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Abstract

The b�b forward�backward asymmetry �Abb
FB � is determined from the average charge

�ow� hQFBi� measured in a sample of � ��� ��� hadronic Z decays collected with
the DELPHI detector in 	

� � 	

�� The measurement is performed in an enriched
b�b sample selected using an impact parameter tag and results in 

Abb
FB � ���
�
 � �������stat��� �����	�syst��

The b�b charge separation� �b� required for this analysis is directly measured in the
b tagged sample� while the other charge separations� �d�u�s�c� are obtained from a
fragmentation model precisely calibrated to data�
The e�ective weak mixing angle� sin��le� � is deduced from the measurement

sin��le� � ������ � �����
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� Introduction

The coupling of the Z boson to the fermions results in an asymmetric angular distribution
of the e�e� � Z� f�f �nal states� In terms of the vector and axial vector couplings �vf � af�
at
p
s �MZ the Standard Model predicts for the forward	backward asymmetry of the f�f

�nal state to the lowest order �

Aff
FB �

�

�

�aeve
a�e � v�e

�afvf
a�f � v�f

���

Higher order electroweak corrections can be accounted for by means of an improved Born
approximation which leaves the above relation unchanged but de�nes the modi�ed cou	
plings �af  �vf  and an e�ective mixing angle �

l
e� for which

�vf
�af
� �� �jqfj sin� �le� ���

where qf is the fermion electric charge� Therefore sin
��le� includes higher order e�ects

and its measurement is an important test of the Standard Model predictions�
It is advantageous to measure asymmetries for quark �nal states as here in principle

the sensitivity to sin��le� is larger compared to lepton �nal states� These measurements
determine sin��le� as de�ned by the electron couplings ����

Information on the original quark charges for these events has to be obtained from the
�nal state hadrons� In this paper a momentum weighted average of the particle charges
detected in one hemisphere �or clustered in one jet� was used� The di�erence QFB �often
called charge �ow� between the forward and backward hemisphere charges in each event
turns out to be a linear combination of the quark asymmetries with coe�cients mainly
given by the charge separations �f  i�e� the quark	antiquark separation power of the
hemisphere charge for each individual �avour� Any measurement of hQFBi and of the �f �s
then implies a measurement of sin��le� � Flavour tagging techniques can give access to
single �avour asymmetries�

In this paper the measurement of hQFBi is presented using a b�b enriched sample� The
b�b forward	backward asymmetry Abb

FB  has been determined from this measurement and
the e�ective weak mixing angle sin��le�  was derived�

In this section a short discussion of the principles underlaying the jet charge technique
and the the basic de�nitions which will be used throughout the paper are given� The
DELPHI detector and the event selection are described in section � together with the b
tagging technique used to obtain b�b enriched samples� In section � the determinations
of the individual charge separations are described� �b was directly measured from the
data while the other charge separations �d�u�s�c were obtained from an accurately tuned

fragmentation model� In section � the Abb
FB extraction is described and the systematic

errors are discussed in section �� Finally a summary and conclusion are presented in
section ��

In order to measure charge asymmetries in the process e�e� � Z � q�q � jets it
is necessary to determine the charge of the quarks underlying hadron jets in an event�
The quark charge has to be determined from the �nal state hadrons and therefore this
information is smeared by the fragmentation process�

Experimentally the charge of the initial fermion in the related hemisphere is estimated
using the following hemisphere charge de�nition�

�



QF �B� �

P
i qij�pi � �T j�P
i j�pi � �T j�

F � �pi � �T � 
 forward hemisphere

B � �pi � �T � 
 backward hemisphere
���

where the sum runs over the charged tracks �T is the Thrust unit vector qi the particle
charge �pi the particle momentum and the exponent � a positive number� The plane
perpendicular to the Thrust axis computed using charged and neutral particles divides
each event into two hemispheres� The Thrust axis orientation was always chosen to point
into the same direction as the incoming electrons�

Consistency of the results over a wide range of � choices �� � 
	�� 
	�� 
	�� �� �	�� �	��
is used to justify the obtained precision of the results� This observable is robust against
mismeasurement of the hadron momenta �pi� Its value is bound in the interval 	� to ��
The projection of the hadron momenta to the Thrust axis �T projects out the in�uence of
hard gluon radiation�

For every event two quantities the charge �ow QFB and total charge QTOT  can be
de�ned �

QFB � QF �QB ���

QTOT � QF �QB ���

Except for detector in�uences �mainly hadronic re	interaction� the averaged total charge
hQTOT i is expected to vanish while the average charge �ow hQFBi relates to the relevant
quark asymmetries�

hQFBi �
X

flavours f


f�fPfA
f	f
FB	 ���


f is a weighting factor to account mainly for the incomplete angular acceptance limited
angular resolution and other detector e�ects but also for the QCD correction� Pf is the
relative abundance of a quark �avour f in the hadronic event sample�

The overall impact of fragmentation in e�e� annihilation events into a given quark
�avour f can be judged from the average di�erence of the hemisphere charge in the hemi	
sphere of the quark f and the anti	quark �f�

�f��� � hQf �Q 	fi��� ���

This quantity is called charge separation �f  and if quarks could be directly observed
�f � �qf � In case of a pure �avour sample which is approximately the case for the b
tagged sample �f can be measured from the data using the relation�

��f � ��fFB�
� � ��fTOT �� ���

Here ��fFB�
� and ��fTOT �

� is the variance of the QFB  respectively QTOT  distribution� The
validity of this equation is immediately evident from Fig��� Note however that charge
correlations between the event hemispheres are neglected in this expression�

To measure Abb
FB Eqn�� was used and all quantities appearing in it were evaluated�

hQFBi was directly measured from the data as well as Pb and �b with a minimal input
from simulation� Pf �
b �f �
b and 
f were determined using simulated events� The relation

between Abb
FB and A

cc
FB was taken from the SM prediction and up type �down type� quark

universality has been assumed�
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Figure �� Sketch of the principle of the hQFBi and the ��f measurement for a single
�down type� �avour f� �f is the RMS of the QTOT �� �fTOT � distribution or of the QFB

distribution for quarks going only to the forward �backward� direction respectively� �FB
is the RMS of the overall QFB �� �fFB� distribution�
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� Detector description and event selection

��� The DELPHI detector

The DELPHI detector has been described in details in ����
In the DELPHI coordinate system the z	axis is parallel to the beam pointing into the

�ight direction of the electrons� The radius R and the azimuth � are de�ned in the plane
perpendicular to z and the polar angle � is 
 along z� Only the detector components
which were used in this analysis are mentioned here�

In the barrel part a set of cylindrical detectors coaxial with the beam direction and
inside a ��� T solenoidal magnetic �eld are devoted to the measurement of the charged
particle tracks� The innermost is the Vertex Detector �VD� ��� located just outside the
beam pipe� It consists of three concentric layers of silicon micro strip detectors at average
radii of ��� cm ��� cm and �
�� cm from the interaction region and it covers a polar
angle range between ��� and ����� Until ���� it provided only measurements of the R�
coordinate� In ���� the innermost and the outermost VD layers were equipped with
double sided silicon detectors which allowed to measure also the z coordinate�

Outside the VD between �� cm and �� cm of radius there is the Inner Detector �ID�
which is composed by a jet chamber providing up to �� R� measurements and by �ve
layers of proportional chambers providing both R� and z information� The ID covers the
� range between ��� and ����� It is surrounded by the Time Projection Chamber �TPC�
the main DELPHI tracking device which is a cylinder of � m length an inner radius
of �
 cm and an outer radius of ��� cm� The ionization charge produced by particles
crossing the TPC volume is drifted to the edges of the detector where it is measured in
a proportional chamber� Up to �� space points can be measured for ��� � � � �����
Outside this region and up to ��� and to ���� a track can be reconstructed using at least
� points� Additional R� measurements on the charged particles tracks are provided by
the Outer Detector �OD� which lays between radii of ��� cm and �
� cm and consists of
�ve layers of drift cells� In the forward region two sets of wire chambers �FCA FCB� at
���
 cm and at ���
 cm in z provided measurements of low angle particles trajectories�

The electromagnetic calorimeters HPC in the barrel and FEMC in the forward region
were used to measure electromagnetic interacting particles�

��� The sample of hadronic events

The track cuts are optimised to ensure well measured tracks for the analysis� The event
cuts are chosen to reduce the background arising from lepton and  events as well as
from beam	gas or beam	wall events� After the selection the contribution of background
events turns out to be negligible� To ensure a good measurement of the forward and
backward hemisphere charges hemisphere related cuts were applied�

Events containing one or more tracks with momentum greater than �
GeV were dis	
carded�

The angular acceptance is limited by detector e�ects entering into the measurement
of the hemisphere charge �

� the angle between momentum vector and magnetic �eld a�ects the detector resolu	
tion�

�



track cuts j �p j � 
	�GeV�c
eneu � 
	�GeV

tTPC only
len � �
 cm
�ch�neu� � �
������

�j�pj
j�pj

� �

�

j IR� j � � cm
j sin � � Iz j � � cm

event cuts Ech � 
	���p
s

Ehem
ch � 
	
��p

s
Nch � �
Nhem
ch � �
��T 	 ���� � ����

Table �� Cuts to select hadronic events
�p � track momentum � eneu � neutral particle energy� tlen � measured track length � IR��z� �

impact parameter in R��z� � E�hem�
ch � total �hemisphere� charged energy � N �hem�

ch � total
�hemisphere� multiplicity�

p
s � cms energy

� the TPC middle plate causes problems for the momentum measurement and charge
identi�cation�

The angular acceptance has to be reduced as well because of a decreasing b tagging
capability in the forward region due to the limited coverage of the micro vertex detector�

All data collected during the years ���� up to ���� on and o� peak corresponding
to �	� � �
� hadronic events were used in this analysis� The average centre of mass energy
on peak is ����� GeV �

��� Tagging of b�b events with an impact parameter method

To select a sample enriched in b�b events an enhanced impact parameter method has been
used� This technique is based on the well established impact parameter method which
was originally proposed by ALEPH ��� and then adopted in DELPHI �� ��� To reach an
improved capability of separating especially b from c events additional information like
the vertex mass and energy of the reconstructed secondary vertex has been included ����

The DELPHI Vertex Detector �� �� allows a very precise measurement of spatial
points along the charged particles path� From �� until �� the vertex is �tted on an event
by event basis ��� using the two dimensional information of the micro vertex detector
while the individual impact parameters are evaluated in the plane perpendicular to the
colliding beams� From �� onwards the then available z information was used in addition
to calculate the vertex and the impact parameters�

For this analysis the combined probability variable btag has been used� b�b events
tend to have higher btag values whereas non	b events are peaked at smaller values �Fig����

Samples of events are selected by cutting on btag where the corresponding b purities
�e�ciencies� increase �decrease� with higher cut values� Note that the samples selected
are highly correlated because the events selected with a certain cut value are a subsample
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Figure �� Comparison between Data and Monte Carlo of the normalised number of events
versus the btag variable �
light quark c quark and b	quark events are shown separately in the Monte Carlo case�

of the events selected for all lower cut values used�
The b purity Pb is de�ned as the fraction of b�b events in the selected sample and

the b e�ciency �b is the probability of selecting a b�b event respectively� Pb is measured
partly from the data using

Pb�cut� �
F�cut��Rc � �c�cut�� ��� Rc �Rb�� �uds�cut�

F�cut� ���

where F is the fraction of selected events at a given cut value and �uds and �c are the
selection e�ciencies for the light �avours and the charm events which are both obtained
from the simulation� Rc and Rb are the fractions of c�c and b�b events produced in hadronic
Z decays and are �xed to their Standard Model values 
���� �
������ for Rc �Rb�� The
corresponding tagging e�ciencies can be estimated using Eqn��
�

�b�cut� � Pb�cut�� F�cut�
Rb

��
�

Accurate tuning of the Monte Carlo to the data was performed ��� in order to correctly
estimate the e�ciencies� The data collected in di�erent years were treated separately due
to the changes in the detector�

�



� Determination of the charge separations

��� Charge separations of light �avours

Reliable values of the light �avour charge separations their errors and correlations have
been determined using the framework of Monte Carlo fragmentation models ���� JETSET
combined with the ARIADNE parton shower ansatz today gives the best overall descrip	
tion of hadronic and identi�ed particle distributions ��
 �� �� ���� Therefore this model
was chosen for the calculation of the quark charge separations completed with heavy
quark decays which were adjusted to recent data ����� In the following this model will be
refered as J�A fragmentation model�

The relevant calculations have been e�ciently performed using an analytic substitution
of the Monte Carlo model �� ���� The model dependence of all charge separations and
also of all related bins of all input distributions like particle rates and momentum spectra
event shapes etc� were approximated by an analytic expression XMC�p�� 			� pn� quadratic
in the n model parameters pi �

XMC�p�� 			� pn� � A �
nX

i
�

Bipi �
nX

i
�

Cip
�
i �

n��X

i
�

nX

j
i��

Dijpipj ����

The coe�cients Dij consider correlations among the model parameters� The N � n
�
�n �

�� � � coe�cients A� Bi� Ci and Dij for each bin have been determined from a linear
�t of Eqn��� to �

 sets of Monte Carlo distributions generated with di�erent model
parameters� Each of the Monte Carlo sets has a statistic of �

�


 events� The model
parameters were chosen at random in a parameter hypercube de�ned by the parameter
intervals given in Tab���

The precision of this interpolation procedure has been tested by comparing the results
of the analytic substitution with the real Monte Carlo answer� The average precision for
all bins �including those with small statistics� was found to be �	�� and for the charge
separations �average statistical precision 
���� it was found to be 
	��� No systematic
bias of the predictions has been observed�

In order to determine optimal model parameters �popt and the corresponding charge sep	
arations the analytic model has been �tted by minimising �� �

P
��XMC �Xdata���data�

�

���� using di�erent sets of data distributions �given in Tab���� Due to imperfections of the
data and the model the ���Ndf for some distributions is unacceptably large� For these
distributions the errors have been rescaled according to the prescription given in ���� such
that ���Ndf � � and the �t has been repeated� The optimized parameters are given in
Tab���

To obtain the systematic error of the charge separations �f due to uncertainties in the
fragmentation model all parameters are systematically varied in the ��	dimensional hyper
space� The expected Monte Carlo answer is predicted by Eqn��� and compared to the data
sets given in Tab��� The belonging �� re�ects the quality of the chosen parameter setting�
A cut in �� is performed to discard all parameter settings leading to a �� probability of
less than ���� For all parameter settings which survive the cut in �� the desired charge
separations �f are predicted �Eqn����� The scattering of the charge separations re�ect the
uncertainty of the Monte Carlo model�

A further systematic error of this approach has been estimated by using �� alternative
combinations of input data for the determination of the central parameters� The di�erent

�



No� Parameter Code default interval gen� optimal

� Lund a PARJ���� 
�� 
�� 	 ��
 
����

� Lund b PARJ���� 
�� 
�� 	 
�� 
����

� �q PARJ���� 
��� 
��� 	 
��� 
����

�  QCD PARA��� 
��� 
��� 	 
��� 
����

� pQCDt PARA��� 
�� 
�� 	 
�� 
����

� s PARJ��� 
��� 
��� 	 
��� 
���


� P�qq��P�q� PARJ��� 
�� 
�
�� 	 
���� 
��
�

� P�us��P�ud��s PARJ��� 
�� 
�� 	 
�� ��
��

� P�ud���P�ud
��� PARJ��� 
�
� 
�
� 	 
��
 
�
��

�
 Popcorn PARJ��� 
�� 
�
� 	 ��� 
����

�� add� baryon suppr� PARJ��	� 
�� 
�� 	 
�� 
����

�� P��S�ud ! ! 
�� 	 
�� 
����

�� P��S��ud ! ! 
�� 	 
�� 
����

�� P��S�s ! ! 
�� 	 
�� 
����

�� P��S��s ! ! 
�� 	 
�� 
����

Table �� ARIADNE and JETSET parameter related to charge separations� Interval gen�
denotes the interval in which the parameters of the initial Monte Carlo sets have been
chosen�

combinations are presented in Tab��� They have been selected in order to account for
imperfect simultaneous description of the K or K� spectra and the charged multiplicity
or the xp	distribution ����� Furthermore event shape distributions linear or quadratic
in the particle momenta have been chosen alternatively� Data set �� will be refered as
reference data set in the following because it contains a �t to all distribution and is
mainly used for the given results�

The in�uence of the detector then has been considered by folding the charge �ow
distributions with a detector response matrix� This matrix has been determined using
the full simulation of the DELPHI apparatus� For a generated charge �ow in a given bin it
determines the probability to measure the charge �ow in any other bin of the distribution�
As this matrix can only be determined for events which have been accepted in the analysis
a further correction factor has been applied to account for a possible bias due to the events
rejected by the measuring process or cuts applied in the analysis�

The mean values of the charge separations �u�d�s�c using the reference data set are
given in Tab�� for the detector setting of ��� Because the charge separations have to be
folded with the response of the DELPHI detector they cannot be directly compared to
the corresponding results of other experiments� Only the ratios of the di�erent �avours
should be compatible� Comparing the di�erent years of data taking the values change
slightly which is due to a di�erent acceptance of tracks and events depending on the
di�erent �avours�

�



data set
distribution

	 � � � � � � � 
 	� 		 	� 	�

xp �D�
� �A�D�
� �A�

f� f� �D�
K� �A�D�O�
K�� �A�D�O�
Proton �A�D� � � � � � � � � � � � � �

�� �� �A�
y�p�� y��p� �A�
y���� y���� �O�
��� �D�O�
� �A�D�

����� �D�O�

charged multiplicity � � � � � � �

Thrust� Major� Minor �D�

p
in�out
t �Thrust� �D�

Rapidity �Thrust� �D�
� � � � � � �

D��� Durham �D�

Spher�� Aplan�� Plan� �D�

p
in�out
t �Spher�� �D�

Rapidity �Spher�� �D�
� � � � � � �

D��� Jade �D�

K �A� � � � � � � � � �

K� �A� � � � � � � � � �

Table �� Combinations of input data used for the determination of the charge separations
� data set �� � and for the systematic cross check � data set �	�� �� The � denotes the
data belonging to the dataset� � A � means ALEPH Measurement � D � DELPHI means
Measurement and � O � means OPAL Measurement�
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� �d �u �s �c


�� 	
���
� 
����� 	
����� 
�����

�� 	
����� 
����
 	
���
� 
�����

�� 	
����� 
����
 	
��

� 
�����
��
 	
����� 
����� 	
���
� 
�����
��� 	
����� 
����� 	
����� 
�����
��� 	
���
� 
��
�� 	
����� 
�����

Table �� Charge separations as determined with the J�A model and folded with the
DELPHI detector of ���

The in�uence of the b tagging leads to a bias of the charge separations� A correction
has been determined from the DELPHI simulation and accounts for di�erences in the b
purity dependence� At the working point of Pb � ��� and �b � ��� the correction which
have to be applied are given in Tab�� for di�erent quark �avours�

� Cd Cu Cs Cc

�� 
��� � 
�
�� 
��
 � 
�
�� 
��� � 
�
�� 
��� � 
�
��

�� 
��� � 
�
�
 
��� � 
�
�� 
��� � 
�
�� 
��� � 
�
��

�� 
��� � 
�
�� 
��� � 
�
�� 
��� � 
�
�
 
��� � 
�
��
��
 
��
 � 
�
�� 
��� � 
�
�
 
��� � 
�
�� 
��� � 
�
��
��� 
��� � 
�
�
 
��� � 
�
�� 
��� � 
�
�� 
��� � 
�
�

��� 
��� � 
�
�� 
��� � 
�
�� 
��� � 
�
�� 
��� � 
�
��

Table �� Correction factors with their statistical error on �d�u�s�c for di�erent ��s at the
working point for ���� data � Cf � �f�Pb���f � Pb � ����

To account for the angular dependence of the di�erential asymmetry the Abb
FB mea	

surement is performed in � di�erent bins of ��T � The light quark charge separations are
extracted using the complete selected region� Correction factors to account for the di�er	
ent ��T bins are taken from the simulation and are listed in Tab�� for the chosen working
point�

��T Cd Cu Cs Cc
��� � ��� ��
� � 
��� 
��� � 
��
 ��
� � 
��� 
��� � 
�
�
��� � ��� 
��� � 
��� ��

 � 
��
 ��
� � 
��� ��
� � 
�
�
�
� � ��� 
��� � 
��� 
��� � 
�
� 
��� � 
��
 ��
� � 
�
�
��� � �
� ���� � 
��
 ���� � 
��� 
��� � 
��� ��
� � 
�
�

Table �� Correction factors with their statistical error on �d�u�s�c for di�erent ��T bins for
���� data � Cf � �f���T ���f � � � 
	� �

This corrections are small stable over the Pb range and show little dependence on �

�




and on the year of data taking�

��� b charge separation

The b charge separation can be measured on data from the widths of the charge �ow and
the total charge distributions with very small input from the simulation� This has the
advantage of being independent of the Monte Carlo description of the poorly known B
hadron decays� A discrepancy between the extracted �b and the value inside the simulation
is therefore expected�

A single measurement of the hemisphere charge can be regarded as sum of three
independent terms�

Qf �
�f
�
�
Ef

�
� Sf Q	f �

��f
�
�
E	f

�
� S	f ����

where Ef ��E	f� is a non vanishing �positive� bias due to hadronic re	interactions in the
detector material and Sf�	f� accounts for statistical variations of Qf�	f� thus hSf�	f�i � 
�

From the two equations above one can obtain�

X

f
u�d�s�c�b

Pf�
�
f � ��FB���TOT�hQFBi��

X

f
u�d�s�c�b

Pf��hSfS	fi� E�
f �� �

X

f
u�d�s�c�b

PfEf �
�

� �z �
����

MC
This equation describes the relation between �b and the other measurable quantities�
Most of the right hand side of this equation can be extracted from data apart from
the last terms marked with the under brace� They are numerically small and can be
safely estimated from simulation� It should be noted that the Ef term cancels completely
in Eqn��� if Pb � � or if Ef is �avour independent� Left over are the hSfS	fi terms
accounting for the small hemisphere	hemisphere charge correlation which is due to charge
conservation due to the common Thrust axis and due to occasional particle crossovers
between hemispheres�

The right hand side of Eqn��� is evaluated in samples of increasing b purity which
were obtained by selecting events lying above a certain btag value� The b charge separation
can be extracted directly when subtracting the background part

P
f �
b Pf�

�
f and separating

�b�
The measured �b is shown over the complete b purity range in Fig�� for two di�erent

� values in the lower plot� In the high purity region the resulting �b is nearly stable� The
remaining slope is well reproduced in the simulation and due to a small bias because of
the b tagging applied� In the region below �
� the slope is more pronounced and not
well reproduced in the simulation� In this intermediate or low b purity region �u�d�s but
rather �c is not well understood which leads to problems in the method of the Pb and �b
calculation� This is of no importance as only the values at high Pb enter into the analysis�

The measured mean squared charge separation �upper plot� and the term deduced
from the Monte Carlo  which includes the hemisphere correlation term �middle plot� are
shown in addition� Note that the points are highly correlated� This extraction procedure
has been checked on simulated data where it reproduced the input charge separation
correctly�
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Table �� Calculated �b values at the working point for the � years of data taking
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The extracted �b values used for the analysis at a working point of Pb � ��� are given
in Tab�� for the di�erent years� The error of the charge separation given in parenthesis is
due to the systematics of the determination of the light and charm charge separation�

Similar to the light and charm charge separation case correction factors which account
for the di�erent ��T bins are taken from the simulation �Tab���� The variation of the
correction factors with increasing Pb and the dependence on � is very small� Within their
statistical errors they are equal for the di�erent years of data taking�
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Table �� Correction factors with their statistical error on �b for di�erent ��T bins for ����
data

For completeness hQTOT ithe H term�Eqn���� and ��FB � ��TOT are shown as well be	
cause they enter in the determination of �b �Fig���� hQTOT i � P

f
u�d�s�c�b PfEf has been
taken from the simulation because of the cancelling e�ect mentioned� The discrepancies
in the hQTOT i measurement are due to an inaccurate description of the secondary inter	
actions in the simulation and enter in most of the hemisphere charge related observables�
This disagreement is less important because the value enters only via the numerically small
Monte Carlo correction term� The H term where this di�erences are mostly reduced by
the subtraction of the hQTOT i term enters not directly� It is close to the hemisphere	
hemisphere correlation and strongly related to hQFQBi and has been taken as well from
the simulation�

H � hQFQBi � hQTOT i��� ����

A su�cient agreement between data and simulation has been found and ensures the
validity of the �b determination� ��FB � ��TOT has been taken from the data and the
deviation between data and simulation re�ect that the �b value inside the simulation is
di�erent from the measured one�

� The measurement of AbbFB

The major input variable for the measurement of Abb
FB is hQFBi� For the evaluation of

Abb
FB Eqn�� has been used� hQFBi is shown in comparison with the simulation in Fig�� for

the complete selected angular region�
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For the Abb
FB evaluation hQFBi has been calculated for the � ��T 	bins separately� ����

�
� �
� � ��� ��� � ��� and ��� � ���� The discrepancy between data and simulation
is similar for all bins� The determination of the other quantities entering in Eqn�� and
Eqn�� is discussed below with the exception of the charge separations which have been
discussed already�

��� The tagging purities Pf and e�ciencies �f

The e�ects of di�erent acceptance for the quark �avours has been estimated from the
simulation� The usage of the b tagging requires systematical studies of the purities Pf

and e�ciencies �f �
The b fraction Pb and e�ciency �b are measured directly from the data using Rb

and Rc from the standard model prediction �see Eqn� ��
�� The purities and e�ciencies
for light and charm quarks are taken from the simulated data sample� The contribution
of charm events has to be checked in detail because charm events have an opposite asym	
metry compared with the down	type quark b� Long lived charm fragmentation products
may be found even after applying a high cut on the b tagging probability� At large b
tagging probability �Pb � ��� � about ��� of the remaining background is due to charm
events� For example the lifetimes and fractions of D	meson in c events have been checked
carefully�

��� The angular correction factor �f

The angular acceptance of the analysis is limited below ��� in polar angle due to detector
acceptance and decreasing momentum resolution of the tracking system at small angles�
The part around �
� has been rejected because the measurement of �b is distorted due to
detector e�ects and in addition does not contribute to the asymmetry measurement� As
the di�erential asymmetry increases with the polar angle a correction factor 
 has to be
applied� Neglecting mass and QCD e�ects from the shape of the di�erential cross section
this correction factor can be written as�


f� �
�

�

R �
 �f�cos �� cos � d cos �R �

 �f�cos ���� � a cos� �� d cos �
����

�f�cos �� is the �avour dependent selection e�ciency� When considering the Thrust axis

��T � as the reference direction a � 
	�� while taking the quark axis ��q� before gluon
radiation into account �which then accounts in addition for e�ects introduced by the
selection� a � � �see ������

The radiation of hard gluons for events at initially very small polar angles � and losses
of particles in the dead areas of the detector close to the beam may cause these events to
be accepted in the analysis� A correction for this e�ect which depends on the amount of
gluon radiation can be calculated using�


f� �
Qf
FB

�fA
f�gen
FB

����

In order to reduce the statistical error of this correction 
f� has been calculated with an
arti�cially enlarged generated asymmetry of 
��� assuming a perfectly forward�backward

��



�avour 
���q� 
��� � 
	��

d 
	���� 
	
�� 
	��
� 
	
�
u 
	��
� 
	
�� 
	���� 
	
�
s 
	���� 
	
�� 
	���� 
	
�
c 
	���� 
	

� 
	���� 
	
�
b 
	���� 
	

� 
	��
� 
	

�

Table �� Comparison between the di�erent de�nitions of the angular correction for ����
data

symmetric detector� A breakdown of the di�erent correction factors 
 for ���� data is
given in Tab�� in order to depict the magnitude of the di�erent corrections �

For the determination of the central values always 
� is used as it includes the e�ects
of the limited angular acceptance smearing and QCD e�ects� The QCD correction term
can be calculated by 
��
���q� and is compatible with �� This was expected because the
method of extracting the charge separations should include all QCD dependent terms�

The rather big errors for the light and c quarks are due to the small statistic in this high
purity region and habe little in�uence on the result� 
� is per construction � independent
while 
� shows no � dependence within the error� Both quantities vary with increasing
Pb and the values change slightly for the di�erent years�

��� The determination of Abb
FB

The angular correction factor 
 has been calculated separately for the ��T bins using
Eqn���� The purities have been computed as well for each angular bin whereas �b has
been measured on the bases of the full selected angular region and corrected afterwards
using the simulation� The light and charm quark charge separations have been evaluated
using the Monte Carlo fragmentation model� The resulting values have been corrected
using the simulation for detector e�ects for the b purity dependence and analogous to �b
for the angular bining� No additional b mixing correction has been applied because this
is already included in the �b measurement�

It has been checked that the Abb
FB extracted for the di�erent ��T bins are compatible

among themselves and with the average asymmetry� The relation between Abb
FB and A

cc
FB

has been taken from the SM and an up�down type universality has been assumed �Abb
FB

�Ass
FB �Add

FB  A
cc
FB �Auu

FB �� The determination has been performed for � � values and
for the full range of Pb� The results are highly correlated in both cases�

The working point has been chosen to minimize the expected total error on Abb
FB from

the simulation to � � 
	�� For all years this turns out to be the region of about ��� b
purity� The results are given for di�erent ��s at the working point in Fig��� Only the
statistical errors are shown�

The � dependence is slightly di�erent between the years which is due to a di�erent
detector response� Within one year the values for di�erent ��s are compatible�

For three di�erent ��s �
��
����
� the variation with Pb is given individually for all
the years in Fig��� Note again that the data points are highly correlated� The working
point is marked by the arrow in the middle plot�

��
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Figure �� Results of the Abb
FB measurement with statistical error depending on �� For all

years only the selected working point is shown�

The extracted Abb
FB values are stable above Pb 
 �
� while in the low purity region

some problems in describing the background are visible �see section ����� The results of
the individual years are compatible within the stable region�

� Systematic error

Systematic uncertainties introduced by the b tagging

In order to determine the systematic uncertainties of Pb and �b the quantities entering in
Eqn�� were individually studied and varied�

Rc �Rb� was set to the Standard Model values 
���� �
������ and changed by ���
��
	��� for systematic studies� The dependence between the measured values and Rc
respectively Rb can be approximated by a linear dependence� The chosen variation results
in systematic uncertainties which are given in Tab����

The e�ciencies for light and charm quarks enter also and a careful study was done as
proposed in ����� Both �uds and �c depend on the detector performance and were treated
for each year separately as well as the tuning of the b tagging� Di�erent in�uences on
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�uds were studied�

� The gluon splitting into c�c or b�b pairs inside light quark events� A conservative
change of ��
� for each channel was taken into account� These splittings lead to
lifetime information and enter into the b purity measurement�

� The K and  content in light quark events was varied by ��
� as these contribu	
tions may bias the b tagging�

� To estimate the e�ect of the detector resolution the probability depending only on
the impact parameter information has been used� F�

E �F
�
E � is the event probability

for positive�negative� measured impact parameters� The di�erence between the
number of events ful�lling the same F�

E cut in data and Monte Carlo gives an
estimate of the resolution contributing to �uds in the associated F

�
E bin� These bins

have been related to the btag bining and the corresponding Pb�

The tagging e�ciency �c inside the b enriched sample is more critical than the contribu	
tions mentioned before�

� The fractions of D meson production in c events was systematically studied accord	
ing to the procedure proposed in ����� The uncertainties were estimated by varying
the corrected values inside the uncertainties given in Tab��
� Each systematic shift
of the D�Ds c contribution was compensated by the D

 fraction therefore no extra
error is given in that case�

� Shifts induced to Pb �b and arising from the uncertainties of the D lifetimes were
estimated by varying the corrected lifetimes within the errors quoted in Tab��
� The
correction factor uses the exponential dependence of the lifetimes�

� The in�uence of the uncertainty of the average scaled momentum hXEi of the D�s
was studies by re	weighting the events such that the resulting hXEi changes by
��� corresponding to the uncertainty of the measurement 
	��
� 
	

� ����� The
measurement was corrected for gluon splitting nevertheless for systematic studies
the � or � fastest mesons were taken into account and the resulting variation on the
asymmetry turns out to be equal within errors�

� The events were re	weighted according to the K decay rate and depending on the
primary D meson inside the c events �����

� The charged multiplicity in charm events was varied according to the inclusive
topological branching ratios measured for DD� and Ds �����

Systematic uncertainties introduced by the 
�factor and the QCD correction

As mentioned in section ��� two di�erent de�nitions of 
f are reasonable� For the de	
termination of Abb

FB the de�nition 
f� has been always used� But for an estimate of the
systematic uncertainty coming from the selection and the cut into the acceptance region

f� has been considered in addition� The advantage of this de�nition is that 


b
� can be

calculated on data and on Monte Carlo� A maximum di�erence of 
�� � at Pb � ���

��
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Table �
� Measurement of D meson fraction inside c quarks and of their lifetimes

has been found considering all years� For the light and c quarks a conservative systematic
error of �� has been taken into account which is the maximum di�erence between 
f �
b�

and 
f �
b�  where both numbers have been calculated on Monte Carlo�
Systematics coming from the Thrust axis resolution were studied and found to be

negligible� The experimental thrust axis resolution when applying the angular acceptance
cut caused an excess of small angle events to enter the acceptance region� The related
bias on Abb

FB was estimated with simulation�

Systematic uncertainties introduced by the udsc charge separations

As mentioned in section ��� the uncertainty due to the charge separations was divided
into three di�erent sources� The precision of the interpolation procedure the uncertainty
due to the Monte Carlo parameters �see section ���� and at least the uncertainty due
to the choice of the input distributions� The �rst source gives negligible e�ects on the
result� The second was treated by repeating the Abb

FB extraction with Eqn�� �
 times�
The third was studied by solving this equation with �� di�erent charge separation data
tuned separately by using di�erent input distributions� It turns out that the in�uence
of the di�erent data sets is very small� Using �
 di�erent charge separation sets of the
reference data set �� results as well to a small systematic error on the asymmetry�

An additional uncertainty arises from the acceptance correction procedure which is
performed in two steps� In the �rst step the generated Qf�F

FB distribution is folded with
a correction matrix obtained from a detailed simulation of the DELPHI detector� Their
elements are the probability �ij to measure an event inside bin i instead of bin j where
it was generated� Therefore the content inside the bin i can be expressed by�

N �
i �

NX

j
�

�ijNj ����

where N is the number of bins� The accepted charge separation is given by the mean of
the projected distribution�

�accf �
�

N

NX

i
�

N �
iQ

f�F�i
FB ����

The elements of this correction matrix can only be computed in the case where the event
has passed the event selection� To avoid any bias an extra factor has been applied� Half
of the deviation of this correction from unity was considered as systematic error�

�




Contribution "Abb
FB ��
�

Charge separation �udsc 
�
��
Angular correction 
�
�


Rb � 
��� 
�

�
Rc 	 �� 
�
�


H charge correlation 
���

hadronic interaction 
�
��

Detector resolution �lightcharm� 
���

Gluon splitting g � c�c g � b�b 
�
��

Charm systematics 
�
��

Table ��� Systematic uncertainties and their in�uence on the Abb
FB determination

Systematic uncertainties due to detector e�ects

The stability of the results due to the variations of the selection cuts was studied and the
corresponding systematic error was evaluated�

The hemisphere	hemisphere correlation term hSfS	fi is mainly given by the introduced
H term for which a discrepancy of about �
� between data and Monte Carlo has been
found �depending on the year�� As systematic uncertainty for this correlation term the
same order of magnitude has been assumed�

To account for inaccurate description of the hadronic interaction the tracks have
been reweighted in such a way that hQTOT i in the simulation becomes equal to the
corresponding data value� The full analysis has been performed and the di�erence in the
Abb
FB measurement has been taken as systematic uncertainty�
All the systematic error contributions are summarised in Tab����

��



� Conclusions

A measurement of Abb
FB using an impact parameter tag and a jet charge technique has

been performed� The analysis includes all data collected with the DELPHI detector from
���� to ����� The asymmetries for the individual years of data taking are�

�� ������ GeV �� Abb
FB � 
	
��
� 
	
�
��stat��

�� ������ GeV �� Abb
FB � 
	����� 
	
����stat��

�� �����
 GeV �� Abb
FB � 
	
���� 
	

���stat��

�� ������ GeV �� Abb
FB � 
	
���� 
	
����stat��

Combining these independent measurements at a centre of mass energy of �����GeV
yields�

Abb
FB � 
	
���� 
	

���stat��� 
	

���syst��

From which a value of sin��le� is obtained�

sin��le� � 
	���
� 
	


�

Both results are in good agreement with the SM and compatible to the recent published
data of other experiments�
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