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Abstract

A measurement of the charm and bottom forward backward asymmetry is presented at
energies on and around the peak of the Z° resonance. Charm and bottom decays are
identified using decays of D mesons in about 3.5 million hadronic decays of the Z° boson
recorded with the OPAL detector at LEP between 1990 and 1994. Using seven different
decay modes approximately 27000 D mesons are tagged. From these the charm and
bottom asymmetries are measured in three energy ranges around the Z° peak:

Asp =—0.006 + 0.068 + 0.012 Abp = 0.027 £+ 0.169 + 0.039 (E.,) =89.54 GeV
ASp = 0.068 £ 0.014 + 0.007 Abg = 0.112 4 0.035 + 0.021 (E.,) =91.20 GeV
Aty = 0.171 4 0.058 + 0.015 Abg; =—0.267 + 0.140 £+ 0.050 (E.,,) =92.94 GeV

in agreement with the predictions of the standard model and other measurements at LEP.

This note describes preliminary OPAL results submitted to the EPS conference,
Brussels, July 1995, and the Lepton-Photon Conference, Beijing, August 1995.



1 Introduction

Electroweak measurement involving heavy quarks have become a subject of extensive study at
LEP in recent years [1]. An important goal of these experiments is the precise measurement
of the coupling constants of the weak currents and their comparison with the predictions of
the standard model. The angular distribution of the final state fermions provides a probe
of these coupling constants. The different strengths of the left handed and the right handed
components of the neutral weak current result in an asymmetry of the differential production
cross section relative to the direction of the initial state fermion. In addition the electromagnetic
and the neutral weak currents interfere. On the peak of the Z° resonance this latter interference
vanishes to first order, but it becomes more and more important at energies away from the Z°
pole. In the standard model, to lowest order, for centre-of-mass energies close to the Z° mass,
the distribution in cos § ! can be written:
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On the pole of the Z° resonance for quark flavour Q, A%’-f , the forward-backward asymmetry,
can be expressed as
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where A. and Aq are a function of the electroweak coupling constants gf; and g:
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In this paper measurements of the forward-backward asymmetries in the processes ete™ —
cc and ete” — bb are presented. Charm and bottom events are tagged using D**, D° and D*
mesons in a number of different decay modes. The flavour composition of the tagged sample is
determined on a statistical basis based upon lifetime information and the specific topologies of
bottom jets compared to other jets. The forward-backward asymmetry of charm and bottom
quarks is fitted using an unbinned maximum likelihood fit. The separation between the main
contributions to the signal is improved by including weights calculated individually for each
event based upon lifetime information. The measurement presented is an extension and an
update to the one published in [2].

The paper is structured as follows. After a presentation of the techniques used to reconstruct
the different D states, the method used in determining the flavour composition is discussed.
These sections rely on work previously published by OPAL [2,3]. The results from this analysis,
the fractions of D mesons that are charm and bottom events, are used as input in the fit to
the thrust direction distribution, signed by the charge of the identified candidate?. Particular
emphasis is placed on the method in which lifetime information is used to improve the fit for
the charm and bottom asymmetries. The fit is performed for three energy ranges spanning

approximately Mz — 3 GeV to Mz + 3 GeV.

!Here cos§ denotes the angle between the incoming and the outgoing fermion in the process ete™ — qq.
2The charge of the D candidates is defined by the charge of the charm quark in the quark model for this D
meson



2 OPAL Detector

A complete description of the OPAL detector can be found in references [5]. Only the com-
ponents relevant for the analysis presented are summarised. Tracking of charged particles is
performed in a central detector, consisting of (going from the beampipe outwards) two layers of
silicon micro vertex detectors, a high precision vertex drift chamber, a large volume jet cham-
ber, and a set of drift chambers which measure the coordinates of tracks along the direction
of the beam line (z-chambers). The central detector is contained inside a solenoidal magnet
producing a homogeneous field of 0.435 T. High precision reconstruction of secondary vertices
is possible using the silicon micro vertex detector, which covers polar angles | cos 6| < 0.83 with
at least one layer of silicon detectors, or |cosf| < 0.77 with two layers. Tracking using the
combined detectors is possible over nearly the full solid angle down to | cos f| < 0.98.

The magnet coil is surrounded by a time-of-flight scintillator counter array and a lead glass
electro-magnetic calorimeter. A presampler is installed between these components which al-
lows an improvement of the measurement of the longitudinal shower development and spatial
resolution for showers having started in the magnet coil of the detector, and provides an ad-
ditional space point on tracks leaving the central tracking system. The magnet return yoke is
instrumented with nine layers of limited streamer tubes and serves as a hadronic calorimeter.
Outside the hadron calorimeter 93% of the solid angle is covered by at least 2 layers of muon
chambers.

Particle identification for charged particles is performed using the specific energy loss,
dE/dz, in the jet chamber. Electrons and muons are identified in addition with the help
of information from the calorimeters and muon chambers.

3 Hadronic Event Selection and Simulation

Hadronic Z° decays are selected based upon requirements on the number of charged tracks
reconstructed and the energy deposited in the calorimeter. A detailed description of the criteria
is given in ref. [6]. Charged tracks and electromagnetic clusters unassociated with tracks are
grouped into jets using the JADE jet finder and the E0 recombination scheme [7] with a cutoff
value of Z,n;, = 49 GeV2, The primary vertex in a collision is reconstructed from the charged
tracks in the event and constrained in addition with the known average beam position and
spread of the ete™ collision point.

The analysis is based on about 3.5 million hadronic decays of the Z° collected with the
OPAL detector in the vicinity of the Z° pole between 1990 and 1994. Of these data roughly
10% have been collected either below or above the maximum of the resonance.

To check procedures and investigate possible biases, 2.5 million hadronic decays of the
Z° have been simulated using the JETSET Monte Carlo model [8] with parameters tuned to
represent well LEP data [9]. A number of special samples have been used to study specific
decays, which correspond to an additional 5 million hadronic Z° decays. In all samples heavy
quark fragmentation has been modeled using the model of Peterson et al. [10]. All samples were
passed through a detailed simulation of the OPAL detector [12] before being analysed using
the same programs as for data.



4 Selection of D Candidates

Three different D meson states are used in this paper as tags for charm and bottom: the ground
state D mesons D° and DT 3, and the spin 1 state D**. After describing the requirements
placed on tracks to be used in the analysis, the reconstruction and the requirements used in
the identification of charged D* mesons are discussed, followed by the same discussion for D°
and DT mesons. Additional details on D reconstruction with the OPAL detector can be found
in [2-4].

Tracks are used in the reconstruction if they satisfy the following track quality requirements:
o |do| < 5 mm;

o |z < 20 cm;

o p; > 250 MeV;

e noy > 40 .

Here d, is the distance of closest approach between the primary vertex and the track measured
in the plane perpendicular to the beam, 2o is the distance along the beam at this point, p; is
the momentum component perpendicular to the beam, and ncy is the number of hits on the
track recorded in the central drift chamber. To reject poorly reconstructed tracks a good z
measurement is required by selecting only tracks which have either hits in the z-chambers, an
associated endpoint hit* or have been merged to a cluster found in the barrel presampler.

4.1 D*t Reconstruction

For this analysis D*Tmesons are reconstructed in five different decay channels:

D*t — Dor*

K7t “3 prong”
s K—ntn® “satellite” ,
s K—atn—nt “5 prong” ,
s K- ety “electron” ,
s K-uty, “muon” .

No attempt is made to reconstruct the 7° in the satellite channel, nor the neutrino direction or
energy in the electron and muon channels. The last two channels are referred to as “semilep-
tonic” channels in the following. Electrons are identified based on the energy loss in the central
drift chamber and the energy deposition in the electromagnetic calorimeter. An artificial neural
network trained using simulated events is used to perform the selection [13]. Electrons from
conversions are rejected as in [14]. Muon candidates are identified by associating tracks found

3Throughout this paper charge conjugate modes are always implicitly included.

“The endpoint method is used for tracks leaving the central detector with |cosf| > 0.7 to improve the
polar-angle measurement. It uses the knowledge of the end position of the last wire in the jet-chamber which
registered a hit to derive a z coordinate measurement.



in the central tracking system with tracks in the outer muon chambers [14]. No momentum cut
is applied since the knowledge of the lepton purity is not required in the subsequent analysis.

A number of tracks appropriate for the selected channel are combined to form a candidate for
a DO, and its invariant mass is calculated. Only candidates with the correct charge combinations
are used. Candidates are selected if the reconstructed mass lies within the expected range.
After adding a further track as a candidate for the pion in the D** decay the combined mass
is calculated and the candidate is selected if the mass difference AM = Mp.«+ — Mpo is within
given limits. Note that AM for channels with missing decay partners is to be understood as
the effective mass difference, calculated only from the visible tracks of the candidate. This
latter requirement is particularly efficient in suppressing background, because the small mass
difference between the D** and the D° places true D*t decays very close to the kinematic
threshold in AM at 0.139 GeV. Very little phase space remains for background events, resulting
in a good signal to background ratio.

At low zp++ = EY¢ / Eyeam ° background especially from pions produced in the fragmenta-
tion is very high. The particle identification power of the OPAL detector is used to enrich the
sample in true kaons. For a kaon candidate requirements are placed on the probability Wj{EK/ ds?
that the dF/dz measurement of this track was produced by a kaon.

Background to the sample is further reduced by cutting on the helicity angle 6*, measured
between the direction of the D° candidate in the laboratory frame and the direction of the
kaon in the rest frame of the D° candidate. True D° decays are expected to be isotropically
distributed in the quantity, while background displays pronounced peaks at cos §* = —1 and,
particularly at low zp«+, cos 0 = +1.

The analysis is done separately for three classes of candidates:

e z-chamber candidates: All tracks of the candidates have a hit in the z chamber.
e endpoint candidates: At least one track has an endpoint measurement.

e presampler candidate: At least one track has a presampler measurement.

A detailed list of the cuts is given in table 1.

4.2 D° and DT Reconstruction

The D° and DT mesons are identified in the following decay modes:

The reconstruction of these D meson states proceeds similar as for the D** mesons. The in-
variant mass is calculated from the appropriate number of tracks which passed the quality
requirements. A DT candidate is rejected if the mass difference AM, calculated under the

5In this paper any reference to the scaled energy z of a D candidate is to be understood as being to the
calculated scaled energy, obtained from the reconstructed tracks, without correcting for missing or wrongly
associated tracks.



‘ cut ‘ X-range 3 pr semil. sat. 5 pr.
Tp++ 0.2 -1.0 0.2-1.0 0.2-1.0 0.5—1.0
Mpo [GeV] full 1.79 — 1.94 1.20 — 1.80 141 —1.77 1.79 — 1.94
AM [GeV] full 0.142 — 0.149 | 0.140 — 0.162 | 0.141 — 0.152 | 0.142 — 0.149
cos 6* < 0.5 —0.8-10.8 -
> 0.5 —-0.9-1.0 -0.9-1.0
Wagyasl | <05 > 0.1 j

Table 1: List of cuts used in the D** reconstructions. Note that both the scaled energy zp and the
mass difference AM are effective quantities, calculated from the reconstructed tracks only. The exact
meaning of the different quantities is explained in the text.

assumption that the three tracks form a D** candidate, is below 0.16GeV. To suppress com-
binatorial background, and to allow a good measurement of the specific energy loss dE/dz,
candidates are required to have at least 30% of the beam energy, and the individual track
momenta are to be above 1.5 GeVfor a kaon, 0.5 GeVfor a pion. The long lifetime of the
weakly decaying D mesons is used to enrich the signal purity. A vertex is calculated from the
intersection of the tracks forming the D candidate in the » — ¢ plane. The distance d between
this vertex and the primary event vertex is calculated. A candidate is accepted if this distance
exceeds some length. Good quality of the vertex reconstruction is ensured by requiring that
at least one (for the D°) or two (for the D) tracks have at least one hit in the silicon micro
vertex detector. To stay within the acceptance of this detector, all tracks have to be within
|cos 6| < 0.85. For the D*, where three tracks in the decay allow a sensible calculation of a
vertex x?, this has to be less than 25 to be accepted.

The number of multiple candidates and wrong particle type associations is reduced by
placing requirements on the dE/dz measurement. Kaon candidate tracks are required to be
consistent with being a kaon with a probability Wj{EK/ 4 €xceeding 3%, if their measured dE/dz
is above the value expected for a kaon, and exceeding 1%, if the measured dF/dz is below the
expected value. Pion background is rejected by accepting only tracks whose probability (ﬁl’/dm
that the track be consistent with a pion is less than 10%.

The analysis is repeated for the three classes of events (z-chamber candidates, endpoint
candidates and presampler candidates) present in the sample. The details of the cuts are listed
in table 2.

4.3 Multiple Candidate Rejection

Since the goal of the analysis is the determination of the angular distribution of the primary
quark, not that of reconstructed mesons, only one measurement of this quantity per event is
needed. If more than one candidate meson is found per event, a hierarchy is used to select the
best one: low background is preferred and low multiplicity final states over higher multiplicity
ones. The hierarchy used is: 3-prong > semileptonic > satellite > 5-prong > D® > DT. If more
than one candidate is found within one D*t channel, the one with the D° mass closest to the
nominal mass is taken (the mass used is 1.865 GeV for the 3-prong, semileptonic and 5-prong
decay, and 1.60 GeV for the satellite). In the D° and D* decays, where a selection on the mass

5



‘ cut ‘ D° Dt

Tp 0.3-1.0 0.3-1.0
Mpop+[GeV] | 1.81 — 1.93 | 1.81 — 1.03
AM|GeV] - > 0.16
px[GeV] > 1.5 > 1.5
Pr[GeV] > 0.5 > 0.5
|c088 candl < 0.85 < 0.85
d[um] > 500 > 800
WEE . > 0.03 > 0.03

< —0.01 < —0.01
Wiz .l > 0.01 > 0.01
(W3 e <0.1 <0.1

Table 2: List of cuts used in the D° and Dt reconstruction. The exact meaning of the different
quantities is explained in the text.

lost in within
total [%] | channel [%]

3-prong 9.2 9.2
semileptonic 17.9 12.5
satellite 29.6 21.0
5-prong 58.6 55.2

D° 39.8 33.3

D+ 55.6 52.6

Table 3: Percentage of candidates lost in the multiple candidate rejection. Given for each channel
are the total percentage of candidates rejected, and the percentage of candidates rejected only due to
multiple candidates found within this channel.

would result in a distortion of the invariant mass spectrum, the candidate with the highest zp
is selected. In table 3 the percentage of events rejected due to this procedure in each channel
is shown. After all cuts a total of 60277 candidates are found.

4.4 Background to D° D* and D**

Backgrounds to the different channels come from a number of different sources. The majority
of background candidates are random combinations of tracks (“combinatorial background”),
which do not originate from a common parent, but pass the applied cuts. They are heavily
concentrated at low zp. Partial reconstructions of other heavy meson decays, in particular
other D meson decay modes, form another important contribution. They are of particular
relevance in the D*t channels, because even if only some of the D® decay products are correctly
identified, these events still show the characteristic enhancement in AM around 145 MeV, if
the slow pion is correctly identified. In addition a correctly identified slow pion implies that
the charge of the candidate is related to the charge of the primary quark in the same way as
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is the case for a true D** meson. Such events can therefore be considered as signal events for
this analysis. They are found in significant numbers in the satellite and 5-prong channels and
are counted as signal in this analysis.

A potentially serious problem is the presence of background, where the correlation between
the primary quark charge and the charge ¢ tagged by the D candidate is preserved. These
events will be asymmetric in ¢ cos 6, thereby introducing an asymmetry into the background.
Such correlations are possible e.g. by enriching the sample with true kaons, or with true leptons.
These events are present at low levels in all modes considered, and need to be taken into account
properly.

The level of background is determined using different techniques in the D** and the D°, D+
meson decays. In the D* decay modes a hemisphere mixing technique is employed [2], whereby
the candidate track for the slow pion is taken from the opposite hemisphere, after being reflected
through the origin. No requirements are made on the charge of the D° candidate tracks, except,
that the total charge of all tracks including the slow pion candidate should be +1. Monte Carlo
studies have shown that this estimator models the shape of the background very well in all five
channels.

The background is determined by normalising the estimator distribution for 0.18 < AM <
0.20 (0.19 < AM < 0.22 for the semileptonic channels) to the sideband of the signal distribution
and subtracting the normalised background from the signal. Candidates are counted within
the AM ranges given in tables 1. Monte Carlo studies have shown that this method leads to
an unbiased determination of the number of D** candidates in all channels.

In the D° and Dt channels a fit is performed to the observed mass spectra with a phe-
nomenologically determined functional form for the background. The background to the D°
is described by a polynomial of third degree, while in the D' an exponential folded with a
gaussian function is used. Contributions from satellite decays visible in the D° mass spectrum
at masses around 1.6 GeV, are accounted for by an additional gaussian function. A slight
asymmetry in the peak is allowed for by fitting different widths below and above the mean
value. The normalisation, mean and both widths are determined in the fit.

In both channels background exists which will distort the expected signal shape. In the
D? channel, the decays D° — KTK~ and D® — wT7~ contribute to the signal, where one of
the final state particles is misreconstructed as either a pion or a kaon, thus faking a Kr final
state. Since the charge correlation between the primary quark and the reconstructed charge is
broken, their estimated contribution is subtracted from the sample. Simulated events are used
to estimate the contribution from these two sources and it is found to contribute less than 1%
to the final sample. The same background is present in the 3-prong D** channel, though at an
even lower level. Its contribution has been estimated in [3] and is subtracted from the sample.

Backgrounds in the DT reconstruction are the decays of the D, meson into ¢nt and K*°KT,
both decaying into a final state KT K~ 7 *. Misidentifying a kaon as a pion will shift the mass
peak to around the mass of the D™ meson. Since the charge correlation to the primary quark
is conserved for a large fraction of these decays, they have to be treated carefully. Monte Carlo
studies have shown that they contribute approximately 10% to the DT signal.

The total background in the sample is determined by integrating the fit function over the
appropriate mass window, and correcting for the discussed background sources. The number
of signal candidates is obtained by subtracting the number of background events from the total



D** —- D% D*t* —- D% D** —- D%
s Kr s Kra® s Krrrm
zp N, ] Ngp | N, [ N Nk, | Mg

0.2-0.3 2441 1366+34 8296 6163+ 79

0.3-0.4 1486 568 +22 4151 24184 49

0.4-0.5 1006 223 +14 2453 1026+ 32

0.5-0.6 1277 322 +15 3006 1411+ 36 4423 26884 47
0.6-0.7 733 132 4+ 9 1377 H67 4 22 1752 826 + 25
0.7-0.8 417 8 +6 542 218 + 13 718 242 4+ 12
0.8-1.0 230 31 +4 164 74 + 7 294 63 + 5

D*t — Do D’ - K= Dt - Karn
s Kév
zp N, ] Ngb | N ] N N, | Nt

0.2-0.3 1907 977 432

0.3-0.4 1146 396 +20 3414 2232+ 47 5190 4345+ 66
0.4-0.5 694 163 +13 2098 13864 37 3309 2429+ 49
0.5-0.6 713 190 4+13 1411 620 4+ 25 1906 1208+ 35
0.6-0.7 807 374 + 19 1054 546 + 23
0.7-0.8 } 475 95 +9 433 184 + 14 555 195 + 14
0.8-1.0 178 66 + 8 221 hM4 &+ 7

Table 4: Number of D mesons reconstructed in the different decay modes, in bins of the effective
scaled energy of the candidates calculated from the reconstructed track momenta. Given are the
number of D meson candidates and the number of background events. The error quoted on the
estimated background is the statistical error only. Note that in the analysis, signal and background

determination is done separately for three classes of events depending on the track reconstruction
quality.

number of events in the mass window. This method has been tested using simulated events
and has been found to reproduce the true number of D mesons within the statistical errors.

In table 4 the number of D meson candidates in the different channels and the background
are listed along with statistical errors. In this sample a total of 19484 + 137 D** mesons and
6937+ 118 D mesons after background subtraction have been reconstructed, over a background
of 20217 4+ 137 events and 13639 + 118 events respectively.

In figures 1 and 2 the invariant mass spectra for all seven reconstructed channels are
presented. For D*T decays, the mass difference AM between the D*t and the D° candidate is
shown, while for the D° and Dt channel the invariant mass spectrum is plotted directly. In all
channels clear signals are visible.



5 Production of Charmed Mesons in Bottom and Charm
Events

Nearly all D mesons are produced in bottom and charm decays. An analysis attempting to
study properties of the charm quark therefore has to separate the components. Techniques for
this have been developed and are applied to the tagged sample. In this section the method of
flavour separation is reviewed. In a first step the bottom and charm fractions in the tagged
sample are determined. These overall fractions are combined with lifetime information and are
used as input for the calculation of event probabilities. This is described in the second part of
this section. These event based probabilities will be used in the asymmetry fit.

5.1 Statistical Flavour Separation

The flavour separation technique adopted determines the size of the bottom component in the
sample. It depends on the assumption that all D mesons are produced in either charm or
bottom decays, and that other flavours contribute exclusively to the background sample. The
flavour composition of the D meson sample therefore is determined by measuring the bottom
fraction in the sample, after background subtraction. Background subtraction is performed
using a sample selected such that its flavour composition describes well the true background.

A small fraction of D mesons can also be produced from the splitting of a gluon into a pair
of charm quarks. This process is present in all five flavours. The fraction has been measured in
ref. [3,15], and the combined result is used to estimate the systematic errors due to this source.

5.1.1 Bottom Tagging Techniques

Two different bottom tagging techniques are used to determine the flavour composition. The
first uses the shapes of jets, which are expected to be significantly different for bottom jets
than they are for charm jets. The shapes are measured by a set of seven jet shape variables,
containing combinations of the momenta, both transverse and longitudinal components, of the
particles in the jets. These variables are used as input to an artificial neural network, which
has been trained using data and Monte Carlo for b/c separation. A detailed description of the
variables and the method may be found in ref. [3,16]. A similar procedure has been used by the
ALEPH collaboration in ref. [17]. The network was developed for the analysis of D*t decays
and is applied to the D** sample in this work.

In the second method hadronic decays of the Z° into bottom quarks are tagged by taking
advantage of the relatively long lifetimes of bottom flavoured hadrons compared to lighter
flavour ones. For each jet in the event, a secondary vertex is reconstructed by an iterative
procedure. In a first step all tracks which pass the quality requirements are used to form a
common vertex. Tracks are removed from the vertex fit if they contribute more than 4 to the
x? of the fit. This is continued until either no track contributes more than 4 to the x2, or until
less than four tracks remain, in which case the vertex finder fails for this jet. A decay length is
calculated between this vertex and the primary vertex in the event, constrained to the direction
of the jet in which the vertex was found. This is determined in the plane perpendicular to the
beam direction. Finally, the significance for this distance is calculated and used for the b-tag.
A very similar procedure has been used in [18].
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The decay length significance and the neural network output are calculated for the jet not
containing the D candidate. If more than two jets are found in the event the jet with the
highest energy not containing the D meson candidate is chosen. This requirement enriches the
sample in jets originating from a primary quark as opposed to gluons.

In the D** 3-prong, D° and DT channels the decay length significance distribution is also
determined in the jet containing the D candidate, similar to the procedure developed in [3].

5.1.2 Treatment of the Background

The treatment of the background is crucial to the success of the flavour separation method.
The measurement of the charm fraction by subtracting the bottom fraction in the sample is
only justified if the distributions of the tagging variable for background events are known.

The samples used to estimate the behaviour of the background in the tagging variables are
selected using the background estimation techniques discussed in connection with the determi-
nation of the number of candidates.

The background sample used in the lifetime analysis in the D** channels is selected by
requiring a reflected pion D** candidate in one jet, and using the highest energy jet not con-
taining the candidate to calculate the lifetime significance of the background candidate event.
Candidates are searched for over an extended range of AM as indicated in table 5.

The background sample used in the neural net analysis is based upon a wrong charge
technique, where a D° candidate is reconstructed with an unphysical charge of two (e.g. a
K*7n* for the 3-prong channel) by combining tracks appropriately. This is done in a sideband
in the AM distribution. The sidebands chosen are given in table 5.

The decay length significance background distributions in the D° and DT channels are
selected in sidebands of Mp, above (for the D® and the D*) and below (for the D*) the mass of
the expected signal. The region below the D® mass can not be used since the decay D® — Kxx®
contributes there. Details of the selection of the samples are given in table 5.

Monte Carlo studies show that the decay length significance and neural net output distri-
butions expected for true backgrounds are well reproduced by the distributions obtained in the
background tagged samples.

5.1.3 Determination of the Charm Fraction

To obtain the charm fraction in each sample, the number of bottom tagged events is determined.
The number, Ny_,q,, of events exceeding a particular decay length significance or some value
of the neural net output in a sample of N,,,4 events, is given by:

——— = (1= figa) " [fo - Po+ fo - Pec|l + foga - Phga » (4)

where fyga, fo and f. = 1 — f,, are the fractions of background, bottom and charm in the
sample, and Ppgqp . describe the probabilities that the D meson from this source is tagged.
Assuming that the tagging probabilities P are known, and that the background fraction has
been measured, the bottom and thereby the charm fraction f. can be determined. This method
is the same as used in ref [3], where additional details may be found.
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decay length significance neural network

channel variable range estimator range ‘ estimator
3-prong

satellite AM 0.140 — 0.200 R 0.180 — 0.200 Q
5-prong

lepton AM 0.140 — 0.220 R 0.190 — 0.220 Q

DO Mpo 1.95 — 2.50 S - -

D+ Mp+ 1.75 —1.81,1.93 — 1.99 S - -

Table 5: Different background estimators used in the six D meson channels. Shown is the variable, in
which the background is selected, the range over which events are accepted, and the type of estimator
used. For the latter S corresponds to the correct charge selection, done in the mass range indicated,
Q to the wrong charge one, and R to the reflected pion sample. Estimators are listed for the decay
length significance and the neural network analysis. A more detailed discussion of the background
and their application can be found in the text.

The probabilities P are calculated as far as possible from data. Distributions of the tagging
variables are produced in the data for both signal and background candidates. The decay length
distribution for background subtracted D meson candidates is shown in figure 3(a). Superim-
posed is the prediction from Monte Carlo simulation of the same variable. In figure 3(b) the
neural network output variable is shown for the D** candidates after background subtraction.

Bottom events are tagged by requiring large decay length significances (d/o > 8) or neural
network outputs close to one. For the jet shape analysis, the tagging probabilities P, that
a b-event results in a particular network output have been calculated in [3] from data, using
events enriched in bottom by the presence of a high momentum lepton. The tagging probability
P. for the jet shape analysis has been determined from the simulation. For the decay length
significance Monte Carlo simulation has been used to calculate the expected distributions from
both charm and bottom events. The total number of b events is obtained using eq. 4.

The analysis is repeated for looser cuts on the decay length significance of 6,4 and 2. For the
jetshape analysis the output distribution has been subdivided into four roughly equally popu-
lated regions, and the separation is repeated for each of the regions. The different results are
combined taking the correlations between the samples into account. The analysis is performed
separately in all channels, and for each bin of zp, as defined in table 4.

The final results of this analysis are the charm fractions f.(#p)channer as a function of the
scaled energy for each channel separately. In table 6 the charm fractions are given combined
into two bins of zp, for each channel. The systematic errors shown in the table will be discussed
in detail later in this note.

5.2 Event Probabilities
The charm fractions determined for an ensemble of candidates are extended into event-by-

event weights using decay length significance information calculated in the highest energy jet
not containing the D candidate. The jet containing the D meson candidate is not used because
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0.2<zp <05 zp > 0.5
channel fet Ostat TOgys fe Ostat T04ys
3-prong | 0.325+0.024+0.048 | 0.844+0.0204+0.025
satellite | 0.4354+0.030+£0.011 | 0.855+0.02740.045
5-prong - 0.806+£0.02940.083
electron | 0.433+0.051+£0.051 | 0.948+0.046+0.035
muon 0.507+0.047+0.048 | 0.908+0.045+0.032

03 <zp < 0.5 zp > 0.5
DO 0.336+£0.0674+0.099 | 0.769+0.065+0.108
D+ 0.407+0.11940.130 | 0.788+0.080+0.077

Table 6: List of charm fractions in the different channels with their statistical and systematic errors.
Results both for 0.2 < zp < 0.5 and zp > 0.5 are shown to illustrate the increasing charm purity
with increasing zp. Note that the zp used is the one calculated from the observed tracks, and the
same zp could correspond to a different true scaled energy of the D meson in different channels.

lifetime information in this jet is sensitive to the time dependent mixing in the B system. The
measurement of the decay length significance, d/o = §, in a specific event is compared to the
expected distributions for signal, background, bottom and charm events, and a probability for
this measurement is calculated.

As far as possible data are used to calculate the probabilities. The distributions for all
candidates, L.qnq, and for background events, L;,q are taken directly from measurements. The
background distributions are estimated from events tagged using candidates in a sideband
in AM, Mpo or Mp+, with mass cuts as given in table 5. Using the number of signal and
background events given in table 4 the weights for an event being a signal or a background
event can be calculated:

Leana(%iy 8;) — foga(:) - Lvga(®i, 6;)
foga(z:) - Lyga(zs, 6;) (5)

wsig(mh 51)

wbgd(mh 6’4) =

The functions L(z;,8;) are the probability density functions of the decay length significances.
The fractions fuga(z) = N;’gd(az)/Nf‘md(:c) are calculated in bins of z, as described above, and
separately in each channel, from the number given in table 4.

Monte Carlo simulation is used to predict the equivalent distributions for bottom and charm

even , L.(§) and Ly(8). The weights are given by:

fo(zi) L (s, 8;)
fb(mi)Lb(mh 51) + fc(mi)Lc(mh 51)
fe(@i)Le(8:)
we(zi, 6;) = . 6
(8 = o) Tale,8) + Fda) Lelai,5) )
Here fo(z;), fo(z;) are the fraction of bottom, charm events in the sample, which have been
determined on a statistical basis in bins of z, and L are the probability density functions for
the decay length significance distribution, for the candidate type indicated.

‘wb(ZCi, 61) =

12



6 Measurement of the Asymmetries

In this section the measurement of the asymmetries is presented. They are extracted from the
data using an unbinned log-likelihood fit. The technique used and the likelihood function will
be described in the first part of this section. The results of the previous section, the event-by-
event weights for an event to be a bottom, charm or background event, are used as input into
this fit. The actual fit and its results are discussed in the last part of this section.

6.1 The Likelihood Function

The forward-backward asymmetry is defined as

fo dy — [0 “dy

AFB = = =
oy + [0, % dy

(7)

where y is the cosine of the polar angle of the outgoing fermion with respect to the incoming
fermion. In events containing a D meson, the direction y is approximately described by y =
q - €08(0ihrust), where ¢ is the charge of the D and 6y is the angle of the thrust axis with
respect to the beam. The sign of the thrust axis is chosen such that the scalar product of the
thrust axis with the D direction is positive.

The asymmetry is determined in an unbinned log-likelihood fit to the thrust distribution
signed by the charge of the D meson candidate. The likelihood function has the form

8
log £ = log(1 +y + 3 - Apg - 1) - (8)

The sum runs over all candidates ¢ considered.

The total observed asymmetry has contributions from bottom, charm and background
events, resulting in a total probability density function

8
= [waig - (wo - (1= 2(p)(1 — 2xD) Apg + we - Afg) + whea AR vi - (9)

L, = 1442
+yl+3

Here wy;gpgap,c is the event weight of a D mesons to originate from the source indicated, xp
is the average time integrated B°— B’ mixing in the D sample, and A:igBd allows for a possible
asymmetry in this background. The B- B’ mixing parameter, xp, is the one appropriate
for the sample of D mesons, which originate mostly neutral B mesons and a small fraction of
charged B mesons. It is estimated separately for D**, D° and D" channels. Differences between
the different channels are expected because the production mechanism are somewhat different,
and because the lifetime cut applied to the D® and DT channel biases the effective mixing in
this sample. “Wrongly” charged D~ mesons can be produced in b-decays via the suppressed
production of a € quark in the decay of a W into €s. The contribution to the sample from
this source is estimated to be less than 1%. This results in a mixing like parameter (p, which
describes the fraction of D mesons produced with the wrong sign in the full sample. In table 7
the actual values used for the different channels are given.

13



channel ‘ (p ‘ XEf 7

D*t 0.025 4+ 0.025 | 0.160 + 0.019
DO 0.025 4+ 0.025 | 0.080 + 0.026
D+ 0.028 4+ 0.028 | 0.176 + 0.023

Table 7: List of the effective mixing parameter xp appropriate for the different channels, and for (p,
the fraction of wrong sign D mesons in the sample.

6.2 Background Asymmetry

As discussed above background can present a serious problem if, for a significant fraction of
events, a charge correlation exists between the primary quark in the event and the charge
tagged by the D meson candidate. Monte Carlo studies show that such correlations exist at
a significant level in the different channels. These studies also indicate that the amount of
correlation does not depend on AM, Mpo or Mp+, allowing it to be measured in sidebands in
AM and Mpo, Mp+ respectively. From the simulation it is found that typical charge correlations
are of the order of a few percent in the non-leptonic D channels, and around 10% in the leptonic
channels. This translates into expected background asymmetries below 1% in most channels.
The Monte Carlo shows that the sideband describes the charge asymmetries to better than
0.1%, with no systematic effects visible. Nevertheless the observed differences between true
background and sideband charge asymmetries will be used as systematic errors due to this
source.

The fit is extended to determine simultaneously the background asymmetries in the samples
by constraining them to their values in the appropriate sidebands. The sidebands used are the
same as were used in the estimation of the background distributions, and are summarised in
table 5.

6.3 Results of the Fit

The samples collected on, below and above the peak of the Z° resonance have been fitted to
extract A%y and ABg. The final probability density function used to construct the likelihood
is given by equation 9. The bottom asymmetry, the charm asymmetry and the background
asymmetries are free parameters in the fit. The latter one is allowed to vary independently
in each on the seven channels considered. It should be noted however that the background
asymmetries are essentially determined from the sidebands, and are nearly totally decoupled
from the charm and bottom asymmetries.

The results of the fits are

cp = —0.006 + 0.068 Abp = 0.027 +£0.169  (E.,) = 89.54 GeV
ASp = 0.068 £0.014 Aby,= 0.112£0.035  (E.,) =91.20 GeV
cp= 0171 £0.058 Abp= —0.267 £0.140  (E.,) = 92.94 GeV
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with a statistical correlation coefficient between the bottom and charm asymmetry of —0.414
(—0.411 and —0.402 for the low and high energy point, respectively). The energies indicated
are a luminosity weighted average of the appropriate off peak and on peak points respectively.

The result of the fit is illustrated in figure 4, where the differential asymmetry, AArp =
(nr(y) — nB(y))/(nr(y) + ne(y)) is shown as a function of y, with the result of the fit super-
imposed. npp(y) are the number of candidates in the forward (backward) y hemisphere. The
results are plotted as a function of the center of mass energy in figure 5. Also shown is the
prediction of the standard model for a top mass of 180 GeVand a Higgs mass of 300 GeV. In
figure 6 the correlation between A%y and Aby is illustrated, and the predictions of the standard
model for the asymmetries on the peak of the Z° resonance are shown.

The fit has been repeated with the bottom asymmetry set to its standard model expectation
of ARz = 0.0935, obtained for a Higgs mass of 300 GeV and a top mass of 180 GeV. The result

on the peak of the Z° resonance is:
s = 0.071 +0.013

in good agreement with the above two parameter fit.

7 Checks and Systematic Errors

The stability of the fit procedure has been checked by repeating the analysis individually for
each of the seven channels, and comparing the results. Consistent results are obtained.

Two groups of systematic errors affect the analysis. The first group is related to errors
specific to this analysis and the determination of the asymmetry. The second group concerns
errors related to the separation of the sample into its bottom and charm component. This
latter error will only be reviewed here rather briefly, since a more detailed discussion may be
found in [3].

A number of systematic effects can influence the asymmetry fit results. The following
sources have been considered:

e One of the advantages of the likelihood fit is that it is independent of the experimental
acceptances. This is only true if the ratio between signal and background acceptances
is constant over the different cos 6 regions for which they have been determined. The
influence of this assumption has been investigated by repeating the fit with signal and
background determined in only one bin of cos §. Possible deviations from this assumption
can be caused by the changing mass resolution as a function of cos, which might affect
signal and background differently. The effect is found to be small.

e The acceptance in the detector has been studied for signs of possible asymmetries in
gcosf. No indication of any effect has been found, neither in the simulation nor in the
data.

e Heavy flavour production in gluon initiated jets will contribute at a low level to the
sample of D mesons tagged. A first measurement of this contribution has been presented
in [3,15], in agreement with current theoretical predictions. The measured rate from
gluon splitting, ny ..z = 2.38 4+ 0.48%), has been subtracted from the tagged sample, with
50% of the contribution assigned as a systematic error from this source.

15



(Eem,) 89.54 GeV 91.20 GeV 92.94 GeV

Systematic error source A(Asg) ‘ A(AER) || A(A%g) ‘ A(ARg) || A(4%R) ‘ A(AbR)
general errors
Saﬁik";ﬁ;ﬂfﬁ“&f df‘;ir gnal 0.0009 | 0.0028 | 0.0009 | 0.0028 | 0.0009 | 0.0028
background level 0.0038 0.0101 0.0014 0.0062 0.0038 0.0113
contribution from

W — D((p) - +0.0014 - +0.0061 - —0.0130
effective B—B

mixing in D events - +.0024 - +0.0096 - —0.0230
thrust instead of

quark direction 0.0010 0.0010 0.0010 0.0010 0.0010 0.0010
g — cc,bb +0.0002 | —0.0008 || +0.0020 | 0.0034 | +0.0050 | —0.0078
background asymmetry 0.0010 0.0023 0.0010 0.0023 0.0010 0.0023
x — dependence of

background asymmetry 0.0018 0.0051 0.0018 0.0051 0.0018 0.0051
b-c separation related errors
Monte Carlo statistics 0.0084 0.0248 0.0018 0.0052 0.0094 0.0264
background estimator 0.0039 0.0110 0.0039 0.0110 0.0039 0.0110
charged multiplicity in jets —0.0036 | +0.0218 || —0.0023 | 4-0.0022 || +0.0046 | +0.0183
charm modelling 0.0030 0.0054 0.0030 0.0054 0.0030 0.0054
detector response 0.0007 0.0022 0.0002 0.0005 0.0011 0.0023
detector resolution 0.0022 0.0064 0.0022 0.0005 0.0014 0.0068
Heavy flavour fragmentation || 0.0005 0.0015 0.0001 0.0003 0.0007 0.0015
Hemisphere bias 0.0023 0.0039 0.0023 0.0039 0.0023 0.0039
Bottom hadron lifetime —0.0017 | +0.0065 || —0.0003 | +0.0005 || —0.0021 | 4-0.0026
total | 0.0120 | 0.0385 || 0.0071 | 0.0205 || 0.0151 | 0.0495

Table 8: List of the systematic errors contributing to the measured asymmetries of the processes
ete”™ — ct and ete™ — bb, for the three ranges of center of mass energy investigated. A sign in front
of an error indicates the direction of change under a positive change of the variable.

e The determination of the background asymmetries depends on the assumption, that the

sidebands correctly reproduce the charge correlation present in the true background. This

assumption has been checked in the simulation. Typical charge correlations are found to
be of the order of a few percent, and differences between sideband and true background

below 0.1%. The observed differences are used as systematic errors from this source.

e A possible bias in the background asymmetries as a function of zp has been investigated
by splitting the background samples into two bins of zp, and repeating the fit. The
difference has been assigned as the systematic error. Its size is also consistent with Monte

Carlo studies.

The errors considered in connection with the flavour separation are:

e Monte Carlo Statistics: The determination of the tagging probabilities relies partially on
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Monte Carlo. This error is due to the finite statistics of the Monte Carlo available.

Background estimators: Some differences may exist between the true background and
the background estimators used. They are the source of the largest systematic error. It
should be noted however that this error has a large statistical component due to the finite
size of the Monte Carlo sample available.

Heavy flavour multiplicity: The multiplicity for heavy flavour decays in the Monte Carlo
has been varied by reweighting simulated events, corresponding to the current experimen-
tal bounds.

Charm modelling: The modelling of the shape of charm jets, of multiplicities and mo-
menta flow in charm jets is another important source of systematic error, introduced by
the jetshape analysis. This error also includes effects due to possible differences in the
decay length distribution of jets originating from charm quark decays, between data and
simulation. This latter part of the error has been calculated by repeating the analysis
after determining the charm decay length distribution nearly entirely from data. This is
possible, since the decay length significance distribution of the candidates, of background
and of bottom jets are known. The observed differences in the asymmetries are used as
systematic error.

Detector response: Non-uniformity of the detector response as a function of cos @ gives
rise to this error. This error is present for the jetshape analysis.

Detector resolution: The resolution of the track parameters in the Monte Carlo is varied

by +20%.

Heavy flavour fragmentation: The parameters for the charm and bottom fragmentation
function are varied within their experimental limits.

Hemisphere bias: This errors describes a possible bias between the D-jet and the jet used
to calculate the tagging variables used in the flavour separation.

Bottom hadron lifetime: The B-hadron lifetime has been varied within its current exper-
imental error.

A list of all systematic errors considered is given in table 8.

8

The forward-backward asymmetries of the processes e

Results and Summary

te~ — c¢c and eTe~ — bb have been

measured using 27651 4 247 D**, D° and D* candidate events containing 25095 signal events
on the peak of the Z° resonance, 1127 events below and 1429 above the peak off the resonance.
The result of the fit with both the b and the ¢ asymmetry as free parameters is

c
AFB
c
FB

c
FB

= —0.006 & 0.068 & 0.012  Aby = 0.027 4 0.169 + 0.039 (Eem) = 89.54 GeV
= 0.068 £ 0.014 &+ 0.007  Abg 0.112 £+ 0.035 £ 0.021 (Eem) = 91.20 GeV
= 0.171 £ 0.058 & 0.015  Abp = —0.267 4 0.140 & 0.050 (Eem) = 92.94 GeV
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in good agreement with the corresponding measurement using high momentum leptons [19] and
other measurements at LEP [20].

The fit has been repeated with the bottom asymmetry fixed to its standard model value,
resulting in a charm asymmetry measurement of

Azg = 0.071 £ 0.013 + 0.008

in good agreement with the above numbers.

Compared to the previous OPAL analysis in ref [2] both the size of the sample has been
increased significantly, and the separation between the bottom and the charm components is
much improved. As a result in particular the errors of the bottom asymmetries decreased.
Comparing the results of the two parameter fit in [2] and this paper, the significances of the
differences between the results are +0.65,—1.24 and —1.60 o for the low energy point, on
peak point, and the high energy point, respectively, indicating an overall reasonable agreement
between both measurement.

The results are consistent with the standard model predictions of A%y = 0.061 and ABg =
0.0935, which were obtained using the program ZFITTER [21] at a centre of mass energy of
91.27 GeV, assuming a top mass of 180 GeV and a Higgs boson mass of 300 GeV. They are
also consistent with the predicted energy dependence.
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Figure 1: Distributions of the difference Mp:+ — Mpo reconstructed in the four different D**
channels. Both semileptonic decays have been combined into one plot. Superimposed are the
background estimator distributions, normalised to the upper sidebands in AM.
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Figure 2: Invariant mass spectra for the D° and the Dt channels. Superimposed is the function
used to determine the number of D mesons in each sample.
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Figure 3: (a) Distribution of the decay length significance in data (points with error bars)
and Monte Carlo (line histogram), as reconstructed in the opposite hemisphere from the D**
candidate. The hatched histogram represents the distribution for charm events, as calculated in
the simulation, and normalised to the measured charm fraction in the sample. (b) Normalised
distribution of the neural network output for D** candidates (points with error bars), and the
expected distribution for bb and cc events.
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Figure 4: Differential asymmetry as a function of y = ¢ cos 84,44, for all candidates, for on peak
energies. Superimposed is the result of the fit. The one standard deviation error is indicated

by the shaded band.
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Figure 5: Results for the b and ¢ asymmetries at energies on and around the pole of the
Z° resonance. The curve shown is the prediction of the standard model for a Higgs mass of
300 GeVand a top mass of 175 GeV. The inner error bars are the statistical errors, the outer
one the total error. 25
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Figure 6: Comparison of the measured b and ¢ asymmetries on the peak of the Z° resonance
with the standard model prediction for a range of top and higgs masses. The central value is
indicated by the square, the contour correspond to 39% and 86% probability, respectively. The
line shown illustrates the standard model predictions for the values (myop, Mpiggs) shown.
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