian smearing of wid#d wm/ siné is added
to the MC simulation of the impact parameter. The value
of A, changes by 0.6% when this extra smearing is re-
moved, and is included as a systematic error. In addition,
agreement between the data and MC simulation chargedl] The LEP Collaborations, ALEPH, DELPHI, L3, OPAL,
track multiplicity distributions is obtained only after the the LEP Electroweak Working Group, and the SLD Heavy
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