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Abstract

The parity violation parameters of Zbb and Zcc couplings have been mea�
sured using the polar angle dependency of the Z��pole polarized cross section
and tagging the bottom and charmed hadrons in the semileptonic decay chan�
nel� Both the muon and electron identi�cation algorithms take advantage of
multivariate techniques� incorporating information from the SLD Cerenkov
Ring Imaging Detector� Based on the ������� SLD samples of ������ Z� de�
cays with a mean electron beam polarization of hPei 	 
��� and ������� Z�

decays with a mean electron beam polarization of hPei 	 ���� this yields the
following measurements of Ab and Ac


Ab 	 ������ ���
� �stat�� ����� �syst��
Ac 	 ��
��� ����� �stat�� ����
 �syst��
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� Introduction

Measurements of fermion asymmetries at the Z� resonance probe a combination of
the vector and axial vector couplings of the Z� to fermions	 Af 
 �vfaf��v�f � a�f
�
The parameters Af express the extent of parity violation at the Zff vertex and
provide sensitive tests of the Standard Model�

The Born�level di�erential cross section for the reaction e�e� � Z� � f �f is

d�f � dz � �� �AePe
�� � z�
 � �Af �Ae � Pe
z � ��


where Pe is the longitudinal polarization of the electron beam �Pe � � for right�
handed �R
 polarization
 and z 
 cos � is the direction of the outgoing fermion
relative to the incident electron� The parameter Af can be isolated by forming the
left�right forward�backward asymmetry

�Af
FB�z
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although in this analysis we work directly with the basic cross section used in a
scheme of a maximum likelihood �t� The following analysis	 which is updated and
improved upon the ���� study ���	 has been applied to the ������� data sample� The
lepton total and transverse momentum �with respect to the nearest jet
 are used to
classify each event by deriving probabilities for the decays �Z� � b�b� b� lepton
	
�Z� � b�b��b� �c� lepton
	 �Z� � b�b� b� �c� lepton
	 �Z� � c�c� �c� lepton
	 and
�Z� � background and misidentified lepton
�

The lepton charge provides quark�antiquark discrimination	 while the jet nearest
in direction to the lepton approximates the quark direction� The parameters Ab and
Ac are then extracted by a maximum likelihood �t of these data to the theoretical
cross section including �rst order QCD with quark mass corrections e�ects taken
into account�

� Data Selection and Lepton Identi�cation

The operation of the SLAC Linear Collider with a polarized electron beam has been
described in detail elsewhere ���� During the ������� run	 the SLC Large Detector
�SLD
 recorded an integrated luminosity of ��� pb�� with a luminosity�weighted
electron beam polarization of jPej 
 ������ � �������

Charged particle tracking and momentum analysis is provided by the Central
Drift Chamber ��� and the CCD�based vertex detector ���	 with combinedmomentum

resolution �p��p� 

q
����
� � ������ p��GeV 
� in the plane perpendicular to the

beam axis�

�



The Liquid Argon Calorimeter �LAC
 ��� measures the energies of charged and
neutral particles and is also used for electron identi�cation� The LAC is segmented
into projective towers with separate electromagnetic and hadronic sections� In the
barrel LAC	 which covers the angular range j cos �j � ����	 the electromagnetic
towers have transverse size � ��� mrad
� and are divided longitudinally into a front
section of � radiation lengths and a back section of �� radiation lengths� The barrel

LAC electromagnetic energy resolution is �E�E 
 ����
q
E�GeV 
�

Muon tracking is provided by the Warm Iron Calorimeter �WIC
 ���� The WIC
is � interaction lengths thick and surrounds the ��� � ��� interaction lengths of the
LAC and SLD magnet coil� Sixteen layers of plastic streamer tubes interleaved with
� inch thick plates of iron absorber provide muon hit resolutions of ��� cm and ���
cm in the azimuthal and axial directions respectively�

The Cerenkov Ring Imaging Detector �CRID
 ��� information �limited to the
barrel region
 has been included with di�erent methods in both the electron and
the muon identi�cation �for the ����� data
� It consists of liquid and gas Cerenkov
radiators illuminating a large area UV photon detectors� Only the gas information
has been included in this analysis	 since the liquid covers only marginally the in�
teresting momentum region� Electrons are distinguishable from pions in the region
between � and � GeV and the muon identi�cation �because of pion rejection
 also
improves considerably in this region� Kaons and protons rejection also helps the
muon identi�cation up to momenta of �� GeV�

Events are selected by requiring at least �� GeV of energy in the LAC and at
least six tracks with p� � ��� MeV � These requirements select a sample of hadronic
Z� events with negligible background� Leptons are identi�ed in a sample of ��	���
hadronic Z� decays� Jets in Z� events are formed by combining calorimeter energy
clusters according to the JADE algorithm ��� with parameter ycut 
 ������ The jet
axis closely approximates the b�quark direction in Z� � b�b events	 with an angular
resolution of � �� mrad�

Electrons are identi�ed by using both LAC and CRID responses for tracks in
the angular range j cos �j � ����	 which are extrapolated to the barrel LAC� The
LAC information is extracted comparing the energies in nearby calorimeter towers
to the energy deposition expected for electromagnetic showers� the CRID informa�
tion is stored in likelihood function	 one for each particle type hypothesis ���� A
Neural Network trained on Monte Carlo tracks ����	 has been implemented to make
optimal use of the amount of discriminant information available for the electrons�
The performance of the electron identi�caton has been tested on independent data
samples of pure pions	 from reconstructed K�

s decays	 and pure electrons detected
as photon conversions in the detector material� Pion misidenti�cation	 which is
reduced to less than ���� at low momentum and falls slowly with increasing mo�
mentum	 constitutes the largest part of background in the electron sample� The
electron identi�cation e�ciency in hadronic events depends on track isolation and

�



momentum	 varying from roughly ��� for all electrons to ��� for the electrons with
high momentum and transverse momentum used in the simple asymmetry analysis
presented below� Electrons from photon conversions are identi�ed and removed from
the analysis sample with ��� e�ciency�

The �rst step in the muon identi�cation consists of matching extrapolated tracks
from the Drift Chamber to hits in the WIC ����� Muon identi�cation is attempted
for tracks with p � � GeV in the angular range j cos �j � ����	 although the muon
identi�caton e�ciency falls o� rapidly for j cos �j � ���� �in the region between the
barrel and the endcaps
� The track error matrix	 including the e�ects of multiple
scattering	 is used to compare CDC tracks with the �tted muon patterns in the
WIC� For j cos �j � ����	 according to the MC	 ��� of the muon tracks have suc�
cessful matching between the CDC and the WIC� The second step of the muon
identi�cation exploits the information from the CRID and additional information
from the WIC	 such as the requirement that the candidate muons fully penetrate
the WIC
� The CRID k � � separation variable alone rejects ��� of the remaining
k and p �with only �� loss in the signal
	 while	 for p � � GeV	 the 	�� separation
variable rejects ��� of 	 �with �� loss in the signal
� Since the CRID information
is momentum dependent	 di�erent sets of cuts on the distributions of the discrimi�
nant variables have been optimized in di�erent momentum regions to achieve best
purity and e�ciency� MC studies show that pion punchthrough background is neg�
ligible� Muons from pion and kaon decays and hadronic showers are a signi�cant
background	 but fall o� rapidly with increasing momentum� From a study on a
pure pions data sample	 obtained from kinematically selected K�

s � 	�	� decays	
� ��� of pions �punchthrough
	 with p � � GeV	 are identi�ed as muons� The muon
identi�cation e�ciency is ��� with a purity of ��� ��� misidenti�ed tracks and
��� muons from light hadron decays
 for p � � GeV and j cos �j � �����

� Monte Carlo Simulation

A detailed Monte Carlo �MC
 simulation of hadronic Z� decays is used to model
the data� Z� decays are generated by the JETSET ��� program ����� The B hadron
decay model was tuned to reproduce existing data from other experiments� Semilep�
tonic decays of B mesons are generated according to the ISGW formalism ���� with
a ��� D�� fraction	 while semileptonic decays of D mesons are generated with
JETSET with the ���� Particle Data Group branching ratios ����� Particularly
important experimental constraints are provided by the B � lepton and B � D
momentum spectra measured by CLEO ���� ����	 the D � lepton momentum spec�
trum measured by DELCO ����	 and the B � hadron multiplicities measured by
ARGUS �����

The SLD detector response is simulated in detail using GEANT ���� and has
been checked extensively against Z� data� Distributions of lepton momentum �p


�



and transverse momentum �pt
 with respect to the nearest jet axis are shown in
Fig� �� The MC prediction for all lepton sources reproduces the data reasonably
well� Leptons from b�quark decay clearly dominate at high p and pt�

� Maximum Likelihood Fit

A maximum likelihood analysis of all hadronic Z� events containing leptons is used
to determine Ab and Ac� The likelihood function contains the following probability
term for each lepton in the data�

P �p� pt� Pe� z� Ab� Ac
 � � �
�
Ae � Pe
��AePe

��
�z

� � z�

�

�
n
fb ��� ��

 �� � �b

QCD�z
�Ab � fc �� � �c
QCD�z
�Ac � fbkg Abkg

o
� ��


The quark direction is constructed from the lepton charge and the jet direction	
z 
 �Q cos �� The three signs governing the left�right forward�backward asymmetry
� beam polarization Pe	 lepton charge Q	 and jet direction cos � � are incorporated
automatically into the maximum likelihood probability function�

The lepton source fractions �fb� fc� fbkg
 are derived by counting leptons in the
MC with similar p and pt to each lepton in the data� The fb term combines direct
and cascade b�quark decays	 signed according to their asymmetry contributions� A
correction factor �� � ��

 is applied to all b�quark lepton sources to account for
asymmetry dilution due to B� �B� mixing	 with �
 
 ���� taken from LEP measure�
ments of the average mixing in Z� � b�b events� The background asymmetry Abkg

is derived as a function of p and pt from tracks in the data not identi�ed as leptons�
A cos� dependent QCD correction factor is applied to the theoretical asymmetry
function to incorporate known QCD corrections to the cross section ����� The e�ect
of gluon radiation reduces the asymmetry by as much as �� at z 
 �� Correction
for this e�ect increases the asymmetry by �� overall�

� Results and Systematic Errors

Systematic errors have been estimated for a number of sources	 summarized in ta�
ble �� Uncertainty in the jet axis simulation can a�ect the asymmetry measurement
by distorting the lepton pt spectrum� The resulting systematic error has been stud�
ied by examining the back�to�back angle of two jet events compared between data
and MC� The electron sample is more sensitive to such systematics since both jet
�nding and electron identi�cation algorithms rely on the same calorimeter response�
The accuracy of the B� and B� lepton spectra are directly related to the uncertainty
in the D�� branching fraction reported by the CLEO collaboration ����� Most of the
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systematic errors have been evaluated following the recommendations from the LEP
Electroweak Working Group ����� The branching ratios used and their uncertainties
are much closer to the world averages with respect to the previous analysis	 espe�
cially the BR��b� �c � l
� The background levels have been studied with the MC	
but also with a data sample of pure pions from K�

s decays� The results obtained for
the ����� data are as follows�

muons�
Ab 
 ����� � ������stat
� ������syst

Ac 
 ����� � ������stat
� ������syst


electrons�
Ab 
 ����� � ������stat
� ������syst

Ac 
 ����� � ������stat
� ������syst


combined�
Ab 
 ����� � ������stat
� ������syst

Ac 
 ����� � ������stat
� ������syst
 �

The combined �nal result takes into account the large systematic correlations be�
tween the muon and electron analyses� Including the published results ���� from the
�� data we obtain�

Ab 
 ����� � ������stat
� ������syst

Ac 
 ����� � ������stat
� ������syst
 �

� Cross check

A direct method of measuring Ab is to form the left�right forward�backward asym�
metry �Af

FB in the angular distribution of a puri�ed sample of Z� � bb events
containing leptons from semileptonic b decay with high p and high pt� We perform
this simple analysis in order to demonstrate the clear experimental asymmetry and
as a crosscheck of the �nal result�

An elliptical cut on the leptons p and pt	
q
�p�����
� � �pt����
� � ��� for muons

and
q
�p����
� � �pt����
� � ��� for electrons	 provides a sample of leptons from

b prompt and cascade decays with a purity of � ��� for electrons and � ��� for
muons� A total of ���� candidate muons and of ���� candidate electrons are selected	
and the experimental asymmetries are plotted in Fig� �� The MC breakdown of the
various sources contributing to the lepton sample is shown in table �	 together with
their corresponding intrinsic asymmetry contributions� For Ac	 the Standard Model
value of ���� has been used for this analysis� The results from the high �P 	 Pt

analysis for Ab are� ����� �����stat
 for the muon sample and ����� �����stat
 for
the electron sample� These values are in agreement with the more precise maximum
likelihood �t results quoted previously�

�



� Conclusions

We have performed an improved measurement of Ab and Ac using lepton tags from
our ������� data sample� The value obtained for Ab from leptons can be combined
with the results from the other measurements performed at SLC�SLD ���� With a
Jet Charge method� Ab 
 ���� � �����stat
 � �����syst
� With a K�� tag� Ab 

���� � �����stat
� �����syst
� for an SLD average�

Ab 
 ����� � ������

Also the value obtained for Ac from leptons can be combined with an SLD measure�
ment ��� obtained using reconstructed D��D�	 which gives Ac 
 ����� �����stat
�
�����syst
	 for an SLD average�

Ac 
 ����� � ������

These results can be compared with the Standard Model predictions of ���� for Ab

and ���� for Ac�
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Figure �� Distributions of momentum and transverse momentum with respect to
the nearest jet for identi�ed muons and electrons in the data �points
	 compared to
the MC prediction �histograms
 for various sources�
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Figure �� Experimentally observed left�right forward�backward asymmetry �data
points with statistical errors
 compared with the theoretical asymmetry function
jPejAb�z��� � z�
 �solid line
 �t to data�
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Source Parameter variation �Ab��� �Ab�e� �Ac��� �Ac�e�

Monte Carlo weights fb� fc variation ����� ����
 ����� �����
Track e�ciency MC�data multiplicity match ����� ����� ����� �����
Jet axis simulation �� mrad smearing ����� ����� ����� �����
Background level �������� ����e� ����� ����� ����� �����
Background asymmetry ���� ����� ����� ����� �����
BR�Z� � b�b� Rb 	 ����
� ����� ����� ����� ����� �����
BR�Z� � c�c� Rc 	 ��
� ��� ����
 ����� ����� �����
BR�b� l� ������� ������ ����
 ����� ����� �����
BR��b� �c� l� ������ ������ ����� ����
 ����� �����
BR�b� �c� l� ����� ����� ����� ����
 ����� �����
BR�b� � � l� ������� ������� ����� ����� ����� �����
BR�b� J��� l� ������ ������ ����� ����� ����� �����
BR��c� l� ����� ����� ����� ����� ����� �����
B lept� spect� � D�� fr� ���� ����� B� �B�� ���� ����� Bs ����
 ����� ����� �����
D lept� spect� ACCMM� ��ACCMM�

�ACCMM�� ���� ����� ����� ����� �����
Bs fraction in b�b event ����� ���� ����� ����� ����
 �����
�b fraction in b�b event ����� ���� ����� ����� ����� �����
b fragmentation �b 	 ����������� ����� ����� ����
 �����
c fragmentation �c 	 ��������� ����� ����� ����� �����
Polarization �Pe		 ������ ���
� ����� ����� ����� �����
Second order QCD �QCD uncertainty ����� ����� ����� �����
B mixing 
 
 	 ����� ���
 ����� ����
 ����� �����

Total Systematic ���� ���� ���� ����

Table �� Systematic errors for the maximum likelihood analysis ��������


Lepton Source Muon fraction Electron fraction Asymmetry

b� l ��
� ���� ��� �
�Ab

b� c� l ���� ���� ���� �
�Ab

b� c� l ���� ���� ��� �
�Ab

c� l ���� ���� �Ac

Background true leptons ���� ���� Abkg

Midisdenti�ed ���� ���� Abkg

Table �� Composition of the high �p	 pt
 lepton sample and corresponding contribu�
tions to the left�right forward�backward asymmetry
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