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Abstract. The forward-backward asymmetries for the pro- 
cesses e+e - ---, e6 and e+e - ~ bb at the Z resonance are 
measured using identified D *+ mesons. In 905,000 selected 
hadronic events, taken in 1991 and 1992 with the DEL- 
PHI detector at LEP, 4757 D *+ ~ D~ + decays are recon- 
structed. The e and b quark forward-backward asymmetries 
are determined to be: 

c6 AF/~ = 0.077 • 0.029 (stat) 4- 0.012 (sys) , 

A~B = 0.059 4- 0.062 (stat) 4- 0.024 (sys) . 
Constraining the b asymmetry to the value measured by 
DELPHI using independent analyses, the charm asymmetry 
is determined to be: 

FB = 0.068 4- 0.027 (stat) 4- 0.011 (sys) . 
This result corresponds to an effective electroweak mixing 
angle measured using charm quark events of: 
sin ~ AZePt = 0.2307 4- 0.0062 (stat) 4- 0.0026 (sys) 

1 Introduction 

The cross section for the process e+e - --4 f f  for the fermion 
f as a function of the polar angle 0 with respect to the 
direction of the e -  can be expressed as: 

dcr 8 I f  
O( 1 -I- - ~ A F t  3 COS 0 + COS 2 0 

d cos---~ 

The term proportional to cos0 generates a forward- 
backward asymmetry, which in the framework of  the Stan- 
dard Model arises from the parity violation coupling struc- 
ture of  electroweak interactions. The forward-backward asym- 

.fi metry ApB at the Z resonance results from the interference 
of  the vector (v) and axial vector (a) couplings of  the ini- 
tial and final state fermions to the Z bosom The Born level 
asymmetry for pure Z exchange is given by: 

- 3 2Vea~ 2v fay 
= . + + �9 ( 1 )  

This tree level relation is modified by higher order cor- 
rections. In the Improved Born approximation effective cou- 
plings 9 and g are used to account for electroweak cor- 
rections depending on the mass of  the top quark and the 
Higgs boson. The ratio of the effective vector and axial vec- 
tor couplings defines the effective electroweak mixing angle 

sin z ofeff : 

sin2Ofeff-4]~y I 1 - ~ - y  , (2) 

where Qf is the electric charge of  the fermion. A mea- 
lY surement of  AFB is very sensitive to sin 20Yeff and allows a 

precise test of  the Standard Model. For all fermions except b 
quarks, the differences predicted by the Standard Model be- 
tween the sin 2 ofyf are much smaller than the experimental 

errors and will therefore be called sin 2 0Ze~7 in the following. 
In this analysis, the forward-backward asymmetries for 

the processes e+e - ---+ cO and e+e - ---+ bb at x/s = M z  are 
measured using reconstructed D *+ mesons 1. The D *+ car- 
ties a charm quark and therefore provides a clean signature 
of  a cO event or a decay of  a heavy /3  meson in a bb event. 
In both cases the charge of  the D *+ is directly correlated to 
the charge of  the primary quark. A D *+ is identified through 
its decay into D~ +, while the D ~ is reconstructed in the 
decay modes K-~r  +, K-Tr+(Tr ~ and /(-Tr+~r-~r +. The en- 
ergy of  the D *+ and the decay length of  the D ~ are used 
to separate c6 and bb events. Particle identification, provided 
by the DELPHI Ring Imaging Cherenkov Counters (RICH) 
and the Time Projection Chamber (TPC), is used to reduce 
the combinatorial background. 

After a short description of  the D *+ reconstruction tech- 
nique and the particle identification methods, the measure- 
ment of  the forward-backward asymmetries with an un- 
binned maximum likelihood fit to the D *+ spectra, including 
the time dependence of  the B~ - / ) ~  mixing effect [1], is 
described below. 

2 Detector description and event selection 

This analysis uses charged particles measured with the track- 
ing system of DELPHI. Here the components relevant to this 
analysis are briefly described. A detailed description of  the 
DELPHI apparatus has been presented in [2]. 

The main part of  the tracking system is a 2.7 m long 
TPC, which measures the tracks of  charged particles with a 
precision of 250 #m in the R~b projection (transverse to the 
beam direction) and 0.9 mm along the z direction (beam di- 
rection). For particle identification, the 80% truncated mean 
of  the amplitudes on up to 192 sense wires is used to mea- 
sure the energy loss per unit of  length (dE/dx). 

The space between the TPC and the beam pipe contains 
the Inner Detector (ID) and the silicon microstrip Vertex 
Detector (VD). Each 15 ~ sector of the ID consists of a 24 
wire jet chamber with a precision of  70/,tm in _R&, followed 
by a 5 layer proportional chamber with 192 cathode strips per 
layer, providing a z measurement with a typical precision of  
600 #m. The VD is built from three concentric shells of  24 
silicon microstrip detector modules each 24 cm long. Each 
microstrip has a spatial precision of  7 #m in the Rq5 plane. 
The VD is therefore the most important detector component 
of  DELPHI for reconstructing vertices. 

In the barrel region (polar angle 0 relative to the beam 
axis between 43 ~ and 137 ~ ) the quality of tracking is further 

I Throughout the paper charge-conjugated states are implicitly included 
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improved by the Outer Detector (OD) containing 5 layers 
of drift tubes. The OD measures the /~q5 coordinate with 
a precision of  about 110 #m. Three layers also provide an 
approximate z measurement. 

The Barrel RICH, mounted between the TPC and OD, 
covers a polar angle between 47 ~ and 133 ~ It identifies 
charged particles by measuring the angle of emission of 
Cherenkov light, and thus the velocity. The mass of  the 
charged particle is then extracted using the velocity infor- 
mation together with the momentum measurement provided 
by the tracking detectors. The DELPHI Barrel RICH uses 
liquid (C6F14) and gas (C5/t7'12) radiators in order to cover 
the momentum range 1 to 20 GeV/c. 

In the forward and backward regions (0 in the range 
11 ~ - 33 ~ or 147 ~ - 169 ~ two additional drift chamber 
systems improve the tracking. Forward chamber A (FCA) 
consists of three pairs of wire planes, rotated by 120 ~ with 
respect to each other in order to resolve internal ambigui- 
ties. Forward chamber B (FCB) consists of 12 wire planes, 
twice repeating the orientations of  FCA. No Forward RICH 
information was available for the data used in this analysis. 

2.1 Hadronic event selection 

First the primary vertex is fitted from the measured tracks 
using a beam spot constraint. The beam spot position and its 
error are determined for each LEP fill of the 1991 data taking 
period. Due to beam movements in the 1992 data taking 
period, it is necessary to use different beam spot positions 
within one LEP fill. For each event the primary vertex is 
fitted by constraining all charged tracks to the beam spot 
position. This process is iterated by rejecting the tracks with 
the largest contribution to the overall X 2 from the primary 
vertex fit until the x 2 / N D F  < 1.5. The precision obtained 
for the fitted primary vertex position perpendicular to the 
beam axis (:cy) is dominated by the VD. From the simulation 
it is estimated to be 66(60) #m in :c(y) for the 1991 data 
and 50(46) #m in z07) for the 1992 data. Along the beam 
direction (z) the TPC dominates the precision of the primary 
vertex measurement, which is about 570 #m and 470 #m for 
the two years, respectively. 

The momentum resolution of  tracks at small polar angles, 
determined using only FCA and FCB, is improved by a 
constrained fit to the primary vertex if they are compatible 
with coming from the primary vertex. 

Particles satisfying the following selection criteria are 
used in the analysis: 

- track length > 30 cm , 
- 20 ~ <_ Ot~ack <_ 160 ~ 
- momentum p between 0.15 and 50.0 GeV/c , 
- relative error on I) < 100% , 
- impact parameters IA:cyl < 5.0 cm and IAzl _< 10.0 cm 

Here the impact parameters A z y  and Az are the dis- 
tances of closest approach to the primary vertex. No impact 
parameter cuts are applied to tracks measured by the FCA 
and FCB only. 

Events are accepted if: 

- the total energy of charged particles Ech > 12% �9 xfs, 
where xfs is the centre of mass energy , 

- the charged particle multiplicity ~ch >_ 5 

These selection criteria ensure good tracking quality and 
agreement of DELPHI data with simulation. A sample of  
about 957,000 hadronic events is selected from the data 
taken by DELPHI in 1991 and 1992, corresponding to a se- 
lection efficiency of  96% obtained from the simulation. Due 
to the energy dependence of the forward-backward asymme- 
try, only events at the Z resonance are used for this mea- 
surement. This cut reduces the data sample to about 905,000 
events. A sample of  1,118,000 JETSET 7.3 Patton Shower 
[3] Z --4 qq events with DELPHI modifications of  b and 
c decays and a full detector simulation [4] is used in this 
analysis. 

3 R e c o n s t r u c t i o n  o f  D *§ ---+ D ~  + 

For this analysis reconstructed D *+ mesons are used as a 
signature for cE and bb events. The D *+ is identified through 
its decay into D~ +. The charge of the low momentum pion 
(called slow pion 7rsl in the following) from the D *+ decay 
is directly correlated to the charge of the primary quark. The 
D ~ is reconstructed in three different decay modes: 

_ / s  -+ 

_ K-~+(~ ~ 

_ /s + ' 

For all decay modes the selection of  candidates is per- 
formed in a similar way. A number of charged particles 
corresponding to the multiplicity of the specific D ~ decay 
mode are combined, requiring the total charge to be zero. 
The invariant mass mDo of the D ~ candidate is calculated, 
assuming one of  the particles to be a kaon and the others pi- 
ons. The Jr ~ reconstruction is omitted for the reconstruction 
of  the /V-zr+Ir ~ decay mode. This leads to a satellite peak 
below the nominal D ~ mass centre on 1.62 GeWc 2. Candi- 
dates for the /s  + and K-Tr+(Tr ~ decay modes are rejected 
if their invariant mass is outside the initial mass interval i. 1 
GeV/c 2 <_ redo < 2.65 GeWc 2. For the K-Tr+~r-Tr + decay 
mode the corresponding initial mass interval is 1.7 GeV/c 2 
_< redo _< 2.0 GeV/c 2. 

A D *+ candidate is obtained by associating a low mo- 
mentum pion to the reconstructed D ~ meson. The charge of  
the pion is required to be the opposite to that of the kaon 
from the D ~ meson. 

For all decay modes a secondary vertex fit for the D ~ 
is performed if the mass difference Arn between the D *+ 
and the D ~ is below 200 MeV/c 2 and if the scaled energy, 
XE = 2 �9 E D . + / V / - S ,  of the D *+ is greater than 0.175. The 
aim of the secondary vertex fit is to obtain the D ~ flight 
distance and to improve the track parameters using the vertex 
constraint. A D ~ vertex fit using the track information is 
performed if at least two tracks have at least one hit in the 
VD. Otherwise, an additional constraint is used to improve 
the vertex resolution, and thus the D ~ mass signal, since the 
vertex is required to be in the direction of  flight of the D ~ 
candidate as determined from the momentum vector starting 
at the primary vertex. This approximation is also sufficient 
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Table 1. Helicity angle cuts 

D ~ decay mode cut on helicity angle cos OH 

D ~  7r +, K-Tr+(Tc ~ ]cos0HI < 1 / 3 . 1 n ( 2 . X E - - 0 . 2 ) + l  
D ~ ---+ K - 7 1 - + T r - 7 1  -+ ICOSOHI < 1/2 . ln(2.  X E  - -0 .2 )+  1 

for D ~ from B decays, due to the low impact parameter 
resolution for tracks without VD information. No significant 
bias on the reconstructed decay length is introduced by this 
method. Afterwards the slow pion from the D *+ decay is 
constrained to the D ~ vertex, which is a good approximation 
for the D *+ decay vertex because of  the small transverse 
momentum of the slow pion to the direction of  flight of  the 
D ~ 

The distance between the primary and the D ~ vertex is 
calculated in the my plane and projected on the D ~ direction 
of  flight to obtain the decay length AL. A vertex combi- 
nation is accepted if AL  is within - 0 . 2 5  cm and 2 cm for 
the K-Tr  + and K-Tr+(Tr ~ decay mode. For the/ ( -~-+~--~+ 
decay mode the interval -0 .025  cm < AlL _< 2 cm is used 
to reduce the higher combinatorial background. A further 
reduction of  background is achieved by rejecting track com- 
binations with large impact parameters Alxy and Alz with 
respect to the fitted D ~ vertex. Therefore the quantity: 

;~ =(Axy Az) ( a~zy cov(Axy, Az))-l[/ Axy 
cov(Axy, Az) ~2az \ Az ) 

is defined, taking the errors of  the impact parameters into 
account. A vertex combination is rejected if the k~ of  a track 
from the D ~ candidate is larger than 25 for the two and three 
body decay modes or 50 for the K 7r+Tr 7r + decay mode. 
For the slow pion, which is constrained to the D ~ vertex, 
a value X 2 less than 100 is demanded. After this the vertex 
information is used to improve the track parameters and thus 
the invariant mass resolution. 

Cuts on the helicity angle distribution (see Table 1) are 
used to achieve a further significant reduction of the combi- 
natorial background. The helicity angle cos OH is defined as 
the angle of the kaon in the D ~ rest frame with respect to 
the D ~ direction of flight. D ~ decays are isotropic in cos OH, 
whereas the background is extremely peaked at cos OH = :1:1. 
For the/(-Tr+Tc-Tr + decay mode similar information is ob- 
tained from the sphericity axis of the four particles in the D ~ 
system. Due to the energy spectrum of charged particles in 
hadronic Z events the combinatorial background is concen- 
trated at small XE(D*+). Therefore XE dependent cuts on 
the helicity angle are used to allow for higher background 
contributions at small D *+ energies. The XE of the D *+ 
combination is required to be larger than 0.2. 

The mass bands to select the different D ~ decay modes 
and the cuts on the mass difference are listed in Table 2. 
The mass difference and D ~ mass distributions for the three 
decay modes are shown in Figs. 1 and 2, respectively. The 
histograms show the simulated distributions normalized to 
the data samples. The contributions of  signal and background 
are adjusted to compensate for different D *+ rates in data 
and simulation. 

4 Particle identification 

A reduction of  the combinatorial background has been ob- 
tained using the particle identification provided by the barrel 
RICH and the dE/dx measurement of the TPC. Due to the 
large number of  pions in the hadronic final state, combina- 
tions in which a pion is assigned as a kaon candidate provide 
the main contribution to the background. To optimize the ef- 
ficiency of  the D *+ signal a pion veto, rather than a kaon 
identification, has been introduced. 

496,000 (235,000) events are available with gas (liquid) 
radiator information in the DELPHI data of  1991 and 1992. 
The simulation was tuned to reproduce the identification effi- 
ciency present in the data. The relevant momentum range for 
kaons from D *+ corresponds mainly to the sensitive range of  
the gas radiator. Due to the Cherenkov thresholds for the dif- 
ferent particles, a positive identification is not possible over 
the whole momentum range. Above 3 GeV/c, pions radiate 
light in the gas radiator, while the threshold for kaons is 8 
GeV/c. Separation between kaons and pions is possible up 
to 20 GeV/e, where the expected Cherenkov angles for both 
hypotheses become maximal. For kaon candidates below 3 
GeV/e the liquid radiator information is used. 

The different thresholds are taken into account in the 
calculation of  the global probabilities pRICH from the * e , p d r , K , p  
measured single photon distributions using a maximum like- 
lihood technique [5]. For a pion veto it is sufficient to calcu- 
late only the probabilities for pions, kaons and protons, be- 
cause in the relevant momentum range the Cherenkov angle 
for photons from light particles (pions, muons and electrons) 
is almost maximal and they can all be treated as pions. A 
momentum independent two class separation is obtained by 
normalizing the probabilities for kaon and proton to the sum 
for kaon, proton and pion: 

p~lC'H + ppRICH 
taglmcH = 

The pion veto identification for kaons and pions taken 
from the decay D *+ --+ (K-Tr+)Tv + is shown in Fig. 3 (a+b). 
Due to the good separation quality the cut on the ta91R1CH 
distribution of the kaon candidates is fixed for the whole 
D *+ energy range and for all analysed decay modes: 

tagli~CH > 0 .25 .  

At least 30 independent TPC measurements per track are 
required to obtain the dE/dx information. This condition is 
fulfilled for 63% of the tracks. A calibration is performed 
to obtain a standard Gaussian distribution around the correct 
particle expectation for the measured dE/dx, normalized to 
its error (7. The expectation values dE/dxl~(/~ for kaons 
and pions are distinguished for momentum p greater than 
1.5 GeV/c. In this region an average separation of  1.4 stan- 
dard deviations between kaons and pions is provided by the 
dE/dx measurement. No dE/dx information is used for 
particles below 1.5 GeV/c. The probability density to mea- 
sure a dE/dx value for a pion or a kaon is given by a 
Gaussian distribution around the pion or kaon expectation 
value: 

pTPC - ~ ~ S ] 
* K/Tr  = e 
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Fig. 1. The mass difference distributions 
A m  for the three decay modes. A m  is de- 
fined as the difference between the mass 
of the D *+ and the D ~ candidate. The 
data are compared to the simulation. Con- 
tributions from reflections, partially recon- 
structed D *+ decays and combinatorial 
background are also shown. See section 5 
for the discussion of these contributions 
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T a b l e  2. Cuts for the D *+ selection 
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In general, light particles (7c, e, #) have a higher pion 
probability p~PC rather than kaon probability pTPC, while 
heavy particles (K, p) have a higher kaon than pion proba- 
bility. For this reason, the two class separation needed for 
a veto, is obtained by renormalizing the kaon probability 
density: 

pTPC 
taglTPC = pTPC + pypC �9 

The K/Tr separation is shown in Fig. 3 (c+d) for a 
pion and an enriched kaon sample from the decay D *+ ---+ 
(K-Tr+)Tr +, respectively. The cut on ta9[zpC distribution is 
XE dependent to account for the different energy spectra of 
D *+ signal and background. For all analysed decay modes, 
the cut used for the kaon candidates as a veto against pions 
is: 

tagITPc > O . I - O . I . l n ( X E - O . 1 ) .  
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1.8645 GeV/c  2 and the satellite peak  f rom 
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5 Measurement of A ~  and A~. 

1.8 

For a measurement of A~u and A~B from the cos 0 distri- 
bution of D *+ it is necessary to separate D *+ from cO and 
bb events and the combinatorial background. Since the c and 
b asymmetries are expected to be of comparable size and to 
have the same relative sign, the statistical precision of  the 
measurement is limited by the negative correlation between 
both asymmetries. In this analysis, a good separation, giving 
a relatively small correlation, is obtained by using the scaled 
energy distribution XE of the D *+ candidates and the D ~ de- 
cay distance to distinguish between the different classes. The 
hadronization of  primary c quarks leads to high energy D *+ 
mesons, whereas b quarks fragment into b hadrons, which 
then decay into D *+ mesons with a softer energy spectrum. 
On the other hand, a larger D ~ decay distance is expected 
for b events due to the long lifetime of  B hadrons, compared 

1.85 1.9 1.95 

m K ~  [GeV/c 2] 

with the short lifetime of  D ~ mesons. This difference was 
used in [6] to measure the production of  D *+ mesons from 
c and b events separately. The combinatorial background is 
concentrated at low XE and small decay distances. It is esti- 
mated from tile sidebands in the mass difference distribution. 
Due to the different relative acceptance of  D *+ mesons and 
background at small and large polar angles, the fit method 
has to account for the I cos 01 dependence of  the different 
classes. 

For the asymmetry measurement, partially reconstructed 
D *+ mesons (Trs~ + X)  and reflections from other decay 
modes (see Fig. 1) have to be considered as signal to avoid 
charge correlations in the background. The contributions 
from reflections, where some particles from the D ~ decay are 
assigned the wrong mass or are missing, and true K-Tr+(Tr ~ 
decays are treated as one class, because of the similar shape 
of  the signals and the charge correlation with the primary 
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Fig. 3. The particle identification obtained from 
the RICH information and the dE/dx measure- 
ment in the TPC. The separation between pions 
and kaons obtained from the RICH information 
is shown for a pion (a) and an enriched kaon 
sample (b) from D *+ -+ (K-Tr+)Tr + decays. 
The corresponding distributions provided by the 
dE/dx measurement of the TPC are shown in (e) 
and (d), respectively. See section 4 for the defi- 
nition of tag]RiC H and taglTPC 

quark, which is given by the slow pion from the D *+ de- 
cay. This leads to a significant increase of the sample for 
the K-Tr+0r  ~ decay mode, where about 46% of the sig- 
nal originates from reflections. The rate of partially recon- 
structed D *+ mesons, where a slow pion from a D *+ de- 
cay is combined with a fake D ~ candidate which includes 
some particles not actually from the D ~ decay, depends on 
the branching ratio D *+ ---+ D~ +, the D *+ production rate 
and the efficiency in the relevant mass difference interval. 
The contribution of partially reconstructed D *+ decays to 
the signal is taken from the simulation and contributes to 
the systematic error. 

To avoid double counting of events, only the D *+ can- 
didate with the D ~ mass closest to the nominal mass is re- 
tained. The D *+ candidate with the smallest mass difference 
is selected in case of more than one combination with the 
same D ~ candidate. Due to this method no artificial peak 
is introduced in the mass difference distribution, as shown 
in Fig. 1. For the K :r+(Tr ~ decay mode, the central value 
of 1.62 GeV/c 2 for the satellite peak is used instead of the 
D ~ mass. Events entering the K-Tr  + decay mode are re- 
moved from the K-Tr+Tr-Tr + distribution and events from 
both decay modes are then removed from the Is ~ 
distribution. The number of reconstructed D *+ decays given 
in Table 3 is obtained from the fit to the mass spectra. The 
prediction from simulation for reflections in the D *+ signals 
and the rates of partially reconstructed D *+ mesons in the 
combinatorial background are listed in the third and fourth 
column, respectively. A total sample of 4757 reconstructed 
D *+ decays is used for the asymmetry measurement. 

Table 3. D *+ sample used for the measurement 

D ~+ ~ D~ + rate of reflections rate of 7rst + X D ~ decay mode 
events in D *+ signal in background 

K 7r + 1167 4- 46 4% 11% 
K 7r+7r-Tr + 899 • 79 8% 18% 
K 7r+(Tr ~ 2691 • 143 46% 10% 

5.1 The unbinned maximum likelihood fit 

The determination of the asymmetries is achieved by an un- 
binned maximum likelihood fit (similar to the one used in 
[7]) to the D *+ samples using the mass difference, scaled 
energy, polar angle and D ~ decay distance distributions. Fig- 
ures 4-6 compare the measured distributions for the differ- 
ent decay modes with the predictions of the simulation, split 
into charm, bottom and background events. The simulated 
prediction is normalized to the data to reproduce the signal 
to background ratio. Therefore a factor Rs/B is introduced 
for each decay mode, which compensates for different D *+ 
rates in data and simulation. After this correction a good 
agreement is found in all distributions. The shape of the 
background distribution, as obtained from the sidebands, is 
well reproduced by the Monte Carlo. 

For each decay mode a distance is defined in a four 
dimensional space: 

( (Aml  -- zAm2) 2 (XE,1 -- XE,2) 2 

scaleZm + scale~ E 
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Fig. 4. The scaled energy (a+b), polar angle (c+d) 
and transformed decay length (e+f) distribution for 
the D *+ ---+ (K-rc+)Tr + decay mode. The signal 
region (left) is selected by the A m  interval between 
0.1435 GeV/c 2 and 0.1475 GeV/c 2, while for the side- 
bands (right) the interval 0 . 1 4 7 5 G e V / c  2 < A m  < 
0.1525 GeV/c 2 is used. The data are compared with 
simulation where D *+ from charm and bottom events 
and combinatorial  background are shown separately. 
See section 5.1 for the definition of the scaled decay 
length A L ~ .  

([ cos 0, I - I cos 0z[) 2 (ALt~,t - ALt~.,z) 2 ] �89 

scal4co 01 + scalG --  
AL e-21@ The transformation ALt~ = sign (T6-m)" (1 - . ) of 

the D ~ decay distance and the scales (see Table 4) for each 
distribution are used to obtain an approximately constant 
density in the variable space of simulated events around each 
data point. To calculate the probabilities that a D *+ candidate 
belongs to a given class, the NMc simulated events with the 
smallest distance ~ , 2  to the data event are collected. For 
this analysis NMc = 50 is chosen for the K-To + decay 
mode and NMC = 100 for the K-Tr+Tr-Tr + and K-Tr+Tr ~ 
decay modes, which is optimized to the available statistics. 
The probability for each data event to be a charm, bottom 
or background event is given by: 

w% 
Pk(Am,  X~,  I cos 0J, ALto) = 

l 

Here Wk is the weighted number of simulated events 
from class k, while k stands for charm, bottom or back- 
ground, respectively. The weight for charm and bottom 
events is given by Rx/B to compensate for D *+ produc- 

tion rates being slightly different in data and simulation. For 
background events the weight is one. The asymmetry for a 
fixed polar angle then determines the contribution to the log 
likelihood according to the different classes: 

1 (  8 cos0 ) 
Fk(O, A k ) = ~  l + ~ A k l + c o s  20 ' 

where Ak is the integrated asymmetry of class k, which in 
case of the b asymmetry includes a correction for 13 - / )  
oscillation effects (see section 5.2). Then the negative loga- 
rithm of the likelihood function to be minimized is obtained 
combining the information from all decay modes: 

m 

j= l  = 

5.2 t3 - B oscillation effects 

To obtain the b quark asymmetry, the effective D *+ asymme- 
try observed in bottom events has to be corrected for mixing 
of neutral /3 mesons: 

Ab~m~ix = (1 -- 2X)' A~B 
F B  
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Fig. 5. The D *§ ~ ( K  7r+Tr-Tr+)Tr + decay mode 
as in Fig. 4. The same A m  intervals are used to de- 
fine the signal and sideband regions 

Table 4. Scales and normalization factors used in the calculation of the probabilities 

D ~ decay mode NMC scaleAm scale I cos0[ scalexE scaleAL,r Rs/B 
K - z c  + 50 1.0 MeV/c a 0.2 0.1 0.15 9 1 %  
K ~r+Tr 7r + 100 1.0 MeV/c 2 0.2 0.1 0.15 102 % 
K 7r+(Tr ~ 100 2.0 MeV/c 2 0.2 0.1 0.15 105 % 

Since the D ~ decay length is used to separate charm 
and bottom events, the time dependence of  the /32 - / ) ~  
oscillation effect, measured in [1], needs to be taken into 
account. Due to the incomplete momentum reconstruction of 
the B~, the proper decay time cannot be calculated. Using 
the average Lorentz boost 7/3 of/3~ mesons, the dependence 
of o - o the B d -/3a oscillation can be parameterized as a function 
of  the sum of the 132 and D ~ decay lengths AL:  

1 {1 - c o s ( A r e a .  7/3AL. al) Xd(AL) = 

�9 (1  - a 2 A L ) }  . ( 3 )  

The world average value Amd = 0.500 i 0.033 ps -1 [8] 
is taken for the oscillation frequency. The correction fac- 

0.14 tors al = 0 . 7 ~  and a2 = ~-m are obtained from Monte Carlo 
simulation, taking also vertex resolution effects into account. 
A lifetime independent scheme is applied to correct for 

B~ - Do oscillation, using Xs between 0.4 and 0.5 as ex- 
pected in the Standard Model. 

The size of  the correction for the mixing effects de- 
pends on the relative rate of D *+ mesons from the dif- 
ferent B mesons. The individual contributions to the D *+ 
production i n / 3  decays are obtained from the JETSET 7.3 
model with DELPHI modifications for b and c decays. The 
probabilities to form a /3 meson from a b quark are set 
to 0.39 • 0.02(B ~ • 0.03(baryons) for /32 and/3+ and to 
0.124-0.04 and 0.10:k0.06 for/30 and baryons, respectively. 

v for direct The vector to vector plus pseudoscalar ratio V ~  
produced L = 0 charmed mesons D and D* is assumed to 
be 0.75. The production rate of p-wave mesons in /3  decays 
is adjusted to 24% of the total D meson production, leading 
to a ratio of D* to D mesons in agreement with recent mea- 
surements [6, 9]. The relative rates of the different L = 1 
states are determined by their spin weight. 
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Fig .  6. The D*+ ---+ (/(-Tr+Tr~ + decay mode as 

in Fig. 4. Since the signal is broader in this de- 
cay mode, the intervals A m  < 0.155 GeV/c 2 and 

0.155 G e V / c  2 < A m  < 0.170 GeV/c  2 are used to de- 

fine the signal and sideband regions, respectively 

Table 5. Relative contributions to the D*  sample from b events, as obtained 

from the simulation 

contribution relative rate asymmetry 

/)~ ---+ D*+ + X 68% (1 - 2 x d ( A L ) )  �9 AbFbB 

B g  ~ D *+ + X 20% ADFbB 

1)~ ---* D *+ + X 4% (1 -- 2Xs  ) . AbFbB 

b - baryon ~ D *+ + X 4% A ~ B  
l) ~ W + ---+ e ---+ D *+ 3% see text 

gluon splitting, B e  . . . .  1% ~ 0 

As listed in Table 5, the main contribution to the D *+ 
production is given by B~ decays, while the production 
from B + and B~ is suppressed. The inclusive branching 
ratio Bd,~ ---+ D *+ + X is in agreement with the measure- 
ment of  (23 4- 4)% [10]. Contributions from decays of  B + 
mesons and gluon splitting are of minor importance. Another 
process, leading to an observed b asymmetry with negative 
sign, is the decay b --+ W § ---+ c ~ D *+. Here the relative 
contributions to the asymmetry are given by the production 
probabilities for the different b hadrons and have to be cor- 
rected for mixing. The rate for this process is expected to 
be less than 3% of the total D *+ production i n / 3  decays. 

5.3 The fit result 

Taking into account the lifetime evolution of  the B~ - / 3 ~  
oscillation, a three parameter fit of  the charm, bottom and 
background asymmetry to the combined D *+ sample yields: 

A~B = 0.077 • 0.029 (stat) 

and A ~  -- 0.059 • 0.062 (stat) , 

with a correlation coefficient of  -0.38. The background 
asymmetry Aback is found to be -0 .002  • 0.009 (stat). Fur- ~ ' F B  
thermore, no significant asymmetry is observed in the back- 
ground of the individual decay modes. In Fig. 7 (a+b) the 
comparison of the data to the fit result for the forward- 
backward asymmetry of  D *+ events is shown as a func- 
tion of  XE  and ALto(D~ The differential asymmetry 
A d i f f  = 8 . A F B  . ~ c ~  0 is shown in Fig. 7 (c). The results 
of  the fits to the individual decay modes are listed in Table 
6. 

In an attempt to reduce the error on the charm asymme- 
try, a two parameter fit of  the constrained charm asymmetry 
A~,~o,~st and Aback is performed. From the DELPHI mea- F B  ~ ~ F B  

surements AbFbB = 0.107 4- 0.011 and A%~ = 0.083 + 0.027 
[11] using prompt leptons and lifetime tag, one obtains 
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Table 6. Fit results of the three parameter fit to the individual decay modes 

D ~ decay mode A c~ Ft~ A ~ B  
K 7r + 0.056 i 0.054 0.110 i 0.098 0.004 
K-Tr+Tr-Tr + 0.075 4- 0.060 0.090 • 0.136 -0.008 
K -  ?r+(Tr ~ ) 0.092 • 0.043 -0.004 :t: 0.101 0.002 

A ~  k 
• 0.043 
• 0.018 
• 0.012 

Ab,Const Ac'c~ for the constrained bot- FB = 0.102 + 0.059 �9 ~,FB 
tom asymmetry, taking the +15% correlation between the 
charm and bottom asymmetry for this measurement into ac- 
count. The effective b asymmetry is calculated correcting 
Ab,Const for oscillation of  neut ra l /3  mesons. A two parame- FB 
ter fit to the data yields for the constrained charm asymmetry: 

A C ~ C O n S t  

FB = 0.068 • 0.027 (stat) . 

Again the asymmetry of the background A ~  k = - 0 . 0 0 4  
•  is compatible with zero. These results are measured 
at an average centre of mass energy of  , f~  -- 91.27 4- 0.02 GeV. 

6 Systematic errors 

Differences between the signal and background efficiency 
as a function of cos 0 are considered in the calculation of 
the probabilities from the simulation. Since the asymmetry 
enters in the l ikelihood as a function of  cos 0, the sensitivity 
to efficiency variations is small. 

For all decay modes the relative normalization Rs/B is 
obtained from a fit of  the simulated D *+ signal and back- 
ground to the data. A variation of  -t-15% is included in the 

systematic error, not only to account for the error of the fit- 
ted Rs/B, but also for uncertainties in the agreement of the 
shape of  the mass difference signals in data and simulation. 

The simulation is adjusted in order to reproduce the pro- 
duction rates and the average energy of D *+ mesons in 
charm and bottom events as measured by the LEP exper- 
iments [6, 9, 12]. The systematic errors are derived taking 
differences between the energy spectrum in data and simula- 
tion into account. A variation of + 15% of the ratio of charm 
to bottom events is considered as the systematic error. The 
error due to the uncertainty of the average D *+ energy is 
considered by varying the average energy fraction carried 
by b hadrons between 0.67 and 0.72 and the average D *+ 
energy in c events between 0.48 and 0.52. 

In the simulation a B lifetime 7-B = 1.6 ps is used, which 
is in good agreement with the world average [13]. A varia- 
tion between 1.35 and 1.85 ps is considered in the determi- 
nation of  the systematic error to allow for the error on ~-B 
and for differences in the shape of  the A L  distribution in 
data and simulation. 

The systematic error on the mixing correction depends 
on the uncertainty of  the effective reconstructed/3 lifetime, 
which is obtained from the D ~ decay length, and on the er- 
ror of oscillation frequency, where the measured oscillation 
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Table 7. Contributions to the systematic errors on the measured asymme- 
tries. The estimated correlation coefficient between the systematic errors of 

A ~ B  and AbFbB in the combined fit is -0.22 

systematic error source ACeF I3 Ab~t3 A F BC'c~ 

normalization s i g n a t  T0.003 T0.002 T0.003 background 
('Yc " P c ~ D *  )/( '75 " P b ~ D *  ) =[=0.002 :~0.001 =F0.001 
(Xc) • 4-0.002 4-0.001 
(Xb) 4-0.001 3:0.001 =F:O.O01 
T b 4-0.002 :g0.004 q:0.001 
/3 ~ oscillation T0.003 5:0.012 4-0.002 d 
contributions to b sample q-0.002 =E0.005 4-0.002 
rate of 7rsZ + X q:0.006 4-0.009 T0.005 
fit method 4-0.006 4-0.015 4-0.005 
MC statistics 4-0.005 ~:0.009 4-0.005 
detector effects 4-0.004 4-0.002 4-0.004 
D* instead of quark direction 4-0.001 4-0.001 4-0.001 
AAbb/~_ for constraint fit -- -- T0.003 
total 0.012 0.024 0.011 

frequency Area  = 0.500 • 0.033 ps-1 [8] is used for the cal- 
culation. The errors assigned to the correction factors al and 
a2 in equation 3 include resolution effects on the D ~ vertex. 

The influence of the mixing effect on the observed b 
asymmetry depends on the relative contributions to the b 
sample. The systematic error is determined by a variation 
of  the relative rate of D *+ from B~ between 55 % and 85 
% by changing the decay properties inside the model. The 
influence of  the uncertainty on X~ is found to be negligible. 

The systematic error due to the contribution of partially 
reconstructed D *+ decays is estimated by a 30% variation of 
the prediction of  the simulation. This includes uncertainties 
on the efficiency to reconstruct such %~z + X  combinations as 
well as on the total rate of  D *+ ~ D~ + decays in hadronic 
Z events. The systematic error also accounts for the uncer- 
tainty of the mixing correction for partially reconstructed 
D *+ decays. Since the slow pion is combined with a fake 
D ~ candidate, the decay length distribution and thus the B~ 
oscillation correction has to be modified for 7r~l + X events. 
The effect is corrected using the simulation and a variation 
of  100 % of the correction is included as the systematic 
error. 

From the distributions of fit results of  1000 simulated 
data sets the statistical error due to the finite simulated sam- 
ple is derived subtracting the statistical errors of the data 
sample quadratically from the width of the distributions. A 
systematic error is introduced due to the limited number of  
simulated events NMC used to determine the probabilities 
in the likelihood function. The effect is estimated from the 
shift of  the distributions of fit results relative to the sim- 
ulated asymmetries of  0.07 and 0.10 for e and b quarks, 
respectively. The stability of  the fit is tested by an uncorre- 
lated 30% variation of NMc and of the scales entering the 
distance function ~ , 2 .  

A shift in the central value or in the width of the recon- 
structed invariant mass distribution for D ~ mesons relative 
t o / ) o  mesons can also affect the asymmetry measurement 
if it is different in the two detector hemispheres. An up- 
per limit for the systematic error on the charm asymmetry 
is •  and •  for the bottom asymmetry, taking 
the energy dependence of  the width of the reconstructed D ~ 
mass distribution into account. 

Table 8. Corrections applied to the charm asymmetry 

source z S A F B  

v ~ = M z  -0.0034 
QED corrections +0.0104 
QCD corrections +0.0031 4- 0.0009 
7, "/Z -0.0008 
total +0.0093 i 0.0009 

The error of the asymmetry due to the determination of 
the primary quark direction by the D *+ direction is derived 
from the predictions of different models. 

The error of the constrained fit of the charm asymmetry, 
using the DELPHI b asymmetry measurement from prompt 
leptons and lifetime tag, is obtained from the errors quoted 
in [111. 

The contributions to the systematic errors for the com- 
bined fit of the charm and bottom asymmetries and for the 
constrained fit are listed in Table 7. The relative sign of the 
systematic error indicates the direction in which the results 
change for a particular error source. The estimated correla- 

c~ tion coefficient between the systematic errors of AFB and 

AbFbB in the combined fit is -0.22. 

7 The effective electroweak mixing angle 

To obtain an effective electroweak mixing angle from the 
measured charm quark forward-backward asymmetry a few 
corrections have to be applied to obtain the bare asymmetry 

o~c 
AFB. 

The asymmetry is measured at x/s = 91.27 • 0.02 GeV 
and must be corrected to x/~ = Mz. The slope of  the asym- 
metry around Mz depends only on the axial vector coupling 
and the charge of  the final state fermion. It is thus indepen- 
dent of the pole asymmetry itself. The correction due to the 
energy shift and the QED correction for initial state radiation 
have been calculated using ZFITTER [14]. 

The QCD correction to the forward-backward asymme- 
tries using the charm quark direction is calculated in [15] to 
be: 

F B  �9 1 - -  C1 - -  + C2 - -  �9 
7T 7T 

For charm quarks the value el is given by el --~ 0 .95-  
0.93 for me = 1.1 to 1.7 GeV/c 2, while e2 is - 4 . 4  • 0.4. 
Here e~s(Mz) = 0.123 i 0.006 [16] is used as the central 
value for the calculation. The QCD corrections are modified 
due to implicit cuts on events with hard gluons. For this 
reason an error of  •  and •  is assigned to el and 
e2, respectively. In the likelihood fit charm production from 
gluon splitting in e+e - ---+ f f  events, with f 4 e, is taken 
from the Monte Carlo and does not contribute to the charm 
class. Therefore no additional correction has to be applied. 

The small corrections for 3' exchange and 7 Z  interfer- 
ence have again been calculated using ZFITTER. The cor- 
rections summarized in Table 8 are to be understood as 

o~c AFB = A ~  + ~ AAFB.  From the fit result 

AC~C09~S~ FB = 0.068 • 0.027 (stat) 

• 0.011 (sys) 
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OIC 
the bare asymmet ry  AFB is calculated to be: 

O~C AFB = 0.077 zk 0.027 (stat) :k 0 .012 (sys) . 

F r o m  this bare asymmet ry  the effect ive  e lec t roweak  mix-  
ing angle  s :-2 ~Zept x" ~'eff is calculated using equations 1 and 2: 

Dlep t  
sin2 ~'eff ---- 0.2307 • 0.0062 (stat) + 0.0026 (sys) . 

8 Conclusion 

The forward-backward  asymmetr ies  for charm and bot tom 
quarks at the Z pole  are measured  s imultaneously f rom the 
polar  angle, mass  difference,  scaled energy and D ~ decay 
distance distributions o f  4757 D *+ mesons  using a unbinned 
m a x i m u m  l ikel ihood fit. Taking the l i fe t ime evolu t ion  o f  the 
B~ - B~ osci l la t ion into account,  the fit yields: 

A~B = 0.077 + 0.029 (stat) + 0.012 (sys) 

and AbbB = 0.059 + 0.062 (stat) + 0.024 (sys) . 

The  total correlat ion coeff ic ient  be tween  A ~  and A ~ B  
is - 0 . 3 6 .  Constra ining the b asymmetry  to the value  mea-  
sured by D E L P H I  using p rompt  leptons and l i fe t ime tag [11 ], 
the charm asymmet ry  is de te rmined  to be: 

A . . . .  ,~t  = 0.068 • 0.027 (stat) :t: 0.011 (sys) FB 

G o o d  agreement  with recent  results f rom other  experi-  
ments using the same method  [9, 12] and using inclusive lep- 

C COlt8~ 
tons [ l l ,  17] is found. The  charm asymmetry  A ~ B  corre- 

O~C 
sponds to the bare asymmet ry  AFB = 0.077 i 0.027 (stat) =k 
0.012 (sys), f rom which the effect ive  e lec t roweak mixing  an- 

~:~2 Dlep t  
gle ~, ,  (Jeff is calculated: 

�9 2 D lep t  
sm Vef f = 0.2307 :t: 0.0062 (stat) • 0.0026 (sys) . 

This  result  is in good  agreement  with the ef fec t ive  elec- 
t roweak mixing  angle der ived f rom several measurements  at 
L E P  and SLC [18]. 
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