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Abstract
We present a direct measurement of A. = 2v.a./(v? + a?) from the left-right forward-backward asymmetry of
D*t and DT mesons in Z° events produced with the longitudinally polarized SLC beam. These Z° — c¢ events are

tagged on the basis of event kinematics and decay topology from a sample of hadronic Z° decays recorded by the
SLD detector. We measure A% = 0.73 £ 0.22 (stat) & 0.10 (syst).

* Work supported in part by Department of Energy contract DE-AC03-765SF00515.



The detailed vertex structure of the electroweak theory
is manifest in fermion production asymmetries at the Z°
pole. The parameter Ay = 2u; af/(v? + aj%), the combi-
nation of vector (v¢) and axial vector (ay) couplings of
the Z° to fermions of type f, represents the magnitude of
parity violation in the Z f f coupling and hence the size of
the asymmetry in the fermion production cross section.

The Born—level cross section [1] do/d cosé for produc-
ing a final-state fermion at an angle cos from the elec-
tron beam direction in the process ete™ — 7% — ff is
proportional to (1—A. P.)(1+cos? 8)+2A5 (Ae—Pe) cos b,
where P, is the longitudinal polarization of the electron
beam. At the SLAC Linear Collider (SLC), the ability to
manipulate the helicity of the electron beam allows the
isolation of the Z f f vertex through the formation of the
double asymmetry
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where F' (B) refers to fermions produced at angles less
(greater) than 90° to the electron beam, and L (R) de-
notes that the Z° was produced with an electron beam
of left-handed (right-handed) helicity.

This Letter and a companion document [2] report the
first direct measurements of the magnitude of parity vio-
lation in the Zce coupling. We measure A., which could
be sensitive to new physics contained in various exten-
sions of the Standard Model [3], by selecting a sample
of Z% — c¢ decays. A. can also be measured in exper-
iments where Z° bosons are produced with unpolarized
electrons [1], but here the forward-backward asymmetry
1s ox AcA..

For this analysis, Z° — c¢ events are tagged using
fully and partially reconstructed decays of D*T and DT
mesons [4]. The charge of the primary charm quark is
uniquely determined by the sign of the D)+ As 2% — bb
events are also a copious source of DT mesons, event
kinematics and decay topology are used to reject D) +’g
originating in B hadron decays.

The measurement reported here is performed with 1.8
pb~! of SLC luminosity taken in 1993 at a mean c.m. en-
ergy of 91.26 £+ 0.02 GeV. The data were taken with the
SLAC Large Detector (SLD), a multi-purpose particle
detector [5]. The trigger, and the event and track se-
lection criteria, are as described in Ref. [6], except that
the event thrust axis is determined using only charged
tracks, reconstructed in the Vertex Detector (VXD) [7]
and the Central Drift Chamber [8], and the polar angle
of the thrust axis is allowed to be | cosfr| < 0.80. Tracks
are required to have at least one VXD hit to be used in
the following analyses.

The SLC was operated with a polarized electron beam
and an unpolarized positron beam [9]. The average po-
larization magnitude measured [10] for the 1993 data
sample is |P.| = (63.0 & 1.1)%. The centroid position

in the zy plane of the 2.6pum x 0.8um SLC Interaction
Point (IP) is reconstructed with a measured precision of
orp = (7 + 2)um using the tracks in sets of ~ 30 se-
quential hadronic 7% decays [11]. The median z position
of tracks at their point of closest approach to the IP in
the 2y plane determines the z position of the Z° primary
vertex (PV) with a precision of ~ 35 ym event by event.

The D** mesons are identified using the decay D*+ —
7+ D% where the DY decays via D® — K=nt or D —
K=7nt 70 (satellite resonance) [12]. The nf in the D**+
decay is known as the spectator pion and carries the
sign of the charm quark. Two separate techniques, a
kinematic analysis and a decay length analysis, are com-
bined to select the D*T sample. Since it is not nec-
essary to reconstruct the 7 in the satellite resonance
[12], the analyses for the two decay modes DY — K~ 7t
and D° — K~ atrY are identical except for the mass
ranges allowed for the D candidates, which are 1.765
<m(K~7T) < 1.965 GeV/c? and 1.500 < m(K~7%) <
1.700 GeV/c?, respectively.

All pairs of oppositely charged tracks in a thrust axis
hemisphere are combined to form D° candidates by as-
signing the K~ mass to one of the particles and the =t
mass to the other. If the DY candidate mass lies within
the ranges specified above, it is then combined with a 7}
candidate track having charge opposite to the K~ candi-
date. In the kinematic analysis, we rely on the fact that
D*T mesons in c¢ events are produced at much higher
tp+ = 2Ep+/Bem. , where Ep« is the D*t energy, than
D*t’s in bb events or other random combinatoric back-
ground (RCBG). Any D** candidate with zp« < 0.4 is
rejected. The background is further reduced by requiring
| cos 0*| < 0.9, where 6* is the opening angle between the
direction of the DY in the lab frame and the K in the DY
rest frame, and by requiring the 7} candidate have p >
1 GeV/e.

In the complementary decay length analysis, we rely
on the fact that D°’s in c¢ events have a long 3-D decay
length ((L) ~ 1 mm) and are produced at the Z° PV.
Since the decay length resolution is (o) ~ 200 pm, a
clean separation of these events from RCBG is possible,
even at low zp. A vertex fit is performed on the tracks in
a DY candidate, and the combination is retained only if
the x? probability of both tracks coming from the same
vertex is greater than 1%. Next, a decay length signif-
icance cut of L/or > 2.5 is applied to remove RCBG
vertices. A cut requiring the zy impact parameter of
the DY momentum vector to the IP be less than 20 ym
(approx. our resolution in this quantity) is also applied.
This cut rejects D decays occurring in bb events since
these D’s have significant (p, ) relative to the parent B
flight direction and, with the long average B lifetime,
do not appear to originate from the PV. Finally, we re-
quire zp~ > 0.2 and make no cuts on cos #* or minimum
7F momentum, since the charm purity of the remaining
sample is sufficiently high.



Once either of the two selection criteria has been satis-
fied, the mass difference (Am) between the D*t and D°
is formed, and the data is divided into signal (Am <0.150
GeV/c?) and sideband (0.160 < Am < 0.200 GeV/c?) re
gions. The union of the two samples of D*t candidates
is used to perform the asymmetry measurement. The
overlap of the sets of candidates from the kinematic and
decay length analyses is 28%.

After all analysis cuts, the composition of the remain-
ing events is estimated using a Monte Carlo (MC) sim-
ulation [11] to obtain the signal and RCBG Am shapes.
All MC events with three tracks from a correctly-signed,
three-prong charm decay are taken as the asymmetry-
carrying signal; the RCBG shape is taken from all other
entries. The relative normalizations of signal and RCBG
shapes are adjusted so that the predicted numbers of
events match those observed in the data signal and side-
band regions. Figure 1 shows the signal and background
shapes superimposed on the data. The unnormalized
MC, though not used to predict the fraction of RCBG,
predicts the populations of the signal and sideband re-
gions to ~ 20%, reasonable agreement given data statis-
tics and uncertainties in D™+ and background produc-
tion and decay rates.

Candidates for D¥ — K~#txT are formed by combin-
ing two same-sign pion candidates with an opposite-sign
kaon candidate. A series of cuts is applied to reject back-
ground. We require zp+ > 0.4, cosf* > —0.8, and the
three tracks are each required to have p >1 GeV/e. To
reject D*T decays, the differences between m(K ~ 7t 7t)
and m(K~n1) are formed for each of the pions, and both
are required to be greater than 0.160 GeV/c?. To remove
RCBG, we require a good vertex fit (> 1% probability)
and L/oy > 3.0 for the DT decay length. Finally, the
colinearity between the DT momentum and the vertex
flight direction is required to be less than 5 mrad in zy
and less than 20 mrad in rz, to reject Dt’s from bb events.

After all selection criteria, DT — K~ T a1 candidates
fall in the range 1.800 < m(K~wt7t) < 1.940 GeV/c?,
while sidebands are defined as 1.640 < m < 1.740 GeV/c?
and 2.000 < m < 2.100 GeV/c?. The estimate of the
background in the signal region is made from the MC in
the same manner as in the D*T analysis. Figure 2 shows
the signal and background superimposed on the data.

After cuts, the number of candidates in each sample 1s
88 for D*T — nF (K~ nt), 131 for D** — nf (K~ nt7a0),
and 98 for Dt — K~nt#xT. Monte Carlo estimates for
the fractions of ¢ — D&+ b — DM+ and RCBG in
each sample are (f¢, f, frone) = (0.52,0.22, 0.26), (0.50,
0.22, 0.28), and (0.70, 0.14, 0.16), respectively.

Figure 3 shows the —¢ - sign(P.) - cosfp distribution,
where fp is the polar angle of the D)t meson momen-
tum and ¢ is its charge; the data shows a large asym-
metry. To extract A., we use an unbinned maximum
likelihood fit based on the Born-level cross section for
fermion production in Z°-boson decay similar to that

used in Ref. [13]. The likelihood function has the form

Ing = zln{p? (@h)[(1 = P.A) (1 + 42)

o H2(Ae —P) D(1—A%]
+P () [(1 - )(1+yz)
+2(Ae e)yZAD(l — AY]

P (0h) [(14+97) + 24 ,000m] |

where y = ¢ - cosfp, n is the total number of candi-
dates, and AP and AbD are the asymmetries from D)+
decays in tagged cé and bb events, respectively. Since
the measured asymmetry in the sideband regions is ex-
pected to be small and is consistent with zero, we take
A,ope = 0 for the central value. The functions A/ (y) are
the O(a,) QCD radiative corrections to the asymmetry,
including quark mass effects [14]. The terms PJ, P/, and
P/ ___ are the probabilities that a candidate from the
jth decay mode is either signal from a cc or bb events,
or RCBG, calculated from the relative fractions and zp
distributions. The zp distributions used for ¢z and bb
(RCBG) are taken from the MC (sidebands); the shapes
are parametrized as in Ref. [15].

In this analysis, we take AbD to be fixed and fit only
for AP = A.. We estimate AP in a similar manner to
Refs. [13,16]. We start with the standard model predic-
tion [17], Ay = 0.935, and assign it an error of £0.105 to
cover the range of measurements from LEP and SLD [18].
To arrive at the mixing-corrected value AP, the fraction
of D™+ coming from the spectator part of By decays
is taken halfway between its two extrema: all D) +’s in
B decays come only from By decays, or D™ *’s come
equally from all types of B decays (By, Ba, Bs, As).
For these two assumptions, the mixing parameters [19]
Xd¢ = 0.16 £ 0.02 or x = 0.12 £ 0.01, respectively, are
then applied to arrive at an average mixing dilution fac-
tor 1 — 2xmiz = 0.72 & 0.09. The correction for wrong-
sign Dt from the W~ in b — ¢W ™ is the same as in
Ref. [13]. These combine to AP? = 0.64 4 0.11, where the
error 1s taken as an experimental systematic error. We
have taken AY to be 0.162 4 0.012 [20]. Performing the
maximum likelihood fit to the data sample, we obtain
A = 0.71 £ 0.20(stat). As a check, a simple binned fit
of the type described in Ref. [2] yields A, = 0.74 4+ 0.24.

Possible systematic errors have been estimated and are
summarized in Table 1. The largest uncertainties result
from our lack of knowledge of the RCBG due to lim-
ited statistics. After subtracting the residual signal in
the sideband region, we obtain a net sideband asymme-
try of +0.05 £ 0.10. We therefore take 0.15 as an upper
limit on A,..,. The uncertainty in f..5, 1s a combi-
nation of the statistical error on the relative fractions of
signal and background from data and MC and an aver-
age of the variation in f,_,. allowed by: matching the
signal and background shapes in the intermediate region



between the signal and sideband regions; using wrong-—
sign combinations for the background shape; and adjust-
ing the sideband signal content to produce the observed
sideband asymmetry. Qur sensitivity to the RCBG zp
distribution was checked by performing the analysis with
P, ne derived from the MC background instead of the
data sidebands. The error due to nonuniform cosfp ac-
ceptance between signal and RCBG is estimated using
the one standard deviation limit allowed by data signal
and sideband entries. We varied fi/(f» + fc), the frac-
tion of signal events from Z° — bb, by £30% to account
for differences between our MC and the range of mea-
surements of D™t production in Z° decay [13,16,21].
Modifying (x¢) in heavy quark fragmentation [18] and
the exact shape of the fragmentation functions gave esti-
mates of our sensitivity to these effects. An uncertainty
of £0.02 in the value [20] of a;(M2) used to calculate
the O(a;) correction is also included.

To obtain A, the charm asymmetry parameter at the
ZY pole, we applied: electroweak corrections [17,22] for
initial and final state radiation, vertex corrections, v ex-
change, and v — Z° interference totaling 0.8%; and final
state, @(a?) QCD corrections for massive quarks [23] to-
talling 2.3 £ 1.0%. The final result is

A? = 0.73 £ 0.22(stat) & 0.10(syst).

When combined with our other measurement [2] using a
lepton tag, this yields A% = 0.59 & 0.19. This is in good
agreement with the LEP average [18] of A = 0.698 +
0.087, and the Standard Model prediction [22] of AY =
0.67 for sin” 65" = 0.23.
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TABLE I. Contributions to the estimated systematic error.

Source Error

Ao 0.044

frese 0.038

RCBG x distribution 0.039
RCBG cos 8 acceptance 0.045
AP 0.020

fo/ (fo 4 fe) 0.005

¢ and b fragmentation 0.035
Ae 0.003

P. 0.013

QCD correction 0.009
Total 0.095

FIGURE CAPTIONS

Figure 1. The Am distributions from the kinematic
and decay length analyses for (a) D** — D%zt D° —
K=zt and (b) D** — D°zf DY — K—atr% The
points represent the data and the solid (hatched) his-
togram is the estimated signal (background).

Figure 2. The mass distribution for Dt — K~=xtgt.
The signal and background are shown as in Fig. 1.
Figure 3. The distribution of —¢ - sign(P.) - cos(fp)
for the 317 signal events. The background shown is the
scaled signal-subtracted sideband asymmetry.
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