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Measurement of A, with charmed mesons at the SLAC Large Detector
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We present a direct measurement of the parity-violation parameter the coupling of thez® to ¢ quarks
with the SLD detector. The measurement is based on a sample of 530 k hadtatécays, produced with a

mean electron-beam polarization |, = 73%. The tagging oé-quark events is performed using two meth-
ods: the exclusive reconstructiondf *, D*, andD® mesons, and the soft piong{) produced in the decay

0556-2821/2001/63)/032005%14)/$15.00 63 032005-1 ©2001 The American Physical Society



KENJI ABE et al. PHYSICAL REVIEW D 63 032005

of D**—D%f . The large background fro mesons produced iB hadron decays is separated efficiently

from the signal using precision vertex information. The combination of these two methods Ajetdk 688
+0.041.
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[. INTRODUCTION quark is the only up-type quark which can be identified, and
its measurements provides sensitive test of the standard
In the standard model, th&® coupling to fermions has model. The tagging ot quarks is performed using exclu-
both vector ¢) and axial-vector4;) components. Measure- sively reconstructe®**, D*, andD° mesons, as well as
ments of fermion asymmetries at t&Z8 resonance probe a an inclusive sample ob* *—D%x decays identified by

combination of these components given by the soft-pion ().
The charge of the primarg quark is determined by the
A¢=2v;a;/(vZ+a?). (1)  charge of thdd™), K (in the D° reconstruction caggeor g

(in the soft-pion analysis caselThe direction of the primary
The parameteA; expresses the extent of parity violation at quark is estimated from the direction of the exclusively re-

the Zff vertex and its measurement provides a sensitive testonstructed*)* or D® meson, or the jet axis in the soft-

of the standard model. pion analysis. The value d&. is extracted via an unbinned
At the Born level, the differential cross section for the maximum likelihood fit. The fit is performed on two separate
reactione* e~ 7% ff is data samples: one collected between 1993 and 1995, and the
other, with an improved vertex detector, between 1996 and
o(2)=dos /dz(1— AgPe) (1+ 72%) + 2A1(Ae— Po) Z, 1998. The data samples associated with these two periods

(2)  comprise 150 k and 380 k hadrori#® decays, respectively.
The measurement ok, presented in this paper updates

where P, is the longitudinal polarization of the electron and supersedes our previous publicatid], which was
beam @.>0 for net right-handed polarizationand z  based on a sample of 50 k hadro decays from 1993
=cos6, 6 being the polar angle of the outgoing fermion alone. There are several direct and indirggimeasurements
relative to the incident electron. In the absence of electrofl—3]. The measurement reported here is currently the most
beam polarization, the paramety can be extracted by iso- precise.
lating the term linear ire via the forward-backward asym-

metry: Il. APPARATUS AND EVENT SELECTION
f f The measurement described here is based on 530 k had-
f g(z)—0'(—2) 2z oo . i
Arg(2)= # A T (3)  ronic Z° decays recorded in 1993-1998 with the SLC Large
(2)+0o'(—2) 1+z Detector(SLD) at the SLCe*e™ collider at a mean center-

of-mass-energy of 91.27 G¢1993-199% or 91.24
which also depends on the initial state electron parity-Ge\(1996-1998 A general description of the SLD can be
violation parameteA. . At the SLAC Linear Collide(SLC),  found elsewherf4]. Charged-particle tracking for the 1993—
the ability to manipulate the longitudinal polarization of the 1995 data sample uses the central drift chan{G®C) [5]
electron beam allows the isolation of the paramétein Eq.  and VXD2[6] CCD pixel vertex detector. For this system,
(2), independent ofA., using the left-right forward- the measured impact-parameter resolution in the transverse

backward asymmetry: (longitudina) direction with respect to the beam axis
can be approximated by &I70/Psin’?6 um (38
(2 [o](2)— 0ol (—2)]-[ok(2)—oh(—2)] ®70/Psi’?6 wm), as a function of the track momentum
FBl4) =3 P (in GeV/c) and the polar anglé. In 1996, we installed the
[ol(2)+ol(~ D]+ [0R(2) + or(~2)] upgraded 307M pixel vertex detectovXD3) [7], which
27 provides improved impact-parameter resolution of 7.8
=|PeA —. (4)  ®33/Psir?9 um (9.7033/Psi’?0 um) [8] in the
1+z transversglongitudina) direction with respect to the beam

axis. In addition, VXD3 extended the polar-angle coverage

where indiced, R refers toZ®—ff decays produced with from |cos6|<0.75 to|cos6|<0.85. Combining the CDC and
left-handed or right-handed polarization of the electronthe VXD, a momentum resolution of o(P1)/Pt
beam, respectively. For a highly polarized electron beam=/(0.01¢+ (0.0026°;/GeV)? is achieved. The Liquid Ar-
with |Ps/=73%, ALg provides a statistical advantage of gon Calorimete(LAC) [9] measures the energy of charged
(Po/Ag)%~ 24 in the sensitivity td\; relative to the unpolar-
ized asymmetry.

In this paper, we present a direct measurement of the ity qyghout the paper charge-conjugate states are implicitly in-
parity-violation parameteA. for the Zcc coupling. Thec  cluded.
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and neutral particles and is also used for electron identificaing A; measurement and a discussion of associated system-
tion. The barrel LAC covers the polar-angle region ofatic errors.

|cos#|<0.84, and has energy resolutions of 158&(GeV)

and 65%A/E(GeV) for electromagnetic and hadronic show- A. D** selection

ers, respectively. Muon identification is provided by the
Warm Iron CalorimetefWIC) [10]. The Gerenkov Ring Im-
aging Detecto(CRID) [11] provides particle identification.
In order to achieve particle identification over a wide mo- DK 7" K,
mentum range, the CRID uses two different radiator systems;
liquid (CgF.4) and gas (GFi»), which provide excellent
/K separation in the momentum range from 0.3 to
35 GeVck.

The SLC operates a polarized electron beam and an un-
polarized positron beafi2]. The average electron polariza-
tion measured for the 1993-1998 data samplgPig=73 DO—K7I"y (I=e or u) semileptonic.
+0.5% [12,13. The SLC interaction-pointIP) size in the
xy plane is 2.6 4mx 0.8 um and its mean position is re- In these decays, the charge of the underlymguark is
constructed with a precision of p=4um (7uxm) using the SPecified by the charge of the “soft pionits. No attempt is
tracks in sets of~30 Sequentia| hadronic events for the made to reconstruct theo in the satellite mOde, nor to esti-
1996—1998(1993-1995 data set§14]. The event-by-event mate the neutrino direction or energy in the semileptonic
medianz position of tracks at their point of closest approachmode.
to the IP in thexy plane determines theposition of thez° We search forD* " mesons in each of the two event
primary  vertex (PV) with a precision of hemispheres, defined by the plane perpendicular to the thrust
~15 pum (35 um) for the 1996—19981993—1995 data. axis, using all quality tracks with at least one hit in the VXD.

Hadronic events are selected by requiring at least 8ntheKmmm mode, we only use tracks which have momen-
charged tracks, a total charged energy of at least 20 GeV/ tum greater than 0.75 Gew/ We first construcD® candi-
and a thrust axis calculated from charged tracks satisfyin§lates using all combinations of tracks corresponding to the
| COS By <0.87 (0.8 for the 1993—1995 dataln the event ~ charged multiplicity in eactd® decay mode, with zero net
selection and charm reconstruction, we use the quality track&harge. Here one of them is assigned the charged kaon mass
which satisfy the following criteria for the 1996—1998 and the othds) are assigned the charged pion mass. In the

D** mesons are identified via the decBy *—D%r
followed by

DK 7 #% satellite,

DK ntaw w" Kwmm, or

(1993-199% samples: semileptonic mode, we combine an identified electron or
(1) At least 23(30 for the 1993—-1995 datassociated Mmuon track with another track which has opposite charge and
CDC hits; assume the track to be a kaon. Electrons are identified based
(2) A radius of the innermost CDC hit of the recon- on the momentum measured with the CDC and the energy
structed track within 50 cni39 cm of the IP; deposited in the calorimeter[16]. Electrons from
(3) An xy andrz impact parameter with respect to the IP y-conversions are rejected. Muon candidates are identified
of less than 5 cn{10 cm); by the association of extrapolated CDC tracks with hits in
(4) A reconstructed polar anglé within |coss<0.87  the WIC[16]. - _
(0.80; and A vertex fit is performed on the tracks formingD® can-
(5) A momentum component transverse to the beam axigidate, and we require that i” probability be greater than
greater than 0.15 Gew/ 1%. The invariant masisl of theD° candidates is required to

As Z°—bb events are also a copious sourcdamesons, 1€ Within the following ranges:

they represent a potential background. We reject these events
using the invariant mass of the charged tracks associated
with the reconstructed secondary decay vertjd&s. In par-
ticular, we require that there must be no vertex with invariant 1.500 GeVE’<Mpo<<1.600 GeVt® (satellits),
mass greater than 2.0 Gad Monte Carlo(MC) simula-

tions indicate that this cut rejects 57% lb events while 1.795 GeVE’<Mpo<1.935 GeVE?  (Kmarm),
preserving 99% otc events.

1.765 GeVE2<Mpo<1.965 GeVt? (Km),

1.100 GeVE?<Mpo<1.800 GeVE?  (semileptonig.

These reconstructed pseudoscalar meson candidates are then
combined with a soft-pion candidate track with charge oppo-
site to that of the kaon candidate, thus forming D&*

In this analysis, we reconstruct three differ&ft) meson  candidate.
states forc-quark tagging: the pseudoscalar mesBris and To reconstruct theD**, we use two sets of selection
D°, and the vector mesob* *. This section describes the criteria. One is based on event kinematics and the other on
procedure for their reconstruction, as well as the correspondevent topology. The former relies on the fact tRbt* me-

. A MEASUREMENT WITH EXCLUSIVE CHARMED-
MESON RECONSTRUCTION
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sons incc events have much highetp«=2Ep« /Ecy ,

whereEp« is theD* * energy, than those ibb events or
random combinatoric backgrouf®CBG). The latter relies

on the fact thaD%s in cc events have a longer 3D decay
length (~1 mm) than that for RCBG, and originate at the

primary vertex, in contrast to thog&”’s in bb events emerg-

ing from B decay vertices. We select the combinations which

satisfy either condition.

In the selection based on the event kinematics, we require

the candidate to have,+ greater than 0.4K 7, satellite, and
semileptoni¢ or 0.6 (Km). For a trueD® candidate, the
distribution of cos#*, where 6* is the opening angle be-
tween the direction of thB in the laboratory frame and the

kaon in theD? rest frame, is expected to be flat. Since back-

ground events peak at c6s==*1, they are further reduced
by requiring|cos#*|<0.9 (K, satellite, and semileptonic

or 0.8 (Kmmm). We also require the soft-pion candidate to

have momentum greater than 1 GeV/In the satellite
mode, we apply a 3D decay-length cutlofo >1.5 on the
reconstructed®? vertices to reduce the RCBGIhe average
decay-length resolution & )~150 pm.)

PHYSICAL REVIEW D 63 032005
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FIG. 1. The distribution of the 2D impact parameter of
momentum vector to the IP for the decay Bf *—D%), D°

In the selection based on the event topologies, we requiresK~«". The solid circles indicate the experimental data, and his-

the reconstructe®® vertices to have 3D decay-length sig-
nificanceL/o >2.5, and thexy impact parameter of thB°
momentum vector to the IP to be less than 2én (K7 and
Kaa) or 30 um (satellite and semileptonic The latter

cut is effective in rejectind® decays inbb events. Since
theseD’s have significantP relative to the parenB flight
direction, and theB’s themselves have a significant flight
length (~3.5 mm), many of thes®’s do not appear to
originate from the primary vertex. A cut ofy« greater than
0.3 (K, satellite, and semileptonior 0.4 (Kmr) is also
applied. Figure 1 shows the distributionsof impact param-
eter of theD? relative to the IP for the decay db* ™"

—D%;, DK #". In this figure, we do not reject

B-decay candidate events with the invariant mass cut of th

tograms are MC ob* * from ¢ quark(open, from b quark(single
hatched, and RCBG(double hatched

side-band region is defined as 0418M
<0.20 GeVE? (0.17<AM<0.20 GeVE? for the semi-
leptonic modg and is used to estimate the RCBG contami-
nation in the signal region. In the figure, the MC predictions
for the reconstructe®* * (open and RCBG(hatched are

also presented. For the MC prediction, the relative normal-
izations 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. Averaged over the various
modes, this procedure requires adding 10% to the MC signal
gnd 5% to the MC RCBG. The number of the selected can-

reconstructed secondary vertices described above, only fgfidates as well as the contributions gb—D and RCBG

the purpose of showing how they-impact-parameter cut is
effective in rejecting theB-decay background. After apply-

ing the invariant mass cut of the reconstructed secondary

vertices, 34% of the remaininB-decay background events
are rejected by th&y-impact-parameter cut.

estimated by MC are summarized in Table I.

B. D* and D selection

TheD* andD® mesons are identified via the decay chan-
nels

The overlaps of the sets of candidates from the event ki-

nematics and topology analysis are 53&m(), 50% (satel-
lite), 28% Kmrrw), and 36%(semileptoni¢. In theK 7w
sample, there may be multiplB° candidates in a single

Dt—K #t#w*

D°—K =",

event which pass the above cuts. To avoid double counting

and to reduce the background, we select Brfecandidate
with the lowest vertex?.

These modes are reconstructed by considering all quality
tracks in each hemisphere which have VXD hits. In Ené

Having selected a candidate, we form the mass differenceeconstruction, we additionally require each track to have a
AM=Mpx—Mpo. The mass difference spectra for the four momentum of greater than 1 Ged/

reconstructed* * decay modes are shown in Fig. 2. For all
decay modes, clear peaks arounll =0.14 GeVkt? appear
due to theD* * to D? transition. We include the candidates
in the signal sample providedAM is less than
0.148 GeVt? (K7 andK7armr), less than 0.155 Gedf
(satellita, and less than 0.16 Ged (semileptonig. The

For theD ™ reconstruction, we combine two same-sign
tracks, assumed to be pions, with an opposite-sign track, as-
sumed to be a kaon. We require that- be greater than 0.4,
and cos* be greater than-0.8, where#* is the opening
angle between the direction of tH@™ in the laboratory
frame and the kaon in thB™* rest frame. To rejecD**
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decays, the differences betwebh,-.+,.+ andMy- .+ are  of the impact-parameter information. We can strongly con-
formed for each of the pions, and both are required to betrain theD ™ to originate from the IP with the angular in-
greater than 0.16 GeW?. To remove RCBG, we require formation, because of its large decay length.

that thex? probability of the good vertex fit be greater than ~ To form theD° vertices, tracks identified as charged ka-
1%, and that the 3D decay-length significanicéo, be  ons, by the requirement that the CRID log-likelihddd] for
greater than 3.0. To reje@*’s from bb events, the angle theK hypothesis exceeds that for thehypothesis by at least
between theD* momentum vector and the vertex flight di- 3 units, are combined with an opposite-charge track, as-
rection is required to be less than 5 mradkinand less than sumed to be a pion. We use the CRID information for this
20 mrad inrz. Here we use the angular information insteadmode only. To reject background we requiigo be greater

TABLE I. The number of selected candidates from 1993-1998 SLD experimental data, and contributions
from c—D, b—D, and RCBG estimated by MC.

Channel Candidates c—D b—D RCBG
D* . DO’TT; ,

DO—K 7t 561 413(74%) 59 (10%) 89 (16%)
DK 7' 70 896 601(67%) 83 (9%) 212 (24%)
DK atmta™ 537 418(78%) 36 (7%) 83 (15%
DKty 433 296(68%) 31 (7%) 106 (24%)
DTK # #* 957 698(73%) 45 (5%) 214 (22%)
DK™ mt 583 403(69%) 27 (5%) 153 (26%)
Total 3967 282971%) 281 (7%) 857 (22%)
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than 0.4. We require that the vertex fit hay® probability n

reater than 1% and the 3D decay-lengthlclit; be greater _ (g 2
tghan 3.0. To reject th®®s from é** %ecaysL, theg differ- Inﬁ—i:El In{Pc(xp) - [(1=PeA (1+y7)

ences betweeMy- . +,+ or My-_+_.-, and Mg-_+ are b o 5
formed for all other tracks in the same hemisphere, and these +2(Ae=Po)Yi- A1+ PL(Xp) - [(1—PeAe) (1+Y7)
are required to be greater than 0.16 Ge\/Finally, to re- +2(Ag— Pg)y; - APT+ Pl xb) - [(14y?)

ject D%s from bb events, we require that they impact e~ Fel¥ir Ao 1T FreaeXo i
parameter of th®° momentum vector relative to the IP be +2AgrceaYil} (5)

less than 20um. ] .
D* and D° candidates in the ranges of 1.800 Wherey=qcosfp, nis the total number of candidates, and

<My +,+<1.940 GeVt? and 1.765My -+ the indexj indicates each of the six charm decay modes.

<1.965 GeVt?, respectively, are regarded as signal. The A¢ a“dA_bD are the asymmetries fro@* *, D", andD®
side-band regions are defined as 168 .+,+ mesons ircc andbb events, respectively. We treAf as a
<1.740 GeVt? and 2.008<My - ,+,+<2.100 GeVt?for  free parameter, whild? is fixed. A is estimated in a simi-
D', and 2.108<My-,+<2.500 GeVt? for D% In Fig. 3,  lar manner to Ref[18]. We start with the standard model
the invariant mass spectra for the resultbg andD° sig-  prediction[19], A,=0.935, and assign it an error 6f0.025
nal_s are plotted. The bapkgrounds in the signal -regions argom the average value of SLD measurements of 0.911
estimated from the MC in the same manner as inDife" +0.025[20]. This b-quark asymmetry is diluted bg°-B°

analysis. mixing and the wrong-sigrD meson from theW™ in b

—CcW , W~ —cs decay. The effective asymmetry can be
C. Measurement ofA, expressed by correcting with two dilution factors:
Using the six decay modes, we select 397", D™, 5
and D candidates from 1993-1998 SLD data. The esti- Ap = ApX (1= 2Xmixing) (1~ 2xw-—cs)- (6)
mated composition is 282935 c—D signal, 28111 b

—.D, and 857 19 RCBG. These—D signals correspond The value ofxpixing is deduced from th®-meson produc-
) - — tion rates throughB decays. We estimate tt&—D source
to a selection efficiency focc events of 3.9%. The results

. . fractions from MC. Using the fractions and thevalues of
for the number of selected candidates are summarized s
Table I. x=0.1186+0.0043[20] and y4=0.156+ 0.024[21], we de-

: & 0
The charge of the primarg-quark is determined by the V€& th€ Xmixing Value ford*™, D, or D°. The value of
charge of theD™), or K (in the D° case. The direction of ~Xw-—cs, the correction for wrong-sigh mesons from the

the primary quark is estimated from the direction of the re-W  in b—cW" decay, is also estimated from MC. We ob-

constructecd meson. Figure 4 showgcosép distributions, &N Xw-.cs=0.023£0.006 for the average d@*", D7,
and D° mesons, and 0.0210.006 for D** mesons only

for the selectedd meson sample separately for left- and ] : : ; .
right-handed electron beams. Heggs the sign of the charge Here the errors include the theoretical error of 30% coming
of the primaryc-quark andép is the polar angle of the re- from Br(b—ccs)=22+6% [22]. The former and latter
constructedD meson. Xw-_cs vValues are used for exclusi reconstruction and

To extractA;, we use an unbinned maximum likelihood inclusive soft-pion analysis, respectively. By combining
fit based on the Born-level cross section for fermion producthese two dilutions, we obtain
tion in Z°-boson decay. The likelihood function used in this b .
ana'ysis is Ab =0.657+0.025 fOf D* y
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=0.655+0.026 for D and
=0.762+0.023 for DO.

To check theAP value, we measurdy for D* * using

the effective value Ofyyixing. Using our MC, we estimate

the effect of this cut to be smal\(xnixing/ Xmixing= 3%)-
Arcgcis the analog ofA. for the RCBG, and we expect

it to be very small. The asymmetry in the side-band region is

measured as-0.0006t0.0031, and is assumed to be zero.

For A., we have takemh,=0.1513+0.0022 from the SLD

the 1996-1998 experimental data. In this measurement, W@ easuremerit13].

selectD* * mesons in the decaly* * — D%« followed by
DK 7", DK #"#® or DK 7 # «". The
bb events are selected by requiring that the invariant ma

P, PL, andPL.gsare the probabilities that a candidate
from thejth decay mode is a signal froot, bb, or RCBG.

S$he determination of these functions is based on the relative

for the reconstructed secondary vertices be greater thapactions and thexp distributions for the six decay modes.
2 GeV/c? for at least one of the two event hemispheres. INThey are defined as

order to select thd* " mesons, we apply similar cuts to
those used to select th@** mesons fromc-quarks, but
without anyxy impact parameter cut to rejeBt* *’s from
b-quarks. We select 2198* candidates with the fractions of
63%b—D, 2% c—D, and 35% RCBG. Using this sample,
we measureAp =0.58+0.10, which is consistent with our
assumed\; value forD* *. The error of 0.10 is treated as a
systematic error oAl .

We also check the effect of the decay-length cut of the

reconstructedD mesons. In this analysis, we apply the

decay-length cut ofL/o >1.5~3.0 (depending on the
charm decay modeo reject RCBG. This cut may increase

_ NsignaI(XD) fc(XD)
PelX0) = Nioai(%0)  Felxo) + Folx0)
_ NsignaI(XD) fb(XD)
Po0) = Ngao) Folio) +folg)
Ngc(Xp)
PRCBG(XD):%;
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whereN;q2(Xp) is the observed number & mesons, and
Ngg(Xp) is that of background events, in tlkg bin. Using
thexp distributions for the reconstructddl mesons and side-
band events, we determine the ral@g/N;qiq iN €aChXp
bin. The ratio Ngjgnai/Niotar iS given by the relation
Nsignal/Niotai=1—Ngg/Niotar In €ach bin. Figures (8)—
5(f) show thexp distributions for six decay modes, which
are used in this determination.

The functionsf.(xp) andf,(xp) describe the fraction of
D mesons in thee and b decays, respectively, and are ex-
pressed as

fe(b)= @cb)* ey (Xp), (8)

where d¢,(Xp) describes the shape af, distributions in
c(b)—D, and w¢, represents the total fraction of the
c(b)—D for the reconstructe® candidates. We obtain the
function d¢(p)(Xp) from MC, and the values ob. and w,
are derived from Table I. The ratify,) /(f+ f,) gives the
probability that aD candidate is from a primarg(b) quark.
Performing the maximum likelihood fit to the data
sample, we measuré.=0.671+0.096 (1993-199% and
A.=0.681+0.047(1996—-1998 As a check, we also deter-
mine A, with a simple binned fit of the type described in Ref.

PHYSICAL REVIEW D 63 032005

70
60 [
50
40
30
C FIG. 5. The xp distributions
20 for (@ D**—D%), D°
. —K~ 7t (b) D°=K 7+ 7% (¢)
10 D°—K wtata™, () DO
o —K 1"y (l=e or u), (6 D
0 K atat, and (f) D°
—K~ 7. The solid circles are
experimental data and hatched
%0 histograms are background esti-
F mated from side-band events. MC
80 - predictions for D mesons from
70 E c-decay (open histograms and
o b-decay (single hatched histo-
60 gram are also shown.
50
4 F
30
20 E
10 F
0 F

[16]. We find A;=0.731+0.102 (1993-1995 and A,
=0.666+0.049(1996—-1998 which are consistent with the
values above.

D. QCD and QED correction

As a result of hard gluon radiation, the extracted value of
Ac(p) is somewhat different than its Born-level value in Eq.
(1). To account for this, the fit paramet8g, in the likeli-
hood function is replaced with the first-order corrected pa-
rameter  Agp[1-A&Rh(cose)]  with  AZZ(cos6)
=CoyAansdCcosh), where AZR), indicates the magnitude
of the leading-ordefLO) QCD correction forc(b)-quark
production, andACQ(g)D’SO is the LO QCD correction calcu-
lated by Stav and Olsen including the quark-mass eff&g}t
The factorC,y, takes into account the mitigation of the ef-
fects of gluon radiation due to the analysis procedure. For
example, the requirement thatmesons have higkp values
selects against events containing hard gluon radiation, reduc-
ing the overall effect of gluon radiation on the observed
asymmetry.

The correction factoC,y, is estimated with the MC pro-
gram by comparing the effects of QCD radiation, for the
JETSETparton shower model, with and without the full analy-
sis including detector simulation:
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TABLE II. 1993-1998 average contributions to the estimated systematic error for excigiveson
reconstruction analysigeft column and inclusive soft-pion analysisight column).

A
Source Exclusived *) Inclusive soft pion
Background fraction 0.0111 0.0324
Background acceptance 0.0087 0.0122
Backgroundxp or P% distribution 0.0112 0.0018
Background asymmetry 0.0028 0.0093
fomp/(fo—p+feep) 0.0011 0.0018
Ao (Ap) 0.0017 0.0021
Ap_p (Mixing) 0.0092 0.0120
¢ fragmentation 0.0003 0.0010
b fragmentation 0.0003 0.0005
D mesonxp shape or soft-pion momentum shape 0.0040 0.0003
Polarization 0.0035 0.0033
Ae 0.0002 0.0005
ag 0.0004 0.0005
Correction factor for first order QCD correction 0.0024 0.0033
Second order QCD correction 0.0006 0.0008
Gluon splitting 0.0002 0.0005
Total 0.0213 0.0383

Aggn_Ameas

_"9qa "PS

q Aggn_AlgjeSn (q—C,b), (9)
qq

where the superscripts “gen” and “meas” refer to the MC
asymmetries for generator lev@arton shower model simu-

in JETSET is 0.0136 per hadronic event, and the current
CERNe*e™ collider LEP averagé20] is 0.0319- 0.0046,
yielding a scale factor of 2.350.34.

The second-order QCD correction increagesby 0.4%.
Applying the first- and second-order QCD corrections, we
obtain A.=0.681+0.097 (1993-199% and A.=0.690

lation only) and fully analyzed events, respectively. These+(.047(1996—1998

MC asymmetries are determined by doing a fit to the form

2 cosd

1+cos 6 (10

in bins of cosy. We obtainC.=0.27+0.10 andC,=0.17
+0.08 for c-quark andb-quark, respectively. Applying the
first-order QCD correction with the correction fact@gy, ,
leads to a 1.0% increase Af .

In this analysis, we have also considered the effects of

next-to-leading ordefNLO) gluon radiation. The NLO QCD
correction is written as

2
X 4.4X Cot+ A g (12)

C

AO(ag): Qs
a

where the first term is from hard gluon emissi@#]. We
use the same correction factGg as in Eq.(9). The second

term A4 accounts for the effects of the proce;;s»c?for

Using zFITTER(6.23 [19], we estimate QED corrections
including initial- and final-state radiation, vertex correction,
v exchange, and-Z interference. We use the input values
Miop=175 GeVt? and my;qqs=150 GeVE?. These cor-
rections increas@. by 0.2%. Applying the QED corrections,
we obtain A;=0.682+0.097 (1993-199% and A.=0.691
+0.047(1996-1998.

E. Systematic errors

The following systematic errors have been estimated and
are summarized in Table II:

The largest uncertainties are due to the RCBG, arising
from the statistics of the MC and side-band events, which are
used to determine the fraction of the RCBG in the signal, and
the shape of RCBG&p distribution which is determined by
side-band events. The uncertainty of the RCBGshape is
estimated by comparing the, distributions for MC RCBG
events and for side-band events.

gluons which arise during the shower and fragmentation pro- There is a difference in acceptance between signal and
cesses. RCBG event samples. In this analysis, we determine the
The effects of gluon splitting have been taken into ac-RCBG probability function as a function af, . This is cor-

count by analyzing the MC as if it were data, with and with- rect if the ratio between the signal and RCBG acceptance is
out events with gluon splitting. The resulting difference mustconstant over the different c@sregions. In order to study
be scaled to account for the difference betweensteseT  this, we compare the RCBGcosé| distribution obtained
gluon splitting rates and the currently measured values fofrom the side-band region and that from the signal region
these rates. The rate for gluon splitting to charm quark pairgvents weighted by the RCBG probability function
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PrcedXp) in Eq. (5). These two distributions become sig- A;=0.690+ 0.042 stat) = 0.021 syst).
nificantly different starting afcosé|~0.65. Hence, we apply

an acceptance cut dtosfp|<0.65, then regard the differ- IV. INCLUSIVE SOFT-PION ANALYSIS
ence between with and without the cut as a systematic un-

. In this analysisc quarks are identified by the presence of
certainty. oft pions from the decap* " —D°%x_ . Since this decay
We expect the asymmetry of RCBG to be very small, an as a small Q value ofp«—mpo—m_=6 MeV/c?, the
take a central value ohrcge=0. Since the asymmetry of ayimum transverse momentum of twhg with respect to
the side-band events is measured to-b@.0006-0.0031,  the D** flight direction is only 40 MeVé.
we take—0.0037 as a lower limit OMrcpc-
We varyf,_p/(fp_p+fc_p), the fraction ofD mesons A. Jet reconstruction and soft-pion selection

from Z°—bb, by +20% to account for differences between e select hadron events and rejsbtevents by using the

our MC and the range of measurement®ét)* production  same criteria described in Sec. II. TBé * flight direction is

in Z° decay[18,25. approximated by the jet direction, where charged tracks and
The effect of the uncertainty o] is estimated by vary- neutral clusters are clustered into jets, using an invariant-

ing SAD=+0.10, where the error is from the statistical error Mass(JADE) algorithm. In the jet clustering, particles are

of our AP measurement by using experimental data. In Tabl erged together in an iterative way if their invariant mass is
b . . ess than 4.6 Ge\t?. We only use the tracks and clusters
II, we show the resultant error i, coming from the uncer-

T . which have the momentum of greater than 1.2 Ge¥hd
tainty in Ap(0.935+0.025) separately from the uncertainty 1.0 GeVk, respectively, to forrg the jet. The tracks are re-
in the mixing parameter. . ’

. . L quired to satisfy the track quality cuts described in Sec. Il
The systematic error on the fragmentation function is €s3,4 to have vertex hits.

timated by modifying thexp distributions in heavy-quark The jets must satisfy the following criteria:
fragmentation. In our MC sample, we use Peterson fragmen- (1) At least 3 charged tracks;

tation and the average, values argxp)=0.508 and 0.318  (2) At least one track with momentum>/5 GeVic;
for c—D andb—D, respectively. We change the values by  (3) The net charge of the jeE ¢, should bg3q|<2;

A(Xp)=*0.015(*0.010) forc(b)—D. (4) Sum of the largest and second largest 3D normalized
Our sensitivity to the RCBGp, distribution is checked by  impact parameters of the tracks2.5 o; and

performing the analysis withPrcgg derived from the MC (5) There is at least one opposite-charged-track pair which

background instead of the data side-bands. hasx? probability of two tracks coming from the same ver-
The shapes of they, distributions inc(b) —D, expressed tex greater than 1%.

asd ) (Xp) in Eq. (8), are obtained by fitting to the M& The criteria(2) and (3) are effective to reduce the huge

distributions. The sensitivity to this procedure is checked byRCBG. The criterion(4) rejects the light flavor events. The
performing the analysis with a binned M, distribution. criterion (5) relies on the fact that it is likely that thB°
We assumeA.=0.1513+0.0022, and estimate this sys- decays into at least one pair of oppositely charged tracks.
tematic error by varyind\, within the error. The precision of After selecting the jet candidates, we look for the soft-
the polarization measurements &f,=1.1% (1993, 0.5%  pions using a momentum cut of<lP<3 GeV/c and an
(1994-199% and 0.4%1996-1998 [12,13. We estimate impact-parameter cut of less thanr Zrom the IP. Since

the systematic error due to polarization uncertainties bysoft-pions incc events have much higher momentum than

varying Pe V\."th these errors. e ._those inbb events, the former criterion rejects such soft-
We consider two sources of uncertainties on the leading: frombb events. The latter criterion is also effective to

order QCD correction: The uncertainty @ and the uncer- PIONS la

tainty in the estimation of the correction factor due to thereduce the soft-pions fromb, becausd®* decays frombb

analysis bias. The range af, chosen for the analysis is events have significant transverse momentum relative to the

0.118+0.007, while that for the correction factor is 0.27 parentB flight direction, and they do not appear to originate

+0.10 forc quark or 0.170.08 forb quark, as described in from the primary vertex due to th lifetime.

Sec. Il D. Using the selected soft-pion candidates, the momenta
In order to estimate the hard-gluon-radiation uncertaintjtransverse to the jet axi®y, are calculated. Figure(&

in the second-order QCD correction, we vary the magnitudehows theP% distribution for the soft-pion candidate tracks.

of the correction by 50% of itself. We use the experimentalThe peak around3$=0 is from charm signal. We define

error for the uncertainty in gluon splitting intoc. P7<0.01 (GeVt)? as the signal region, where a signal-to-
The total systematic errors are 0.034 and 0.021 for 1993background ratio of 1:2 is observed. From 1993-1998 data,
1995 and 1996-1998 SLD runs, respectively. 12992 soft-pion candidates are selected in the region.
F. Results B. BG determination and A, measurement

We obtain the following results for the measurements us- To evaluate the number of tig* " — D% decays, a fit
ing exclusive channels: A;=0.682-0.097(stat.) to the observecﬂ’% distribution is performed using the signal
+0.034(syst.) (1993-199% and A.=0.691+0.047(stat.) plus background shape. The signal shape is assumed to be a
+0.021(syst.)(1996—1998 The combined result is simple exponential
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FIG. 6. TheP% distributions for soft-pion candidate tracka) The solid circles indicate the experimental data. The curves are the result
of the a fitS(P2) + F,(P3) performed forP2<0.1 GeVk (solid line), and the extrapolations & (P3) (dashed linpandF,(P2) (dotted
line). The definition of the functions are described in the t€k}. The solid circles are the experimental data, and histograms are MC
predictions forD mesons front-decay(open, D mesons fronb-decay(single hatched and backgrounddouble hatched The extrapola-
tion of Fl(P$) is also shown as a dashed line.

S(P$)=aexp(— P-Zr/ﬂ)- obtained by fitting to the experimental data and the number
of D*’s expected by MC. Here normalization of the MC is

We obtaing=0.00471-0.00007 by fitting the MC spectrum determined by the number of hadronic events. Using MC, we
of D* +HD°7r; decays and fix the value g8 to fit the  estimate the number to be 459%7. Comparing this number

experimental data. For the background shape, we try tw@nd the obtained experimental number of 42947, we

kinds of functions with three free parameters each: conclude that other charm-decay sources in the experimental
data are small.
Fi(P3)=a/(1+bP2+c(P?%)?), The direction of the primary quark is estimated from the
jet axis, and the charge of the primaryguark is determined
Fo( p%):a' +b’ exp(— P%/c’). by the charge of thers. Figure 7 shows the cosé, distri-

butions, whergj is the sign of the primarg-quark, anddy, is

The fit results are illustrated in Fig(#, where we show the the polar angle of the jet axis, for the selec®d* sample
extrapolation ofFl(Pﬁ) (dashed ling and FZ(P$) (dotted  separately for left- and right-handed electron beams.
line). To extractA;, we use an unbinned maximum likelihood

The observed signal in 1993-1998 data is 4291fit, using a likelihood function similar to the exclusive
+147 (x*/ndf=219.0/196) with §( p%) +E l(|:>$) and reconstruction analysi€q. (5)]. We regard theA, asa free
4032+ 124 (y%/ndf=224.0/196) with S(P%)+F,(P%), parameter, and fix the asymmetry Bf * from bb events,
where the fit is performed in each case fdP? A2 . This value is obtained by following the similar proce-
<0.1 GeVk. We choosé,(P3) for the background shape dure described in Sec. Il C.

to measure thé, because of its smaller?/ndf value. The We expect the asymmetry for the BBgg, to be very
difference between these two functions is regarded as a sy§mall and assume it to be zero. Using the MC, we measure
tematic error. the asymmetry of the background to be 0.6@R017.

We determine the relative normalizations of signal and For the probabilities;, Py, andPrcpgin Eg. (5), we
background for the MC prediction using the above fit to theused the following functions:
data. Figure @) shows the detaileﬂtzr distribution from the

MC prediction with this normalization. We also overlay the Nsigna( P,P?) fo(P)

background shape extrapolated by the fitting w&i(*P%) PJPP%)Z Nyo (P, P2) Cfo(P)+fL(P)
+F,(P3) (dashed ling Using the MC, we estimate the con- toralt T
tributions ofc—D** andb—D*" as 37939 and 500 N (P.P2) ¢ (P
+14, respectively, in 1993-1998 data. Pb(P,Pi): signah 7» 7T/ b(P)

In order to ensure that there is little room for nbr- Niotal(P,P2)  fe(P)+fp(P)
sources of slow pions in the data, we compared the signal (12
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Prcad P.P%)= >0 1995 and A,=0.665+0.085(1996—-1998 which are con-
Ntotal(P,PT) sistent with the above values.

The first- and second-order QCD correction and QED cor-
P rection are applied with the same method as in the exclusive
where P and P indicate the momentum and the squaredp oconstruction analysis. In the QCD correction, the correc-
transverse momentum to tlE* jet axis for soft-pion tracks, tion factor due to the analysis bias is estimated Gis
respectively.Niora and Ngg are the observed number of _ g 40+0.14 for ¢ quark andC,=0.19+0.09 for b quark.
Sc;ft'P'O” candidates and that of background in eBcand  aApplving the first- and second-order QCD correction with
P7 bin, respectively. We estimatégg from MC, and the  this factors, and QED correction, we obtafky,=0.669

refation Nsignai/Niotar=1—Npa/Niotar gives the ratio  +0.127(1993-1995 and A= 0.689+0.057 (19961998
Nsignal/Ntotar- Figure 8 shows the momentum distributions

for experimental data and MC predictions. Figures 6 and 8
are used for this estimation.

The functionf ., in Eq. (12) describes the fractions &f The estimated uncertainties in this analysis are summa-
mesons in the(b) decays, and the ratiy, /(f.+ f,) gives  rized in Table Il, where we show average systematic errors
the probability thatD candidate is from a primarg(b) for the 1993-1998 data. In the soft-pion analysis, we use the
quark. We regard,y as a function of soft-pion momentum, same procedures to estimate the systematic errors as those in
P. The function is expressed dgp) = wqp) - dep)(P). Here  the exclusiveD *) reconstruction analysis in many sources.
d.(b) is determined by the shape of MC soft-pion momen-Here we only explain error sources where we take a different
tum distributions inc(b) — D andwy, is the estimated total method.
fraction of thec(b)—D among the selected candidates. The largest uncertainties are due to the imperfect knowl-

Performing the maximum likelihood fit to the data edge of the background fraction and its shape. The back-
sample, we measurd.=0.654+0.125 (1993-199% and  ground is determined by fitting to tHé% distribution of the
A.=0.673+0.056(1996-1998 As a check, we also mea- experimental data, and we try two functioRg andF, de-

C. Systematic errors
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V. CONCLUSION

Using the 1993-1998 experimental data collected by the
SLD experiment, we measure the parity-violation parameter
A using two differentc-quark tagging methods:

A.=0.690+0.042 stat) =0.019syst) and

A.=0.685F0.057 stat) = 0.03G syst),

from exclusive charmed-meson reconstruction and inclusive
soft-pion analysis, respectively.

To combine them, we must avoid double counting signal
events from both samples. We find that 1182 events are com-
mon to the two analyses. The statistical error for the soft-
pion analysis without the overlapping eventsti®.061. The

FIG. 8. The momentum distribution for soft-pion candidate combined result is
tracks. The points are experimental data. The histograms are MC

predictions ofD’s from ¢ decayqopen, D’s from b decayg(single
hatched, and backgrounddouble-hatched

scribed above. In order to estimate the background fractio

uncertainty, we fix the background shapeFas and change

its height so as to cover the possible range of the backgroungf
fraction. The background shape uncertainty is estimated b

using the two background shapés, andF,, while keeping

the integrated number of the background events in the sign

region[ P3<0.1 (GeVk)?] constant.
The shape of the soft-pion momentum distributiongin

—D* or c—D* is determined by fitting to the MC distri-
butions. The uncertainty concerning this distribution is esti
mated by performing the analysis using a binned momentu

distribution instead of fitting.
The total systematic errors are obtained tath@ 067 and
+0.053 for 1993—-1995 and 1996-1998, respectively.

D. Results

A.=0.688£0.041,

there we have also treated the common systematic errors as
fully correlated.

The result is consistent with the standard model prediction
0.667, obtained by usingrITTER(6.23 [19] with a top-

&uark mass of 175 Ge¥f and a Higgs boson mass of

450 GeVE?. This measurement tests ti¥ to ¢ quarks

coupling to 6% accuracy. Because of the presence of electron
polarization, we can measurk, directly, with very little
dependence ow\.. Therefore this measurement has much
less dependence of the weak-mixing angle than the forward-

‘backward asymmetry measurements. This result represents
he currently most precise measuremenfgf
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