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The mass di�erence �md � M�B�
H��M�B�

L� is measured from the time dependence

of B�
d� �B

�
d oscillations� using data from the CDF experiment�s inclusive electron and

muon samples� collected during the ��������� Fermilab Tevatron pp collider Run�

Leptons are associated with a displaced vertex to select events from bb production�

The proper time is reconstructed from the position� momentum� and invariant mass

of the vertex� The �nal state of the b hadron is determined from the charge of

the trigger lepton� the initial state is determined by soft lepton and jet charge

�avor�tagging� The combined �t of the electron and muon datasets using both

�avor�tagging methods yields �md � ����� ����� ���� ps��� where the �rst error

is statistical and the second error is systematic� This corresponds to a value of

xd � �md

�
B�
d

� ����� ����� ����� where �B�
d
� ����� ���	 ps���
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Chapter �

Introduction and Theoretical

Overview

High�energy physics is the study of fundamental particles� and the forces which

produce interactions between them� Quite simply� this is e�ected experimentally

by colliding particles together� and observing the results� Particle collisions have

a long and rich history� the beginning is usually dated at ����� by Rutherford�s

use of ��particles from radioactive decay to discover the atomic nucleus %�&� Today�

physicists have at their disposal a number of dedicated colliders which accelerate

beams of a few types of particles to very high energies� and bring them into collision

with static targets or each other� This analysis uses data collected at the Tevatron� a

superconducting proton�antiproton collider� and the world�s highest�energy particle

accelerator�

Theoretical development can be seen as a study of the fundamental symmetries

of nature� A system �whether physical or theoretical� has a symmetry if there is

a transformation which� when applied to the system� leaves it otherwise identi�

cal� Two examples of such symmetries are translations in space and in time� The

�



same experiments performed in di�erent locations and on di�erent days produce

the same results� In this regard� physical laws are said to be invariant under these

translations� Symmetry rules can be very powerful� Einstein�s theory of special rela�

tivity is based only upon two postulates of invariance � all else follows from them�

Gell�Mann and Zweig developed the quark hypothesis to explain near�symmetric

patterns in the large number of particles and resonances discovered in the '��s and

early '��s� bringing theoretical order to experimental chaos�

What can be more exciting than discovering new symmetries is learning that

some established symmetries are� in fact� broken� For many years� it was thought

that physical laws were invariant under parity �P � transformations � the exchange

of left and right� as in a mirror�image� Parity was seen as a fundamental symmetry

of space� just as translational and rotational invariance are� In ����� T�D� Lee and

C�N� Yang reviewed the experimental record %	& and concluded that there was no

evidence to support parity conservation in weak interactions �those responsible for

radioactive decay�� C�S� Wu et� al�� and others� quickly determined in the following

year that the weak force indeed violated parity %�&� Frauenfelder et� al�� found %�& that

parity was maximally violated� This was con�rmed by M� Goldhaber� L� Grodzins�

and A�W� Sunyar� who observed %�& that neutrinos produced in beta�decay have

only left�handed helicity� Until ����� it was thought that charge�conjugation �C�

the exchange of particle and antiparticle� combined with parity �CP� was a good

symmetry� In that year� Christenson� Cronin� Fitch� and Turlay observed a rare�

CP �violating decay of the neutral kaon %�&�

The Standard Model was developed to describe these and other discoveries in

the context of a relativistic �eld theory� It is stunningly successful� the capstone

of a century of physics� Nevertheless� many parameters of the Standard Model are

not very well known� or not known at all� For example� CP �violation has not yet

	



been studied enough to determine if the Standard Model is a correct account of the

symmetry�breaking�

The analysis presented in this dissertation is part of an e�ort by the CDF col�

laboration �and many others� to measure the parameters of the Standard Model�

The neutral B mesons can transform into their own antiparticles through a second�

order weak interaction� The rate at which the particle and antiparticle states mix

depends critically on the weak coupling between quarks� This process is discussed

in much more detail in the following sections� Mixing is of great interest� as it is

fundamentally related to the mechanics of CP �violation� and also serves as a test

for physics beyond the Standard Model that cannot be measured directly� owing to

technological limitations�

Many of the experimental techniques used by this analysis are also used in

CP �violation measurements� The ability of CDF to measure B�
d� �B

�
d oscillations is

not only a direct test of the Standard Model� but also a demonstration of CDF�s

potential to measure CP �violation in the future� On this� the ���th anniversary

of the discovery of the electron� it is an exciting time to participate in a research

program which is �with a touch of immodesty� a small part of one of mankind�s

greatest intellectual achievements�

�



Fermions Bosons
Quarks Q Leptons Q W�� Z�� ��

up charm top #	!� �e �� �� � gluons �g��
down strange bottom ��!� e � � �� Higgs �H�
All fermions have antiparticle counterparts
Leptons are colorless
Quarks come in � colors �red� green� blue�
Gluons come in � color�anticolor combinations
Neutrinos� photons� and gluons are massless

Table ���� Fundamental particles of the Standard Model� The electric charge Q is given
in units of the absolute electron charge �jej��

��� The Standard Model

The Standard Model describes the fundamental particles and their interactions�

Table ��� highlights several aspects of the theory�� The material world is constructed

of fermions� having odd half�integer spin� The fermions can be cataloged by which

of the fundamental forces a�ect them� The bosons� having integer spin� mediate

the interactive forces between the fermions� and can bind them together to form

composite particles�

There are six leptons� arranged in � generations �also called families�� Each

generation has a charged and a neutral lepton� The lightest charged lepton is the

electron� The neutral leptons �neutrinos� can only interact via the weak force� and

are therefore only left�handed� Electroweak theory %�& describes the uni�cation of

electromagnetism and the weak force through the Higgs mechanism %�&� The elec�

troweak gauge group is SU�	�L � U���Y� The electroweak force conserves lepton

�Unless speci�cally noted or obvious from context� references to a speci�c charge state should
be understood to also refer to the charge conjugate state�
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number� � it cannot transform leptons from one doublet to those of another� Neu�

tral current interactions via the Z� do not change the type of lepton� charged W

exchange can only transform leptons within doublets� Thus the decay �� � e���e��

is allowed� while �� � ��e� is not� Lepton number conservation is a consequence of

the three neutrinos having the same mass �zero� in the case of the Standard Model��

Nonzero neutrino masses� however� have not been ruled out experimentally�� so it

is possible that lepton number is not conserved� The Higgs boson� which breaks the

electroweak symmetry by coupling to the mass of particles� has not been experi�

mentally observed and is much sought�after
 it is the only particle predicted by the

Standard Model which has not been observed�

There are six quarks� arranged in three generations of doublets like the leptons�

They carry color charge and interact predominantly via the strong force� The six

types of quarks are commonly referred to as their �avors� The strong interaction�

mediated by gluons� is described by the SU��� group symmetry of Quantum Chro�

modynamics �QCD� %�&� Each quark doublet is composed of a quark with #	��

electrical charge �u�type� and one with ���� electrical charge �d�type�� Like the

leptons� this grouping re�ects how the members of each doublet can be transformed

into one another by W exchange� Unlike the leptons� however� the weak force does

not completely conserve a quark �family number�� In the electroweak basis� there

is a slight �rotation� of the quark generations relative to the QCD!�avor basis�

The convention is that the rotation occurs among d�type quarks� allowing them to

couple with any of the u�type quarks via W exchange� The rotation is allowed be�

cause the d�type quarks have di�erent masses� The matrix which describes the basis

�More correctly� there are three kinds of lepton number �one for each family�� each of which is
independently conserved�

�In fact� measurements ��	
 of the �ux of solar neutrinos suggest that electron neutrinos may
have a nonzero� though very small� mass�
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transformation is known as the Cabbibo�Kobayashi�Maskawa �CKM� mixing ma�

trix %��� �	&� It is through this �avor rotation that a second�order weak interaction

can transform a B�
d meson into a �B�

d meson� Consequently� mixing measurements

constitute determinations of the CKM matrix parameters�

Quarks� unlike leptons� have not been seen as free particles� They exist only

in bound states� with other quarks� called hadrons� QCD�s principles of asymp�

totic freedom and color con�nement predict that particles with color charge �like

quarks� must combine with others to form �colorless� color�singlet composite par�

ticles� There are two main classes of hadrons
 mesons are bound states of a quark

and an antiquark �color # anticolor � colorless�� baryons are bound states of three

quarks �red # blue # green � colorless��

����� The CKM Matrix

Until the discovery of the charm quark in ���� %��&� the known hadrons �t into the

Gell�Mann and Zweig theoretical model which contained only � quarks �u� d� and

s�� The weak decays involved a left�handed doublet �uL� d
�
L � d cos �C # s sin �C�

and a singlet �s�L � s cos �C � d sin �C�� where �C is the Cabibbo angle %��& � the

measure of the d�s mixing� In this model� one would expect to observe neutral

strangeness�changing decays like K�
L � ��� with an amplitude� proportional to

# cos �C sin �C � which is at least competitive with the K�
�� mode �K�

L � �������

The decay was not observed� and by ���� the experimental limit was orders of

magnitude smaller than the expected rate��

In that year� Glashow� Iliopoulos� and Maiani proposed an explanation for the

nonobservation %��&� The �GIMmechanism� requires the existence of a fourth quark�

�The branching ratio BR�K�
L � ����� is currently measured ���
 to be ���� 	���� �	��� as

compared to BR�K�
L � ������ � 	��	� 	�		��
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charm� to form a doublet with the strange quark� This creates another contribution

to K�
L � ���� with an amplitude proportional to � cos �C sin �C � which almost

completely cancels out the contribution above
� The Cabbibo angle �C can then be

seen as the rotation of the d and s quark between the mass eigenstates and the weak

eigenstates� The ���� discovery of the J�� provided evidence for the existence of

the charm quark� and the discovery of the D mesons in ���� gave proof %��&�

Even before these observations� theorists explored the extension of the number

of weak doublets to three %�	& or more� In a theory with three generations� the

quark mixing is given by the Cabibbo�Kobayashi�Maskawa �CKM� matrix


�
BBBB�

d�

s�

b�

�
CCCCA �

�
BBBB�

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

�
CCCCA

�
BBBB�

d

s

b

�
CCCCA �����

The elements Vij of the matrix represent the coupling between a u�type quark and

a d�type quark� This generalized matrix must be unitary� The elements Vud and

Vus represent cos �C and sin �C � respectively� A convenient parametrization %��& of

the CKM matrix� due to Wolfenstein� is


V �

�
BBBB�

�� ���	 � A����� i��

�� �� ���	 A��

A����� �� i�� �A�� �

�
CCCCA ���	�

where the parameters are � 	 ��		� A 	 ��������	� and
p
�� # �� 	 ��������� %���

��&� The experimentally allowed values %��& for the matrix elements� allowing for

�The cancellation would be perfect if the u and c quarks had the same mass�
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the possibility of more than three generations� are

�
BBBBBBB�

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

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

�� ���� �� ���	 �� ������ � � �

���
���

���
� � �

�
CCCCCCCA

�����

The most interesting feature of the CKM matrix is that it contains a complex

phase �� The matrix entries in general are complex� but unitarity places bounds

on the number of real angles and imaginary phases� For n generations� there are

n�n� ���	 angles and �n� ���n� 	��	 phases� The three�generation CKM matrix

therefore has � angles and one phase� as shown in Equation ��	� A non�zero value

for the phase allows the electroweak force to break CP �invariance�

��� Bottom � The Fifth Quark

In a theory with only two generations� the CKM matrix elements would consist

of one real angle� the Cabbibo angle� and CP would be an unbroken symmetry�

The development of the three�generation CKM matrix was well�received� as CP

was known to be broken by K� decays� The �rst direct experimental evidence

for the third generation was in ����� with the discovery of the tau lepton %	�&� an

achievement which led to a Nobel Prize�

With a third lepton must come a third pair of quarks� bottom and top�� As the

strange quark is less massive than the charm quark� it was expected that bottom�

with ���� charge� would be found �rst� Evidence of bottom production was �rst

obtained in ����� by the discovery %	�& of a ���� GeV�c� resonance in ��� pairs

	The alternate names �beauty� and �truth� can be found in the literature� for the more poet�
ically inclined�
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produced by ��� GeV protons incident on a �xed target� Shortly thereafter� a

more detailed analysis of the data found that the �resonance� was actually two

narrow resonances� lying close together at ���� GeV�c� and ����� GeV�c�� These

resonances� which are named the ( and (�� became understood to be bound states

of bottom quark�antiquark pairs� much as the J�� and �� are the bound states

of charm quark�antiquark pairs� The measurement of the partial width for ( �
ee�� coupled with a potential model derived from the J��� strongly supported the

hypothesis that the new quark had a charge of ���� %		&�

In ����� experiments at the Cornell Electron Storage Ring �CESR� observed

the ( and (�� and two new resonances� the (�� at ����� GeV�c� and the (��� at

����� GeV�c� %	�&� The (���� also known as the (��S�� is unlike the three lighter

resonances� which are narrow� The (��S� is fairly broad� Following experience

with the ���� the obvious interpretation was that the mass of the (��S� is above

threshold for B �B production� where the B is a meson containing a b antiquark and

a lighter quark� Since the discovery of the (��S�� B mesons have been studied

at dedicated ee� colliders with center�of�mass energies tuned to the peak of the

(��S� resonance�

b hadrons can also be studied in other environments� ee� colliders tuned to

the Z� mass produce bb pairs in large quantites �the Z� decays into bottom quarks

approximately ��) of the time %��&�� So do pp colliders and proton �xed�target ex�

periments� which produce them through strong interactions between the quark and

gluon constituents of the nucleons� Unlike the ee� colliders tuned to the (��S��

however� the b hadrons produced by these experiments can be any species� including

the B�
s meson and b baryons �$b�� as the the center�of�mass energies are typically

much larger than the b mass� The higher energy also assists in measuring the b

hadron lifetimes� which are approximately ��� ps� B mesons from (��S�� B �B are
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produced nearly at rest� They do not travel far in the laboratory before they decay�

making a measurement of their lifetime dicult� The more energetic b hadrons

produced by Z� decay or in hadronic collisions travel a measurable distance before

decaying� This fact can also be used to preferentially select collisions that con�

tain b hadrons� providing the necessary background rejection for a host of di�erent

measurements of b hadron production and decay�

����� b Quark Production

In pp collisions� the constituent u and d quarks and gluons from the proton and an�

tiproton interact� producing bb quark�antiquark pairs� In Figure ���� several Feyn�

man diagrams contributing to this process are shown� A next�to�leading order QCD

calculation of bb production has been performed %	�&� The theoretical prediction for

the bb production cross�section in pp collisions� as a function of the quark pt� can

be derived from this calculation and a set of parton distribution functions %	�& de�

scribing the kinematics of the quark and gluon constituents of protons� Figure ��	

shows the predicted cross�section along with a number of measurements from the

CDF data�

����� b Quark Fragmentation

Quarks have not been detected as free particles� QCD�s principle of color con�ne�

ment predicts that quarks must bind together with other quarks and gluons to form

color�singlet hadrons� As the b and �b quarks separate� they radiate gluons� pro�

ducing quark�antiquark pairs that bind to the b quarks� and each other� to yield

a jet of hadrons� This process is called fragmentation� As it is a low momentum�

transfer process� it is not well�decribed by perturbative QCD� An empirical model

of fragmentation� based on kinematic arguments� has been developed by Peterson

��



Figure ���� Feynman diagrams contributing to bb production in a pp collider environment�
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Figure ���� The bb production cross�section� comparing CDF experimental results to a
range of theoretical predictions�
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and others %	�&� The model parametrizes the fraction of the b quark momentum

carried by the hadrons in the jet to the form

DH
q �z� � K

�

z

�
�� �

z
� �q

�� z

���
�����

where DH
q is the fragmentation function �the probability for a quark of type q to

produce a hadron of type H�� z is the fraction of the b quark momentum carried

by the hadron� K is a constant� and �q is the Peterson parameter� �b has been

determined to be ������ ����	� and �c to be ������������� %��&� On average� a b hadron

carries approximatexly ��) of the momentum of its parent b quark� Charmed

hadrons carry a lower fraction of their parent�s momentum� approximately ��)�

suggesting that the number of fragmentation particles in a typical jet will be lower

for b jets� as less energy is available to create them�

The fragmentation process also determines the particular species of the hadrons�

As u and d are the lightest quarks� the B�
u and B�

d are produced in the largest

numbers� B�
s production is suppressed owing to the larger mass of the s quark�

b baryon production �$b�� which requires two quarks to be added to the b� is

also suppressed� B�
c production is negligible compared to all these� A measure�

ment of the species production ratios can be made from studies of the relative

abundances of pions� kaons� and protons in b jets� The current values %��& are

B�
u 
 B�

d 
 B�
s 
 $b � ����) 
 ����) 
 ���	) 
 ���	)�

����� b Hadron Decay

Unlike protons� b hadrons are not stable particles� They quickly decay into other

particles� b hadron decay is well�described by the spectator model� in which the

primary decay process is the emission of a virtualW from the b quark� transforming
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it into either a c or a u quark� The lighter quark�s� in the b hadron apppear in both

initial and �nal states� and play little role in the decay except for some moderation

via soft gluon exchange� Decay of charged B mesons by annihilation to a virtual

W has not been observed� and is only considered competitive with spectator model

decay modes for B�
c decays� The decay width for b�Wq is given by

�b�Wq �
G�
Fm



b

��	��

 jVqbj� 
 F

�
mq

mb

�
�����

where GF � ����� ���
 GeV�� is the weak Fermi constant� Vqb is the CKM matrix

element �where q can be c or u�� and mb�mq are the quark masses� F is the product

of a phase space correction and a QCD correction %	�&� it is smaller for higher mq�

as less momentum is available for the decay products�

��� Particle�Antiparticle Mixing

A description of the neutral kaon system will serve as an introduction to particle�

antiparticle mixing� The K� meson� composed of d�s� is an interesting particle

from a physical and historical perspective� It was the �rst neutral boson thought

not to be its own antiparticle� an idea which met with some resistance when �rst

proposed by Gell�Mann in ����� Subsequent measurements of hadronic production

demonstrated that it was true� and a number of similar neutral mesons have been

discovered to date�

Most particles have some characteristic which readily distinguishes them from

their antiparticles� Electrically�charged particles are obviously distinct� For the

neutrals� there can be helicity �for neutrinos� or baryon number �for antineutrons��

Some neutral particles are their own antiparticle� leaving no distinction to be made�

��



But in the neutral kaon� the world had found something subtle
 the K� is distin�

guished from the �K� only by its �avor� As kaons only decay by the weak force�

which does not conserve �avor� this distinction does not amount to a very large

di�erence�

The K� and �K� can decay to the same two� and three�pion �nal states� Thus the

two particles can transform into one another via virtual pion intermediate states�

This process is called mixing� It is best understood in the context of exact CP �

invariance�

Because Ks are strongly produced� they are created in �avor eigenstates� The

�avor symmetry is broken when they decay weakly� The physical states �those with

de�nite masses and lifetimes� must be eigenstates of CP � Under CP � the neutral

kaons are transformed into their antiparticles


CP
��K�

�
� � �� �K�

�
� CP

�� �K�
�
� � ��K�

�
�����

where the minus signs establish the �arbitrary� phase convention� The CP eigen�

states are clearly not the �avor eigenstates� instead� they are

��K�
�

�
�

�p
	

� ��K�
�� �� �K�

� 	
�����

��K�
�

�
�

�p
	

� ��K�
�
#
�� �K�

� 	
�����

where K�
� has eigenvalue #� and K�

� � ���
Of the hadronic states to which the neutral kaons decay� ��� and ���� have

CP � #�� ����� and ������ are dominated by CP � �� �a portion of CP � #�

is allowed via highly�supressed states of relative angular momentum between the

three pions�� Insofar as CP is assumed to be a perfect symmetry� it is impossible

for the decay K�
� � �� to proceed� Since three pion masses are very close to the
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K� mass� the lifetime of the K�
� will be much longer than the K�

� � For obvious

reasons� K�
� is called K��short �K�

S� and K�
� is called K��long �K�

L�� The K�
L was

�rst observed in ���� by Lande et� al� %	�&�

The time development of a particle which is a K� at time t � � can be described

by the plane�wave solutions to the Schr odinger equation


���K�t�
E

� a�t�
��K�

�
# �a�t�

�� �K�
�

�����

a�t� �
�

	

h
e�im�t� �

�
��t # e�im�t� �

�
��t
i

������

�a�t� �
�

	

h
�e�im�t� �

�
��t # e�im�t� �

�
��t
i

������

where m���� are the mass and width of the K�
� � and likewise m���� for the K�

� � A

convenient reformulation is � � �
� ��� # ���� �� � �� � ��� and similarly for the

masses� Then the amplitudes of Equation ��� can be expressed with the Hamiltonian

matrix

i
d

dt

�
B� a

�a

�
CA �

�
B� m� �

� i� �m� �
� i��

�m� � �
� i��� m� �

� i�

�
CA
�
B� a

�a

�
CA ����	�

The equality of the diagonal elements and that the o��diagonal elements are complex

conjugates of each other follow from the Hermitian properties of the Hamiltonian

and general CPT invariance� The elements of the matrix are best understood in this

manner
 the mass m is given by the consituent quark masses and the QCD meson

binding energy� the width � is from K� � X� �K� � �X decays where X �� �X� those

decays where X � �X contribute to ��� and �m is generated by direct quark weak

box diagrams of a type that will be discussed in the context of B �B mixing �though

see Figure ����� In the case of kaon mixing� �m is much smaller than ��� as the

kinematics of the two� and three�pion decay modes create such a large di�erence

between the K�
S and K�

L lifetimes�

��



The mixing oscillation frequency �competes� with the decay time
 if the neutral

kaons mix faster than they decay� then any K� becomes a ��
�� mixture ofK�
 �K�� if

the K�s decay faster than they can mix� then mixing will not measurably contribute

to their time�development�� This is easily shown via the time�integrated mixing

probabilities derived from Equations ��� or ���	


P �K� � K�� �
Z
ja�t�j� dt �

�
�

�
��m�� # �

������
	

��m�� # ��
������

P �K� � �K�� �
Z
j�a�t�j� dt �

�
�

�
��m�� # 	�� �

������
	

��m�� # ��
������

����� Neutral B �B Mixing

The equations governing B �B mixing are identical to those for K �K mixing� but they

arise from di�erent processes� Whereas K�� �K� transitions are mediated by virtual

pion decay states that both particle and antiparticle have in common� neutral B

mesons decay primarily to charmed mesons� leaving the �avor of B�
d and �B�

d decay

products distinguishable� The largest contribution to the common decay modes is

B�
d � �B

�
d � J����� suppressed by phase space and a factor of jVcdj� with a partial

width less than � � ���� of the total decay width %��&� Thus �� between the CP

eigenstates is very small� and can be assumed to be zero for this treatment� The

mixing is dominated by �m� Recall that �m is created by virtual weak interactions

between the quark constituents� The Feynman diagrams for these processes are

shown in Figure ����


This is the case with the neutral charmed mesons� The D� lifetime is much shorter than the
predicted mixing oscillation time� Not surprisingly� D�� �D� mixing has not been observed�

��



b d

d b

u,c,t u,c,t

W
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b u,c,t d

d bu,c,t

W W

Figure ���� Feynman diagrams for B�
d mixing� The quark exchanges are dominated by

the t quark� owing to its large mass� The same diagrams are applicable to the B�
s � with s

quarks in place of the d quarks� and the K�� with s quarks in place of the b quarks�
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As �� 	 �� the solutions to Equation ���	 can be written as

ja�t�j� �
�

	
e��t %� # cos�mt& ������

j�a�t�j� �
�

	
e��t %�� cos�mt& ������

leading to time�integrated mixing probabilities of

r � P �B � �B�

P �B � B�
�

	��m��

�� # 	��m��
������

A convenient variable is x � �m
� �

For B�
d mixing� �md can be calculated from the box diagrams of Figure ����

In the Standard Model� the dominant diagram is when both virtual quarks are top

quarks
 the amplitude increases with the mass� and top quarks are heaviest of all� In

this way� mixing measurements can probe much higher mass scales for new physics

than can be searched directly by accelerators� Should there be an undiscovered�

very heavy charged particle which can take the place of the three known u�type

quarks in Figure ���� it can come to dominate the mixing amplitude� if its coupling

to b quarks is suciently large� A charged Higgs boson� from theories with two

Higgs multiplets� could play this role� In the Standard Model� the prediction %	�&

for �md is

�md �
G�
FmB�

d

���
f �B�

d
BB�

d
jVtdV �

tbj�


m�

WS

�
mt

mW

��
�QCD ������

GF is the weak Fermi constant and Vij are the CKM matrix elements� mB�
d
� mt�

and mW are the measured B�
d meson� top quark� and W boson masses� respectively�

fB�
d
B

���

B�
d

� 	����� MeV is the product of the leptonic decay constant and the �bag�

factor� calculated for the B�
d meson using lattice QCD and QCD sum rules %��&�

��



The Inami�Lim function %��& S�mt�mW � 	 ������mt�mW ���
� 	 	��� � ���� is the

amplitude of the box integral� The QCD correction factor �QCD 	 ���� � ���� is

estimated by %�	&

�QCD � X� �
�� 




�

	
Y � �

� � Y � �
� #

�

	
Y

�
�

�
� X �

�s�mb�

�s�mt�
� Y �

�s�mt�

�s�MW �
������

The same calculation holds true for �ms� with B�
s in place of B�

d�

����� Mixing and CP�Violation

The observation of the decay K�
L � �� clearly demonstrates that CP is not an exact

symmetry� This is to be expected from the irreducible phase in the CKM matrix�

The condition that the matrix be unitary imposes the following relationship	


VudV
�
ub # VcdV

�
cb # VtdV

�
tb � � ���	��

The relation can be visualized as a triangle in the complex plane� shown in Fig�

ure ���� The sides are commonly rescaled by VcdV
�
cb� It should be apparent that if

the CKM phase � were zero� the point ����� would lie on the x�axis� and the �gure

would not be a triangle at all�

The goal of CP �violation experiments is to make enough independent measure�

ments of the sides and angles to overdetermine the unitarity triangle� which will

then con�rm or deny the Standard Model�s description� There is wide interest in

doing so
 for example� cosmological studies %��& of the universe�s matter�antimatter

asymmetry suggest that additional sources of CP �violation are required to explain

the observed baryon�to�photon ratio�

�In fact� there are three independent relationships� but the other two have one term supressed
by order �� relative to the other terms� making the veri�cation of the relations di�cult in practice�
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Figure ���� A representation of the relation VudV
�
ub�VcdV

�
cb�VtdV

�
tb � 	� required by the

unitarity of the CKM matrix� The elements form a triangle in the complex plane� Here�
the sides have been rescaled by VcdV

�
cb�

A measurement of B�
d mixing constitutes part of a measurement of the length of

the side
VtdV

�

tb

VcdV
�

cb
� In the Wolfenstein parametrization� only Vtd is complex� It should

be clear from Equation ���� that a measurement of �md can be used to extract

jVtdj� as Vtb � ��

As for the other CKM parameters� jVcdj� the sine of the Cabbibo angle� is quite

well�known� jVcbj can be measured in two ways
 �rst� from the b semileptonic

partial width� given by Equation ���� This method is less than satisfactory owing

to theoretical uncertainties introduced by the imperfectly known b mass and the

quark model used to relate the width to the measured B meson semileptonic width�

The second method is to measure the rate of the decay �B � D�
��� at zero recoil�

that can be calculated with little model�dependence�
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����� Current B	d Mixing Measurements

The �rst convincing observation of B�
d� �B

�
d mixing was by the ARGUS collaboration

in ���� %��&� In data collected from ee� collisions at the (��S�� they recorded an

event clearly showing the semileptonic decays of two B�
d mesons� Additional events�

some with a fully�reconstructed hadronic B�
d decay opposite a semileptonic decay�

and others with two semileptonic decays not reconstructed� also demonstrated that

mixing was taking place�

Since that date� B�
d mixing has been observed in a number of di�erent col�

lider environments� Measurements at the LEP experiments %��� ��� ��� ��&� with

data collected from ee� collisions at the Z� resonance� have come to overshadow

measurements at the (��S�� owing to their much larger statistics� B�
d mixing has

also been observed in pp collisions� at the CERN Sp�pS collider %��& and the FNAL

Tevatron� this analysis is one such observation� A recent presentation %��& of a pre�

liminary average of all the time�dependent B�
d mixing measurements �including this

one� gave a value for �md of ������ ����� ps���

One may ask� why measure something which has already been measured* There

are three answers to this question
 one practical� two philosophical� First� the

experimental techniques employed by this analysis can also be employed to study

CP �violation� The demonstration of a successful B�
d mixing measurement serves

as a study of CDF�s possible sensitivity to CP �violation� and hopefully suggests

ways in which future detector upgrades can be directed towards improving the

sensitivity� Second� a cornerstone of science is that experiments must be repeatable�

It is important to perform the same measurements over again to ensure that false

results were not obtained� Physics is a human enterprise� and like any such it is

prone to human failings � the many false steps along the path of the development

of the Standard Model is a testament to this fact� The third answer is related to the

		



second� Of the time�dependent B�
d mixing measurements� except for those at CDF�

all others rely on data collected from ee� collisions� �md must be measured in

as many di�erent ways as possible� to assure that all yield the same value� As this

analysis relies on data from pp collisions� good agreement between this measurement

of �md and the others will support the validity of the Standard Model�

Every measurement either builds con�dence or reveals discrepancies in our un�

derstanding of the physical world� It is never a mistake to add new data from old

or new environments to the body of knowledge which we possess� This is our duty�

as scientists� to science�

��� Overview of the Analysis

Every mixing measurement is� at its heart� an asymmetry measurement� This is

clear from Equations ���� and ����� as �md is obtained from the number of mixed

and unmixed B�
ds


A�t� �
Nunmixed�t��Nmixed�t�

Nunmixed�t� #Nmixed�t�
� cos��md t� ���	��

A �t to A verus time will yield �md� the frequency of the cosine� Consequently�

one needs four things to perform the measurement


�� A sample of B�
d mesons�

	� The proper time �c� � at which each B�
d decayed�

�� Knowledge of whether each decayed as a B�
d or a �B�

d �

�� Knowledge of whether each was produced as a B�
d or a �B�

d �
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Regarding the B�
d sample� if it is not pure� the proportion of other particles and

their e�ect on items 	�� must be known� The time t in Equation ��	� is the proper

time
 time as measured in the rest frame of the B�
d � The data used by this analysis

will be the low�pt inclusive lepton datasets recorded by CDF� These samples are rich

in bb production by virtue of the direct semileptonic b decay b� c
�� The �avor at

decay is easily determined� as the lepton 
 must necessarily have the same charge as

its parent b� The determination of the �avor at production� called �avor�tagging��

is more challenging� This analysis exploits the fact that� as b quarks are produced

in bb pairs� the �avor of one b quark is anticorrelated�� with the �avor of the second

b quark� Two methods are used to �nd the second b and tag its �avor
 soft lepton

tagging� again using semileptonic b decay� and jet charge tagging� which relies on

the empirical fact that the average charge of the tracks in a b jet is correlated with

the charge� and therefore the �avor� of that b�

This dissertation� documenting a time�dependent measurement of �md� is orga�

nized as follows
 Chapter 	 describes the Tevatron pp collider� the CDF detector�

and the manner in which the data were recorded� Chapter � is concerned with the

preparation of samples of high�quality electrons and muons� Chapter � with the

preparation of �nal samples by selecting events with displaced vertices associated

with the leptons� a signature for bb production� Chapter � describes the genera�

tion of simulated Monte Carlo samples� These allow a number of studies providing

insight on the data samples� the most important of which is the calculation of

the proper decay time from displaced vertex information� Chapter � describes the

preparation of samples of fake leptons and the use of them and the Monte Carlo

��Flavor�tagging� will be used to refer exclusively to the determination of the b production
�avor� though of course some would say it more properly means a determination of either the
production or the decay �avors�

��The anticorrelation is not perfect � it is reduced by backgrounds and the occasions when the
second b hadron is a neutral B meson� and has mixed�
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samples to determine the proportion of bb� cc� and fake leptons present in the data�

The �avor�tagging methods are discussed in Chapter �� and the determination of

�md is presented in Chapter ��
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Chapter �

The Tevatron and the CDF Detector

The Fermi National Accelerator Laboratory �FNAL� or Fermilab� is the nation�s

premier accelerator facility� More than 	�	�� scientists from �� states and 	� coun�

tries use Fermilab�s facilities to conduct particle physics research� The jewel of

Fermilab�s accelerator complex� the Tevatron� is the world�s highest�energy particle

accelerator�

CDF �the collaboration� came together in ���	 to propose the construction of a

general�purpose detector to study the physics of pp collisions at Fermilab� CDF �the

detector� recorded its �rst data in ���� and recently concluded a data�taking Run in

����� The detector was designed to be sensitive to a wide range of high�pt physics�

studying the W and Z� bosons� b hadrons� and searches for the top quark� Higgs

boson�s�� and numerous exotic particles �supersymmetric partners and leptoquarks�

to name two�� In ���� this promise was kept by the joint discovery of the top quark

with D�� CDF�s companion collider experiment�

The CDF detector %��& consists of tracking� calorimetry� and muon subsystems

arranged in a forward�backward and azimuthally�symmmetric geometry� The track�

ing chambers detect the passage of charged particles and lie inside an axial magnetic
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�eld� which curves the trajectories of charged particles in helices� the radius of curva�

ture constitutes a measurement of their transverse momenta� Outside the tracking

chambers lie the calorimeters� which provide a direct energy measurement of both

hadronic jets and �electromagnetic� photons and electrons� Furthest out are the

muon chambers� located behind steel shielding which only minimum�ionizing muons

are likely to reach� There are currently over ������� electronic readout channels to�

tal from all the subdetectors�

CDF has had a long and rich history and� over the years� many of the detectors

have been improved or replaced altogether� Time at CDF is measured in �Runs��

those periods� when the accelerators are operated in colliding�beammode to provide

data to CDF� D�� and other smaller experiments� The most recent as of this writing�

Run �� was divided into three portions
 �A� �B� and �C� Run �A and Run �B are

usually referenced in publications by their dates� as the ��������� Run and �����

���� Run �respectively�� though the former usage will be used here� A number of

detectors which will be described were installed for the commencement of Run �A�

and one� SVX�� was �rst used in Run �B� Run 	 is scheduled to begin in �����

many major detector upgrades %�	& are planned to meet the challenge presented by

improvements to the accelerators� And yet it is a testament to the e�orts of many

physicists and engineers that many original detector components �rst used in ����

are not only a critical component of this analysis� a decade later� but will continue

to be an integral part of pp collider research in the next century�

�Another unit of time is the �run�� a period of contiguous data�taking� A Run may be measured
in several months or years� a run in several hours� This capitalization will be used consistently to
avoid any confusion�
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Figure ���� Schematic representation of the Tevatron and supporting particle accelerators�
The B	 interaction region �the location of CDF� is also indicated�

��� Particle Accelerators at FNAL

There are a number of di�erent particle accelerators and beamlines at Fermilab� each

serving the research needs of one or more experiments� Only the elements of the pp

collider system will be described here� Figure 	�� shows a schematic representation

of the collider layout�

The process of producing pp collisions begins by ionizing hydrogen gas and accel�

erating the H� ions to ��� KeV with a Cockcroft�Walton electrostatic accelerator�

The ions are transferred to a linear accelerator �Linac�� where their energy is in�

creased to 	�� MeV� The electrons are then stripped from the H� ions to leave
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only protons� which are transferred to the Booster Ring� a small �by today�s stan�

dards� synchrotron� where they are accelerated to � GeV� collected into bunches� and

stored� The proton bunches are injected into the Main Ring� a second synchrotron�

which can accelerate them to a per�proton energy of ��� GeV�

During pp collider operations� protons are extracted from the Main Ring and

directed onto a beryllium target� producing a collection of high�energy interaction

products� Antiprotons are selected from the mix by a mass spectrometer� cooled�

then stored in the Accumulator Ring� When sucient numbers of antiprotons

have been collected� they are injected into the Main Ring� As antiprotons have

the opposite charge of protons� they can be accelerated in the same synchrotrons

as protons� travelling in the opposite direction� using electrostatic separators to

prevent them from interacting except where desired�

Bunches of protons and antiprotons are transferred from the Main Ring to the

Tevatron� a synchrotron constructed of superconducting magnets� which lies just

below the Main Ring in the same tunnel� The Tevatron can hold up to six bunches

of each at a time� After it is �lled� the Tevatron ramps the bunches to its full energy

of ��� GeV and proceeds to collide them at a number of interaction regions around

the ring� When the number of antiprotons falls too low� the beam is dumped� and

new bunches are injected�

����� The B� Interaction Region

B� is the name given to the pp interaction region which the CDF detector surrounds

�see Figure 	���� The aptly named D� detector is at the D� interaction region� A�

houses the abort kicker� specialized magnets which can quickly �between bunch

crossings� eject the beam from the Tevatron� The proton and antiproton beams are

brought into collision at B� by strong�focussing quadrupole magnets� The intensity
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of the colliding beams is measured in instantaneous luminosity� which has units of

inverse�area�squared per second� The likelihood of particle interactions �the cross�

section� is measured in area�squared� intuitively� the probability that two objects

will collide is proportional to the area that they overlap� A convenient unit for

cross�sections is the barn
 � b � ����� cm��

The number of interactions per second at CDF is the total pp interaction cross�

section times the instantaneous luminosity provided by the Tevatron� The latter

can be calculated explicitly


L �
NpN�pf

���x�y
�	���

where Np and N�p are the number of protons and antiprotons per bunch� f is the

collision frequency� and �x and �y are the major and minor axis of the elliptical

cross section of the beam pro�le at the interaction point�

In a typical store� six bunches of ��� ���� protons are directed onto six bunches

of � � ���� antiprotons with a bunch�crossing time of ��� �s� The magnets which

bring the beams into collision compress the transverse extent of the bunches into

a circular shape� with an approximate radius of � � �� �m� According to Equa�

tion 	��� then� the typical instantaneous luminosity supplied to CDF is approxi�

mately ��� ���� cm��s��� Of course� as a store progresses� the number of bunch

particles falls from interactions or beam losses� and the instantaneous luminosity

decays� Data during Run �B were taken mostly over a range of ��	������ cm��s���

High luminosity presents many experimental challenges� Detectors and!or the

data acquisition system may be overloaded by the high frequency of interactions�

multiple pp collisions in a single bunch crossing may yield particles in the detector

which come from very di�erent physics processes� The former was addressed during

Run �B by the adoption of dynamic trigger prescaling� limiting the rate at which

data is recorded� emphasizing certain physics processes over others� thus enabling
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the experiment to meet its research goals� The latter is a concern of this analysis�

a number of studies will be presented showing that there is no detectable adverse

e�ect from high instantaneous luminosity�

��� The CDF Detector

As previously mentioned� the CDF detector %��& is a multipurpose detector� consist�

ing of tracking� calorimetry� and muon subsystems� The readout of the detectors is

controlled by the trigger� hardware and software which examines the data for par�

ticular physics processes and acts as a �gatekeeper�� recording on magnetic tapes

only those collisions �called events� which are considered �interesting�� Further

data processing is later performed on recorded data� which will be discussed in the

next chapter�

Tracking is restricted to the central part of the detector� The CDF tracking

system achieves excellent position and momentum resolution due to a high ax�

ial magnetic �eld of ���� Tesla and large measurement volume� The calorimetry

systems consist of projective towers of alternating absorber and scintillator which

point back to the nominal interaction vertex for energy measurements of both elec�

tromagnetic and hadronic showers� The muon system consists of drift chambers

to record position information for charged particles which are not absorbed in the

calorimeters�

The CDF coordinate system has the z�axis along the proton beam� the x�axis

pointing away from the center of the Tevatron� and the y�axis pointing up� Fig�

ure 	�	 shows a representation of the CDF detector and its coordinate system� As

CDF is roughly cylindrically�symmetric� cylindrical coordinates are often more use�

ful� Thus� in this coordinate system� � is the azimuthal angle� � is the polar angle
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from the z axis� and r is the radius to the z axis� A useful geometric parameter is

the pseudorapidity� de�ned as � � � ln%tan���	�&� as particle production is roughly

uniform in ��

Figure 	�� is another representation of the CDF detector giving a three�

dimensional perspective view�

����� Tracking

The Run �B tracking system consists of four elements
 the solenoid� the vertex time

projection chamber �VTX�� the central tracking chamber �CTC�� and the silicon

vertex detector �SVX��� Each of the detectors measures the position of charged

particles by collecting the charge produced by their ionization in the detectors�

material� The tracking chambers work in concert
 �hits� left by the passage of

particles are grouped by pattern recognition software into track segments� segments

in the CTC and VTX are matched to each other� and in turn� matched to hits in

SVX�� The solenoid completely surrounds the three tracking chambers� providing

an axial magnetic �eld in which the trajectories of charged particles are curved into

helicies�

A helix is described by �ve parameters
 cot �� the tilt angle of the helix�

C �the curvature�� the inverse of the diameter of the inscribed circle de�ned by

the projection of the helical path into the x�y plane� z�� the z position� D� �the

impact parameter�� the perpendicular distance to the origin� and ��� the azimuthal

direction� All quantities are measured at the position of closest approach to the

origin� The impact parameter is a signed quantity
 it is positive for positively�

charged tracks whose inscribed circle encloses the origin and for negatively�charged

tracks whose circle excludes the origin� The curvature is also signed� but by the

charge of the particle� Coupled with knowledge of the magnetic �eld strength� it
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Figure ���� The Run 
 CDF detector shown as one�quarter of an elevation view� The other
quarters look the same� as the detector is forward�backward and azimuthally symmetric�

Figure ���� Perspective view schematic of the Run 
 CDF detector�
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gives a determination of the transverse momentum� The absence of a track can

also be a powerful measurement� neutral particles� such as photons or ��s� do not

leave an ionization trail in the tracking chambers� but do deposit their energy in

the calorimeters�

Solenoid

The CDF solenoid coil %��& is a superconducting magnet� � meters in diameter and

��� meters long� designed to enfold the tracking chambers in a uniform ���� Tesla

magnetic �eld� The magnetic �eld �ux outside the coil is returned through a steel

yoke� to avoid having the �elds interfere with the proper operation of the calorime�

ters� the yoke also serves as the calorimeters� mechanical support� The small non�

uniformities of the magnetic �eld have been mapped %��&� allowing for appropriate

momentum corrections for tracks found by the pattern recognition�

CTC

The CTC %��& is a cylindrical wire tracking chamber which covers j�j � ���� It is

the largest of the tracking chambers� occupying most of the interior of the solenoid�

Table 	�� lists some of the CTC�s mechanical and operational parameters�

There are �� sense wire layers arranged in �ve axial ��	 wires per� and four stereo

�� wires per� superlayers� The axial superlayers have their wires strung parallel to

the pp beam axis� the stereo superlayers� wires are strung with an alternating ���

tilt relative to that axis� This construction allows a measurement of the z position

of traversing particles� Within each superlayer� the cells of sense wires and �eld�

shaping wires have a ��� tilt with respect to the radial direction� matching the

Lorentz angle�� The large tilt also ensures there is a large overlap between adjacent

�The ionization left by a particle�s passage is collected on the sense wires� As this charge moves
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cells� such that a high�pt track must pass close to at least one sense wire in every

superlayer� A diagram of the CTC endplate� the support structure for the CTC

wires� is shown in Figure 	��� illustrating the geometry of the superlayers and the

tilt of the cells�

The electronics that read out the CTC record the amount of charge collected

on each wire by measuring the width of the current pulse� A suciently long pulse

width indicates the passage of a particle� The pulse width can also be used to

measure the ionization energy loss �dE�dx� of the particle in the CTC gas�� De�

termining both momentum and dE�dx corresponds to a mass measurement� which

allows discrimination between di�erent particle species� The CTC dE�dx system is

used in this analysis to either select or reject electrons� It is described in greater

detail in Appendix C�

Tracks are reconstructed in the CTC by �rst assembling track segments in the

cells of each superlayer� Each segment has a left�right symmetry� that is� a particle�s

ionization trail� collected on the sense wires� may lie to the left or right of the wire

plane� The �confusion� is removed by connecting segments in adjoining superlayers

into a single trajectory� this is possible with only one choice of left or right for

each segment� A reconstructed track can be assured of being well�measured by

requiring a minimum number of hits in a minimum number of superlayers� The

phrase �standard track quality cuts� should be taken to refer to the requirement

of at least four or more hits in two or more axial superlayers and two or more

hits in two or more stereo superlayers� The separate requirements for two of each

type of superlayer assures that the track is well�measured in z as well as the x�y

in both electric and magnetic �elds� the drift direction is at an angle to the electric �eld� Given
that the strength of the magnetic �eld is selected to ensure good momentum resolution and that
of the electric �eld to saturate the drift velocity� a large Lorentz angle is convenient� The ��� tilt
of the cells matches the Lorentz angle such that the drift direction is approximately azimuthal�

�The CTC gas is a mixture of argon� ethane� and ethanol� in the ratio ����� � ����� � 	����
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plane� this can be con�rmed by a requirement that the segments make a successful

three�dimensional helical �t�

VTX

The VTX� just inside the CTC and surrounding SVX�� consists of �� octagonal

modules with sense wires strung in the r�� plane� The VTX wires are perpendicular

to the CTC wires� with the drift direction in the z plane� allowing r�z measurements

of tracks� positions with a Lorentz angle of zero� The �� modules around SVX�

contain �� sense wires in each octant� the 	� modules at larger z have 	� wires�

allowing measurements closer to the beamline for those tracks not in the �ducial

volume of SVX��

The VTX has the best z resolution of any of CDF�s tracking chambers� though its

resolution is comparatively worse in the other coordinates� Adjacent VTX modules

are rotated by ����� in � so CTC track segments �with their lesser z resolution�

can be matched to VTX track segments without confusion� The main use of the

VTX is to determine the z position of the pp collisions� which� when coupled to the

x�y position of the pp beamline determined by the CTC and SVX�� gives the best

measurement of the three�dimensional position of the primary interaction vertex�

This is discussed in greater detail in Section ��	�

SVX�

SVX� %��&� a silicon microstrip detector� is the innermost tracking detector� closest to

the beampipe� Its cylindrical con�guration and �ne segmentation allows precision

measurements in the r�� plane to best determine the impact parameter of charged

particles� The knowledge of the curvature and � of tracks is also greatly improved

by its use� though it o�ers essentially no information about z or cot ��
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Number of layers ��
Number of superlayers �
Stereo angle for each superlayer ��� #��� ��� ���� ��� #��� ��� ���� ��

Number of cells per superlayer ��� �	� ��� ��� �	� ��� ��� ���� �	�
Number of sense wires per cell �	� �� �	� �� �	� �� �	� �� �	
Sense wire spacing ��� cm
Tilt angle ���

Radius at innermost sense wire ���� cm
Radius at outermost sense wire ��	�� cm
Wire length �	��� cm
Electric Field ���� V!cm
Magnetic Field ���� T
Nominal r�� spatial resolution 	�� �m
Nominal r�z spatial resolution ��� cm
Nominal �pt�pt ����	� pt �GeV�c�
Nominal �pt�pt�beam constrained� ������� pt �GeV�c�

Table ���� CTC mechanical and operational parameters�

Figure ���� Schematic of the CTC endplate showing the superlayer structure and ��� tilt
of the wire cells�
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CDF�s �rst silicon vertex detector� the SVX %��&� was installed before the com�

mencement of Run �A� The SVX served the experiment well� but sustained steady

radiation damage �total dose
 ��� kRad� over the course of the Run� It was

known well in advance that a replacement would be needed to withstand the pro�

jected �� kRad dose from the longer running time of Run �B� The new detector�

SVX�� is an improved version of the SVX� The readout chips were fabricated with

a radiation�hardened process and designed to provide a higher signal�to�noise for

improved tracking performance� The silicon strips were AC�coupled to the chips to

immunize them from increased leakage current due to bulk radiation damage� The

position of the innermost silicon detectors was changed to remove the � gaps that

were part of the original SVX mechanical design� Otherwise� the two detectors are

remarkably similar� and much of the information here applies equally to both� A

comparison of the two detectors is made in Table 	�	� In chapters subsequent to

this one� any reference to �SVX� should be understood as referring to the SVX�

detector� only Run �B data is used in this analysis�

SVX� consists of ������ silicon microstrip detectors� arranged in a cylindrical

con�guration around the beampipe� It is divided into two barrels� with the division

at z � �� Each barrel is composed of twelve wedges� each subtending ���� each

wedge has four ladders� placed at various radii� The ladders are held by a bulkhead

at the ends of each barrel� the bulkhead is made of beryllium to minimize the

probability of an interaction with particles from pp collisions� An SVX� barrel is

shown schematically in Figure 	��� showing the wedge�ladder con�guration� Ladders

at a given radius are referred to both individually and collectively as a layer� The

ladders in Layer � were given an extra tilt of �� and moved closer to the beampipe

compared to the SVX detector� The tilt allows adjacent ladders to overlap� and the

smaller radius a better measurement of the impact parameter�
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A ladder is the basic detector unit� shown schematically in Figure 	��� It con�

sists of three ��� cm long silicon crystals with the readout electronics on one end�

all mounted on a carbon��ber�reinforced foam support� The crystals have been

implanted with microstrips at a �� �m pitch ��� �m for Layer � crystals�� The

strips on one crystal are joined by microbonds to the strips of the next� making a

total active length of 	��� cm� The strips are AC coupled to the readout chips� and

the bulk silicon of the detectors is biased by a single�sided FOXFET� �Bad� strips�

those with excessive noise or a damaged FOXFET connection� are either discon�

nected from the chips or shorted to ground as appropriate� ����) of the strips in

SVX� are bad�

Particles traversing the voltage�biased silicon leave an ionization trail� the charge

is collected on the strips and integrated by the readout chips� The AC coupling of

SVX� allows the operation of the readout in double sample�and�hold mode� with

one charge integration� whereas SVX required quadruple sampling� with two inte�

grations� one subtracted from the other� This di�erence alone is responsible for a

noise reduction by a factor of
p
	� The readout chips are also capable of sparse

readout � only those strips with a collected charge above a speci�ed threshold are

read� resulting in a signi�cant reduction in readout time� �Neighbor logic� is also

available� allowing the readout of the strips immediately next to a strip with charge

above threshold� even if they themselves are not� SVX� is typically operated in

sparse mode� with the neighbor logic activated�

Unlike the other tracking chambers� where charge collected on a single wire

serves as a measurement of a particle�s trajectory� SVX� de�nes hits not by individ�

ual strips� but rather as clusters of strips� Clusters� constructed by o+ine software�

are de�ned as contiguous strips whose charge pulseheights are each greater than a

factorM times their noise� as some strips are noisier than others� Clusters with more
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strips are allowed to have a lower threshold on each strip
 M � ���� 	��� and 	��

for one�strip� two�strip� and larger clusters� respectively� The pulseheight�weighted

position average� coupled with the known layer radii� constitutes the measurement

of a traversing particle�s r�� location� Tracks in the CTC are matched to clus�

ters in SVX� through road�search pattern recognition� where the track is projected

backwards from the CTC to the interaction vertex� and a region �commensurate

with the size of the error on the projected location at a given layer� searched for

acceptable clusters� Layer �� the outermost� is the �rst layer searched� If a cluster

is matched to a track� it is included in the �t of the track�s path� understandably�

the road narrows as successive clusters are included�

The correct alignment of SVX�� both internally �ladder�to�ladder� and externally

�to the CTC�� is of critical importance to this procedure� An initial estimate of

the external alignment was obtained during installation� the internal alignment

was measured to ��� �m during construction� Both were improved iteratively

using collected data� resulting in a position resolution of ��� �m� Including the

contribution from multiple scattering in the beampipe yields an impact parameter

resolution of ���� �m in the high�pt limit� This analysis makes good use of this

excellent resolution�

����� Calorimetry

Calorimeters �as the name indicates� provide a direct energy measurement of inci�

dent particles� This is accomplished by alternating layers of dense material with

detector elements� particles interact with the material and shower� that is� produce

numerous secondary particles of lower energy� The total number of particles in

the shower is a measurement of the energy of the incident particle �given a thick

enough �sandwich� of absorber!detector to contain the entire shower�� To take
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Feature SVX SVX�

channels �����
z coverage ���� cm
gap at z � � 	��� cm
radius L� ������ cm 	����	 cm
radius L� ��	��� cm
radius L	 �����	 cm
radius L� ������ cm
overlap L� ���	� deg �gap� ���� deg ��	� strip�
overlap L� ���	 deg �� strip�
overlap L	 ��	� deg �� strip�
overlap L� ���� deg �� strip�
silicon one�sided

DC AC FOXFET bias
passivation none silox
atmosphere Ar!Ethane#H�O dry nitrogen
readout chip SVX IC Rev�D SVX IC Rev�H�
sampling quadruple double
noise 		�� electrons ���� electrons
gain �� mV!fC 	� mV!fC
reset!integrate 	�� �s
readout time 	�� �s 	�� �s
rad� dose limit �	� kRad 	 � MRad
bad channels ����) ����)
occupancy �typical� �)���) �)
occupancy �max� �	)�	�) 	�)

Table ���� Comparison of SVX and SVX� mechanical and operational parameters�
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Figure ���� Schematic representation of an SVX� barrel�

Figure ��	� Schematic representation of an SVX� ladder�
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advantage of the ways in which di�erent types of particles interact with matter�

the CDF calorimetery system consists of many paired subsystems� each with an

electromagnetic calorimeter� located closest to the interaction point� and a hadronic

calorimeter� much thicker� with many more absorber!detector layers� The absorber

is lead in all the electromagnetic calorimeters and steel in all the hadronic calorime�

ters�

Charged particles traversing the material of the detector will lose energy through

electromagnetic interactions� they may ionize atoms in the material or radiate pho�

tons when accelerated in the electric �eld of atomic nuclei �bremsstrahlung�� Ra�

diated photons will convert to electron�positron pairs� which in turn lose energy

in the detector� For particles with sucient energy �only ��� MeV for electrons in

lead�� radiation losses dominate� The range of incident particles through matter

owing to bremsstrahlung is proportional to the square of the mass of the particle�

thus electrons and photons will have a much shorter range in dense material than

will more massive particles� CDF�s electromagnetic calorimeters are designed to

contain the showers from electrons and photons� though heavier particles typically

pass through�

Hadrons may also lose energy though strong inelastic collisions with atomic

nuclei� As the nuclear absorption length is much shorter for hadrons than the radi�

ation length� energy loss is dominated by secondary hadron production� The hadron

calorimeters provide many layers of steel ���� absorption lengths�� complementing

the lead in the electromagnetic calorimeters �� absorption length�� in order to con�

tain hadronic showers� Muons� which do not interact strongly� will penetrate both

calorimeters if suciently energetic�

Di�erent regions of pseudorapidity are covered by di�erent calorimeters� each
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of the subsystems are essentially rotationally symmetric �in ��� The central elec�

tromagnetic and hadronic calorimeters �CEM and CHA� cover j�j up to ���� while

the endwall hadronic calorimeter �WHA� covers j�j of ��� to ���� The CEM� CHA�

and WHA alternate layers of scintillator with layers of absorber� The plug �PEM

and PHA� and forward calorimeters �FEM and FHA� are gas calorimeters which

provide coverage in j�j between ��� and 	�� and 	�� to approximately �� respectively�

Figures 	�	 and 	�� show graphically the locations of the various calorimeters� Each

subsystem is segmented into wedges� subtending some angle in �� each wedge is seg�

mented into projective towers� Each tower therefore subtends some portion of ���

space� angled to point back to the CDF origin� A schematic of a central calorimeter

wedge is shown in Figure 	��� showing the light�pipe con�guration used to read out

the scintillators�

Calorimeter jets are de�ned by searching for clusters of energy deposited in

nearby calorimeter towers %��&� The procedure begins by identifying single towers

above a standard energy threshold� then adding the energy of its neighbors to the

total� Three standard clustering sizes are used at CDF� speci�ed by their maximum

extent in �R� where ��R�� � �����#������ �R de�nes a cone in ��� coordinates�

which is projected to the face of the calorimeters to trace a region of includable

towers� The three standard cone sizes are �R � ���� ���� and ���� Only those

calorimeter jets found with an ��� cone size play a role in this analysis�

The calorimeter information is used by this analysis in a number of ways� The

tower traversed by muon candidates is checked to ensure that it has sucient de�

posited energy to be consistent with the passage of a minimum�ionizing particle�

Jets serve to collect and organize SVX tracks for a b jet�tagger �see Section ����� But

the most important use of the calorimeter is the identi�cation of electron candidates�

They are selected by the trigger based upon clusters of electromagnetic energy in
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the CEM� calorimeter measurements are then subsequently used to ensure their

quality�

The success of the energy clustering and triggering depends on the physical

separation of the electron from other particles� The signature of an electron is a

cluster of mostly electromagnetic energy with a single track pointing to the cluster�

hadrons suciently close to the electron will deposit their energy in the same towers�

but in the hadronic calorimeters� masking the electron signature� This implicit

isolation requirement of the trigger is actually bene�cial to this analysis
 electrons

from semileptonic b decay are much more likely to be isolated than those from other

processes� owing to the large b mass�

Electron identi�cation is assisted by two additional subdetectors located within

the central calorimeter systems
 the central electron strip chambers �CES� and the

central pre�radiator �CPR��

CES

The Central Electron Strip chamber is a gas proportional strip and wire chamber

inserted between the eighth lead layer and ninth scintillator layer of the CEM� a

position corresponding to the average depth at which the transverse development

of an electromagnetic shower is at its maximum�� The CES is much more �nely

segmented than the towers of the CEM� allowing close matching of tracks to elec�

tromagnetic showers�

Charge from shower ionization is collected on orthogonal wires and strips� pro�

viding a local x and z position within each wedge� along with a measurement of the

�This depth is calculated to include the contribution of the solenoid to the total electromagnetic
interaction lengths�
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Figure ��
� Schematic of the light�gathering system in a central calorimeter wedge� show�
ing the position of the CES within the CEM�
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Figure ���� A schematic diagram of the CES strips and wires�

shower shape� which can be compared to shapes taken from testbeam data to distin�

guish between single showers from electrons or photons and closely�spaced double

showers from �� � ���

The CES is an important part of electron identi�cation� it is used for all electrons

in this analysis� Hadron rejection based on CES information allows operation of

the Level 	 single electron trigger at an increased bandwidth� The track�to�cluster

matching and shower shape �� are part of both the trigger electron and soft electron

quality cuts �see Sections ����� and ��	���� The �ne segmentation of the CES allows

tight quality cuts with little dependence on the separation of the electron candidate

from other tracks or calorimeter energy�

CPR

While the CES measures electromagnetic showers at their maximum transverse

extent� the Central Pre�Radiator samples the early development of electromagnetic

showers� The CPR consists of proportional chambers located between the solenoid

and the CEM �see Figure 	�	�� The chambers are parallel to the beam axis and
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provide r�� position measurements only� The energy deposited on the wires is

measured in units of the charge collected �QCPR�� The CPR is not used in the Level 	

electron trigger or in the de�nition of trigger electrons� nevertheless� it provides an

excellent electron�hadron separation which is very useful for the identi�cation of

soft electrons �see Section ��	����

����� Muon Detectors

Muons� like electrons� play a critical role in this analysis� Muons are unique in

experimental particle physics because of their relatively long lifetime
 coupled with

their lack of strong interactions with the material of the detector� Thus� unlike

the charged hadrons� muons are minimum�ionizing particles� capable of penetrating

large quantities of matter� The principle of muon detection is to place detectors

behind some volume of dense absorber and de�ne any charged particle which suc�

ceeds in penetrating it to be a muon� There is a balance to be struck in selecting

the amount of absorber� as muons can �range out� in material as they lose energy

by scattering� Thicker and!or denser absorbers give better hadron rejection but

reduce sensitivity to low�momentum muons�

The CDF muon system consists of four detector subsystems which employ this

principle� The �rst and third to be described use the material of the calorimeters

as their absorbers� the second has additional steel shielding� The fourth system�

the forward muon chambers �FMU�� are not used by this analysis and will not be

described here� though they are placed at the forward!backward toroids as shown

in Figure 	��� The muon systems are integrated into the trigger system� and are

designed to provide both position and momentum information to the trigger to aid

�The muon lifetime as measured in its rest frame is ����� �	�	 s� giving a c� of ���� m� the
apparent lifetime of energetic muons is enhanced by relativistic e�ects�
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its decision� The ��� coverage of the three �central� muon chambers is shown in

Figure 	���

CMU

The central muon chambers �CMU� %��& consists of wire chambers just outside the

central calorimeters� the steel in the calorimeters provides �ve hadronic absorption

lengths of material� The range�out of muons for this thickness is approximately

��� GeV�c� There are three muon towers in each calorimeter wedge� covering �	���

of the ��� wedge� The total � coverage of the CMU is therefore ��)� the CMU is

instrumented over j�j � ���� Each muon tower is composed of four layers as shown

in Figure 	���� The sense wires in each cell are staggered� allowing the readout of

layers �"� and 	"� to be ganged together without confusing hit associations� This

is done to reduce the amount of readout electronics connected to the chamber�

A series of hits in the layers is assembled into a track segment as is done in

the tracking chambers� Muon track segments are called stubs� The position and

slope of a stub are taken from the timing information of the hits� The position

yields an r�� measurement� the slope is de�ned to be the larger of t� � t� and

t� � t�� and corresponds to the pt of the muon candidate� The wires are read out

on both ends of the cell� the division of charge between each end provides an r�z

position measurement� Thus the stub is a fully three�dimensional measurement of

the muon�s position and direction� which can be matched to tracks found in the

CTC� The agreement between the track and the stub is a measure of a muon�s

quality� cuts on the �matching variables� are used to ensure good muon selection�

Though the track�stub matching has just been described as performed for CMU

stubs� the same procedure is applied to all muon chambers�
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Figure ���� The ��� coverage of the three muon detector systems� Note the substantial
overlap between the CMU and CMP�
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Figure ���� Four layers of a central muon chamber tower�

CMP

Since the calorimeters provide only �ve hadronic absorption lengths� some hadrons

may not shower in the calorimeter� and can �punchthrough�� faking the signature

of a muon by leaving hits in the CMU� The central muon system was upgraded at

the commencement of Run �A to provide additional muon chambers �CMP� with

signi�cant geometric overlap with the CMU� behind three more hadronic absorption

lengths of steel� The muon range�out to the CMP is pt � 	���	�� GeV�c� The CMP

is instrumented over j�j � ���� like the CMU� and covers ��) of �� a portion of

the � gaps in the CMU are covered by the CMP� This analysis will make use of

the small numbers of muons whose tracks are only matched to CMP stubs� but the

advantage of the large overlap is that the best quality muons are those whose tracks

are matched to both CMU and CMP stubs�
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CMX

Another Run �A muon upgrade was the installation of the central muon extension

chambers �CMX�� which increased the j�j coverage from ��� to ���� The � coverage is

��)� and approximately six hadronic absorption lengths of shielding is provided by

the plug calorimeters� Despite the larger amount of shielding compared to the CMU�

operation of the CMX during Run �A was hampered by particles scattering from

the beampipe assembly� bypassing the shielding and creating numerous fake hits

in the CMX� The beampipe was replaced by another with less material before the

commencement of Run �B� so the CMX muon candidates presented in this analysis

are of the higher quality planned for in the CMX design� The geometric overlap

between the CMX and the other muon chambers is negligible� muon candidates

matched to stubs in the CMX and any other chamber are rejected as being poorly�

measured tracks whose quality cannot be guaranteed�

����� Trigger System

With a bunch�crossing time of ��� �s and ��	 pp interactions per crossing� the

Tevatron provides at least ������� collisions per second� The vast majority of these

interactions are �uninteresting� QCD�only light quark and gluon jet production� As

data can be recorded at a rate of only �� Hz� a trigger system is used to select the

�interesting� events from the total in an ecient manner�� The trigger is divided

into three stages� or levels� which progressively accept fewer and fewer events to

meet the total data acquisition �DAQ� bandwidth� Later levels can make use of

the additional time a�orded by the reduced rates from earlier levels to calculate

quantities of interest from the raw detector information�

	While QCD processes are �in fact� interesting� and an important part of CDF�s physics pro�
gram ��	� ��
� the lack of a trigger system would limit CDF to only a QCD program�
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As the cross�sections for various physical processes can be very di�erent� the

DAQ bandwidth is �budgeted� among them by imposing prescaling � that is�

some triggers are allowed to pass only a certain fraction of those events which meet

their requirements� Triggers designed to accept events from processes with small

cross�sections �e�g� t�t orW production� are assigned low prescale factors �or none at

all�� those with large cross�sections �e�g� low�energy dijet production� are assigned

high prescale factors� Dynamic prescaling of Level 	 triggers was adopted during

Run �B� in which prescales were adjusted depending on the total Level 	 output

rate� During periods of high instantaneous luminosity� prescales were increased to

prevent the total rate from growing too large�

Data Acquisition

The various detectors are read out by front�end electronics� which pass signals to

digitization modules for assembly into an event record� The front�end includes

almost as many subsystems as there are detectors� FASTBUS time�to�digital con�

verters �TDCs� handle tracking and prompt muon data� RABBIT cards read out

calorimeter and the remaining muon chamber information� The SVX sequencers

control the operation of SVX�� they are paired with the digitizers which take the

analog per�channel charge and address as input� Data from the front�end is sorted

and assembled into a single record by the event builder� A record is approximately

	�� KB in size� Should the event pass all three levels of the trigger system� the

record �along with information about the trigger decisions� is written to tape�

The larger luminosity conditions of Run �B and Run �C compared to Run �A

required some modi�cations to the triggers to ensure a maximal DAQ livetime� The

recording bandwidth did not vary signi�cantly during Run �� Consequently� the

trigger cross�sections had to be reduced during Run �B� Quality requirements were
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tightened and additional information was made available to the trigger hardware

to aid in its decision� While more sophisticated trigger hardware was added in

the middle of Run �B� it did not greatly increase the capacity� but rather enabled

additional specialty triggers to be added to the system�

Level �

The Level � trigger lowers the event rate to �� kHz by selecting events with large

calorimeter energy deposits or hits in the muon chambers� Lepton triggers are

divided into single lepton and dilepton triggers� the former require higher lepton

pt or Et thresholds than the latter� owing to both the larger cross�section and

larger fake rate� Single central electron and photon candidates are identi�ed by

a electromagnetic calorimeter tower with an energy above � GeV� Single muon

candidates are identi�ed by hits in the muon chambers with a pt �as measured by

the slope of the stub� above � GeV�c� The dilepton trigger thresholds are � GeV

for electrons and ��� GeV�c for muons�

The basic requirements of the Level � triggers accepting most of the events used

by this analysis are


 L� CALORIMETER �no prescale�
 accepts events with a single calorimeter
tower above a speci�ed threshold� the threshold for CEM towers is � GeV�

 CMU CMP �PT� HTDC BBC �no prescale�
 requires a pt 	 � GeV central
muon stub with strict requirements to assure the chamber hits are in time
with a bunch crossing�

Level �

The Level 	 trigger accepts those events passing one or more Level � triggers� Spe�

ci�c Level 	 triggers may require speci�c Level � triggers� More information is avail�

able to Level 	� Neighboring towers with deposited energy are clustered together�

The central fast tracker �CFT� assembles CTC hits into track candidates with rough
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pt estimates� The CFT has a momentum resolution of �pt�pt 	 ������ pt �GeV�c�

and has an eciency of ����� ���) for isolated tracks with pt 	 �� GeV�c� Neural

networks are employed to identify photon and � candidates� and CES information

can be used to select electron or photon candidates�

The energy deposition of electron and photon candidates is required to be mostly

in the electromagnetic calorimeter� In addition� the CES can be checked for an

energy cluster consistent with an early�showering particle� The Level 	 single lepton

triggers require a minimum match in � between a CFT track and a calorimeter

cluster or a muon stub� Dilepton triggers require either one or both leptons to be so

matched� Other Level 	 triggers include event selection based upon isolated energy�

missing Et� or tracks plus energy �designed for K�� candidates��

The basic requirements of the Level 	 triggers accepting most of the events

used by this analysis are listed below� The Level 	 dynamic prescaling was made

dependent on the total Level 	 output rate by de�ning three bins of the rate ���

�	 Hz� �	�		 Hz� 		# Hz� and a prescale factor for each �e�g� �
	
���

 CEM � CFT � � XCES �prescaled by �
	
��
 requires a CEM energy cluster
of � GeV� a matching CES cluster� and a ��� GeV�c CFT track pointing at
both�

 CMUP CFT � � �DEG �prescaled by �
	
��
 requires a ��� GeV�c CFT
track within �� in � of both a CMU and a CMP stub� a � GeV�c CMUP
Level � trigger is a prerequisite�

Other triggers contributing to the data samples or used in studies are


 CEM � CFT � � �prescaled by �
��
���
 requires a CEM energy cluster of
� GeV and a ��� GeV�c CFT track pointing to the cluster�

 CEM �	 CFT �	 XCES �prescaled by �
�
	�
 requires a CEM energy cluster
of �	 GeV� a matching CES cluster� and a �	 GeV�c CFT track pointing
at both�

 CEM � CFT � � �prescaled by ��
��
	���
 requires a CEM energy cluster
of � GeV and a ��� GeV�c CFT track pointing to the cluster�
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 CMUP CFT �	 �DEG �no prescale�
 requires a �	 GeV�c CFT track within
�� in � of both a CMU and a CMP stub� a � GeV�c CMUP Level � trigger
is a prerequisite�

 CMX CFT � � �DEG �prescaled by ��
 requires a ��� GeV�c CFT track
within �� in � of a CMX stub� a �� GeV�c CMX Level � trigger is a
prerequisite� Active for only the �rst ���) of Run �B�

 Various dimuon triggers �prescaled by ����
 require two muon stubs �of
various types�� each matched to at least a 	�	 GeV�c CFT track� An ap�
propriate dimuon Level � trigger is a prerequisite�

Level �

Level � reduces the event rate to meet the � Hz recording bandwidth� Level � is

implemented in software and performs a full event reconstruction� creating higher�

level physics objects such as tracks� jets �including electrons and photons�� and

muon stubs from raw detector information� Tracks� for example� are found by

pattern�recognition software looking for a helical pattern of wire hits in the CTC�

and muon stubs are found in a similar fashion by �nding a cluster of hits in the

muon wire chambers� Jets are de�ned by clustering calorimeter energy deposited in

nearby towers� While this may seem a duplication of the activities of the Level 	

trigger� the Level � algorithms are much more sophisticated� allowing better pattern

recognition and matching of track segments and energy clusters between di�erent

detectors� In addition� pt and Et thresholds are much better de�ned�

Second�order objects are also created� A muon candidate is created by projecting

a track through the detector to the muon chambers� and matching it to an existing

muon stub� An electron candidate consists of a calorimeter cluster� a CES cluster�

and a CTC track� matched together� A photon candidate is essentially an electron

candidate with no matched track� The shower shape in the CES is also examined to

ensure consistency with a single particle� rather than the wider shape from �� � ���
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The Level � trigger operates after reconstruction by selecting events based upon

these second�order quantities� The basic requirements of the triggers accepting most

of the events used by this analysis are


 ELEB CEM � � �no prescale�
 requires an electron with clustered CEM
Et 	 ��� GeV and a track of pt 	 � GeV�c pointing at the cluster�

 MUOB CMU CMP � �no prescale�
 requires a track of pt 	 � GeV�c
matched to both CMU and CMP stubs�

Other triggers contributing to the data samples or used in studies are


 ELEB CEM � �prescaled by 	��
 requires an electron with clustered CEM
Et 	 ��� GeV� and does not speci�cally require a track� though the Level 	
trigger CEM � CFT � � XCES �which does� is a prerequisite�

 ELEB CEM � � �no prescale�
 requires an electron with clustered CEM
Et 	 � GeV and a track of pt 	 � GeV�c pointing at the cluster� and
requires CEM � CFT � � at Level 	�

 MUOB CMX � �no prescale�
 requires a track of pt 	 � GeV�c matched to
a CMX stub� It was active for the only �rst ���) of Run �B�

 PSIB DIMUON JPSI �no prescale�
 requires two muons �any type�� op�
positely charged� with invariant mass 	�� � M�� � ��� �thus including
�� � ����

Stream B

The data passing Level � is distributed among three paths� or streams� The streams

were established to give priority in data accessibility to more �vital� triggers�

Stream A includes triggers used for detector and trigger calibrations as well as

the most urgent analyses �such as top and W studies�� Stream A triggers� compris�

ing high�energy jets� photons� and single leptons� and the highest�quality J�� � ��

events� also have some of the lowest prescales� further indicating their importance

to the experiement� Stream B consists of the lower�energy jet� photon� and lepton

events� while Stream C consists of lepton triggers with the loosest requirements as

well as minimum�bias interactions�

��



The data from the low�pt single lepton triggers used by this analysis were directed

to Stream B� It must be emphasized that the streams only de�ne the order in which

data is processed �as described in Section ��	�� Every event recorded by Level � is

ultimately made available to experimenters�
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Chapter �

Primary Datasets

A dataset is a set of recorded events used in an analysis� Colloquially� it may refer

to the entire set of events passing a particular trigger or a set of triggers� a subset

of events which meet some initial quality requirements �here called the �primary�

dataset�� or a further subset meeting the full event selection� comprising the �nal

sample on which the analysis is performed� Which one is meant will be either obvious

from the context or directly speci�ed� �Sample� is often used interchangeably with

�dataset�� This chapter describes how the primary datasets for this analysis were

selected from data passing particular Level � triggers�

��� The �		���		
 Run

This analysis uses data from the second portion of the Tevatron collider Run �

�known as Run �B�� CDF has de�ned the portion of valid data to be that taken

between January 		� ���� and July 	�� ����� this constitutes ���� pb�� of data

recorded onto �mm tapes�
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��� Event Production

Those events that have been recorded by the data acquisition system are reprocessed

o+ine by the �production farms�� A farm is a collection of computers which reads

events from tape� redoes the full event reconstruction of the Level � trigger� and

returns the output back to tape� The disk and tape resources are handled by a

�server� node� and the processing handled by a �worker� node� For Run �B pro�

duction� CDF used two farms
 a cluster of IBM computers consisting of � server

nodes and �� worker nodes� and a cluster of Silicon Graphics computers consist�

ing of � server node and �� worker nodes� Together� the two farms can process

approximately ��� million events per week at full capacity�

This o+ine event reconstruction is called �production�� The software used in

production is essentially the same as that used by the Level � trigger� with one im�

portant di�erence
 production has access to the o+ine calibration databases� which

contain appropriate detector constants derived from the data after it is recorded�

Thus the quality of the higher�level objects from production is slightly better than

those directly from Level �� The Run �B data was processed using version ���� of

the o+ine production� The �nal data samples for this analysis were reprocessed

with a portion of version ���	 production� this will be described in more detail in

Section ����

It bears repeating that data from all three streams are processed by production�

The assignment of a Level � trigger�s output to a particular stream only indicates

the order in which it is processed�

The full output of production consists of a very large event record containing

the raw detector information� the trigger decisions� and the reconstructed quantites

created both by Level � and by production� The data are also made available

without the raw detector information and Level � reconstruction� Most analyses
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�including this one� depend only on production�derived quantities�

��� BPAD processing

Events from the output of Stream B production were split into many sub�streams

based upon which Level � triggers were passed� in order to facilitate analyses
 physi�

cists working on a B�
s mass measurement would not be interested in reading the

large quantities of QCD multi�jet data recorded by CDF� Of course� if an individual

event passed many di�erent triggers� copies of this event would be sent to each of the

representative �split streams�� Nine of these streams were identi�ed as relevant to

b physics analyses
 the electron�muon� the high� and low�pt inclusive electrons� the

high� and low�pt inclusive muons� and the various dimuon split streams �high�mass

dimuons� low�mass dimuons� the ( � ��� and the J��� �� � ���� This analysis

relies on the data in the low�pt inclusive electron and muon split streams� the chief

triggers accepting data for these streams are described in Section 	�	��� and further

reviewed in this chapter�

As a practical matter� reading large datasets can be dicult� Users can be

interrupted by the occasional tape drive failure� made more likely by the large

number of individual tapes that must be read� or can �nd that a speci�c tape

they require is already in use by another user� which is likely as the number of

users interested in these nine datasets is known to be large� Many analyses are

very CPU�intensive� which only increases the annoyance of these interruptions� In

addition� most analyses share many common features� and requiring each user to

run the same code is a net waste of computing resources�

Accordingly� it was determined to subject each of the nine split streams to further

processing to reduce the event record size and make the data available on a more
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convenient medium than �mm tapes� The additional processing included storing

the run�by�run pp beamline information in the event record �saving the user a series

of database queries�� collecting the information on which triggers each event passed

from the various storage locations in the event record and summarizing it in one

place� requiring the event to pass the same requirements as the Level � trigger� based

on quantities calculated by production� tightening the muon quality requirements

to ignore muons of dubious worth� and a number of steps to reduce the size of

the event record� all based on deleting information not of interest� This new event

record format is known as BPAD�

The BPADs were sent to robotic tape storage media� The STK silo� operated by

Fermilab�s Computing Division� has a maximum capacity of � Terabytes and ���

Gigabytes of staging disk� The directory of stored �les is maintained by the CERN

software product FATMEN� Requested �les are staged quickly to the NFS�mounted

disks� eliminating the need for users to submit a series of failure�prone �mm tape

mount requests� �les which have not been accessed in some time are deleted to

create space for newly�requested �les�

����� Inclusive electrons 	ECLB


The stream B inclusive electron trigger data were sent to the ECLB and ECMB

split streams by production� and further processed into BPADs� Loosely speaking�

the former contains the output of the � GeV electron triggers� and the latter the

output of the �� GeV single electron triggers� Trigger electron data for this analysis

were taken from ECLB�

Over the course of Run �B� events passing one or more of four Level � triggers

�ELEB CEM � �� ELEB CEM �� ELEB CEM � �� and ELEB KSTAR GAMMA�

were split to ECLB� The last trigger� a specialty trigger for B� � K��� studies�
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was introduced two�thirds of the way through Run �B and directed to the ECLB

stream by production for convenience� Data from this trigger was split to a separate

output stream �KSGB� at the BPAD�processing stage � the ECLB BPADs only

contain data from the �rst three Level � triggers� Of these� the data are dominated

by ELEB CEM � �� Both ELEB CEM � and ELEB CEM � � have large prescales�

whether applied by Level � �in the case of the former� or by a Level 	 prerequisite

trigger �in the case of the latter�� Of the events which do pass ELEB CEM �� the

vast majority also pass ELEB CEM � �� the extra contribution is negligible�

The production output of ECLB was ��������� events� after BPAD processing�

���	��	�� remained� The di�erence is largely due to KSGB events which do not pass

any of the three electron triggers� and are removed� For electron events� the BPAD

ineciency is �)� owing to the slight di�erences between Level � and production�

Hereafter� �ECLB� should be taken to refer to the BPAD split sample�

����� Inclusive muons 	MULB


As in the case of the inclusive electron data� the stream B inclusive muon trigger

data were sent to the MULB and MUCB split streams by production� and further

processed into BPADs� Loosely speaking� the former contains the output of the

� GeV single muon triggers� and the latter the output of the �� GeV single muon

triggers� Trigger muon data for this analysis were taken from MULB�

Over the course of Run �B� events passing either MUOB CMU CMP � or

MUOB CMX � were split to MULB� The latter trigger was only active for the

�rst ���) of the data collected during Run �B� The production output of MULB

was 	�����		� events� after BPAD processing� 	�������� remained� The BPAD inef�

�ciency of 	���) is due to the inclusion of tighter muon quality cuts� As mentioned

before� the cuts were tightened to reduce the overall size of the sample� they are
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not tighter than any used in this analysis� and therefore do not incur any loss of

statistics� Hereafter� �MULB� should be taken to refer to the BPAD split sample�

��� Trigger Lepton Selection

From the BPAD datasets� the next step in the creation of the primary samples

is to determine the subset of BPAD events that have high�quality single electrons

or muons� This e�ort is made to reduce the number of �fakes� � hadrons which

leave signatures in the detector not unlike those of real leptons� At this stage� the

physical process which generated the leptons is of no consequence� with one notable

exception in the case of electrons� Most of the individual identi�cation cuts used

are similar or identical to the ones employed by the Level � trigger� The additional

requirements ensure the quality of the leptons�

����� Trigger Electron Selection

All trigger electrons used in this analysis are required to be central � that is� they

must have a cluster of energy in the CEM� with an identi�ed track in the CTC

pointing to the cluster� The selection criteria which match those of the Level �

trigger are
 clustered electromagnetic Et 	 ��� GeV� track pt 	 ��� GeV�c� and the

��tower energy sharing �Lshare� described below� must be less than ��	� The track

is not required to be in the �ducial volume of SVX��

The energy sharing is a measure of the transverse pro�le of energy deposition in

the neighboring �in the z coordinate� calorimeter towers� it uses the beam vertex

and the position of the energy cluster in the CES to determine a trajectory through

the calorimeter� which is subsequently used to calculate a value for the energy

sharing between the seed tower �that with the highest energy� and its neighbors� A
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Et 	 ��� GeV
pt 	 ��� GeV�c
HAD�EM��� tower� � ����
Lshare��� tower� � ��	
��strip � ����
��wire � ����
j�xj � ��� cm
j�zj � ��� cm

Table ���� Trigger electron quality requirements�

low value indicates that the total energy in the cluster is well�contained within one

calorimeter tower� which is more consistent with the electron hypothesis� Larger

values indicate a wider spread in energy deposition� consistent with a jet containing

large numbers of hadrons�

The identi�cation requirements which di�er from those at Level � include a very

strict cut on the ratio of energy measured in the CHA to that measured in the CEM

�HAD!EM�� tighter cuts on the shower shape in the strip and wire planes of the

CES ���strip and �
�
wire�� and tighter matching between the energy�weighted wire and

strip energy clusters in the CES �providing an x and z position� and the projected

track location �j�xj and j�zj�� These and the previous cuts are summarized in

Table ���� From the BPAD sample� ��������� events have one or more electrons

which satisfy the requirements�

The electrons selected by these cuts will have passed the Level � trigger� While

this is not true a priori� the re�imposition of Level � requirements on production

quantities by the BPAD processing guarantees that this is the case� No e�ort is

made� however� to ensure that any particular electron selected by these require�

ments was responsible for either a Level � or a Level 	 electron trigger� though an

examination �nds that ��) were�

The described cuts do an excellent job of ensuring high�quality electrons� There
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Quantity Cut Value De�nition
Rconv 	 ����� cm radius of conversion
Rconv � ���� cm radius of conversion
j�cot �j � ����
j�zj � 	�� cm
j��j � ����
j�Sj 	 ��	 cm distance of closest approach
Pointing residual � ��	 cm consistency of the pair

having an origin at the primary

Table ���� Conversion partner selection requirements� The dierences between the track
parameters are calculated at the radius of conversion�

is one source of real electrons� however� that should be excluded at this stage� High�

energy photons can undergo conversion to electron�positron pairs in the material

of the detector� estimates %�	& are that approximately ���) of the electrons pass�

ing the Level � trigger come from conversions� As this analysis is concerned with

electrons from b decay� an additional kinematic cut is applied to reject electrons

consistent with a conversion origin�

The cut is in the form of a search for a conversion partner to the trigger electron

candidate� The signature for a conversion pair is two tracks� of opposite charge�

which meet at some point in space� and at that point are parallel to each other�

before the magnetic �eld in the CTC causes them to separate� Detector resolution

e�ects dominate the measurement of the opening angle between the two tracks� The

cuts are de�ned in Table ��	� The six quantities are calculated for every track paired

with the electron track� should any pair pass all of the requirements� the electron

is �agged as coming from a conversion� and is rejected� Of the ��������� events

with one or more good electrons� ������� �		�	)� are eliminated by the conversion

rejection�

��



����� Trigger Muon Selection

Muons can be classi�ed according to the muon detectors in which the candidate

track has been matched to stubs� The three detectors �CMU� CMP� and CMX�

allow for seven combinations �the eighth being no stub in any detector�� Some

combinations are common
 the geometrical acceptance of the CMP shares a large

overlap with that of the CMU� while the CMX has minimal overlap with the other

two detectors� The Level � trigger only accepts candidates with both CMU and

CMP stubs� or only a CMX stub� the de�nition of �trigger muon� is necessarily the

same�

The trigger muon quality cuts are the same as in Level �� with two exceptions


the energy deposited in the CHA calorimeter tower traversed by the candidate track

must be greater than ��� GeV� consistent with a minimum ionizing particle� and the

pt threshold is lower� accepting any muons above � GeV�c� The lower pt cut has

a negligible e�ect� the inclusion of muons between � and � GeV�c adds only ��	)

more events to the sample� The cuts are summarized in Table ����

As in the case of the trigger electron selection� no speci�c trigger requirements

from any level are made� A key di�erence� however� is that while all trigger electrons

will have passed Level �� it is possible that some selected trigger muons will not� as

the CMX muon Level � trigger was only active for a portion of Run �B� �Volunteer�

CMX muons� not responsible for a trigger� can be accepted by these requirements�

though their contribution is minimal� Only 	��) of the accepted muons are CMX

muons� in good agreement with the expected contribution from the CMX trigger�

which was active for the �rst ���) of data�taking and �competed� with the CMUP

trigger for events during that time�

	�������� MULB events have one or more muons which meet these requirements�

hereafter� any muon selected in this manner will be referred to as a �trigger muon��
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All Candidates
pt 	 ��� GeV
Ehad 	 ��� GeV
CMU� CMP Candidates
��x�CMU� � ���
��z�CMU� � �	��
��x�CMP� � ���

CMX Candidates
��x�CMX� � ���
��z�CMX� � �	��

Table ���� Trigger muon quality requirements�

whether or not it was actually responsible for a DAQ trigger at any level� Almost

all of the trigger muons were those selected by Level �� a study of the sample shows

that ��) of the trigger muons caused a Level 	 single muon trigger�

��
 Primary Dataset Summary

The primary datasets consist of 	��	����� ECLB events found with at least one non�

conversion trigger electron and 	�������� MULB events with at least one trigger

muon� Nearly all trigger leptons caused a Level � single lepton trigger� a large

majority were also responsible for a Level 	 single lepton trigger� The contribution

of �volunteer� leptons to the datasets is negligible�
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Chapter �

Final Data Samples

Starting from the primary datasets described in the last chapter� e�orts are made

to enhance the proportion of trigger leptons coming from b decay by exploiting the

relatively long b lifetime� SVX�� with its excellent track r � � resolution� allows

CDF to identify b jets by �nding tracks intersecting at vertices inconsistent with

the primary vertex� This analysis does this by taking advantage of a software

package known as SECVTX %��&� originally developed for CDF�s top analyses %���

��&� SECVTX begins with a list of SVX tracks in a given jet� then searches

for a �cluster� of tracks which intersect at a point inconsistent with the primary

interaction vertex� Cuts on the signi�cance of the separation between primary and

secondary vertices and the quality of the secondary vertex increase the purity of

the b�tagging� This analysis requires that a secondary vertex �tag� is found by

SECVTX in the same jet as the trigger lepton�

��� SVX Reprocessing

It is usually the case that the best knowledge of a detector�s performance is obtained

from the data� In the case of the SVX� detector� the tracks found by production

��



version ���� pattern recognition relied on a set of internal alignment parameters �the

positions of each ladder relative to the others� derived from optical measurements

during construction� Improving the understanding of the internal alignment� as

well as establishing the external alignment �the positions of the barrels relative to

the CTC�� was naturally one of the highest priorities of the SVX� group at the

commencement of Run �B�

To guarantee that this analysis bene�ts from the fruit of these labors� all data

from the primary samples are reprocessed through version ���	 SVX� pattern recog�

nition� using the most recent internal alignment parameters� The matching of SVX�

hits to CTC tracks therefore includes the best available knowledge of the detectors�

position� This reprocessing is necessary� as production continued to use version

����� even after ���	 became available� in order to maintain a consistent dataset�

The result of using the most recent SVX� internal alignment corrections on an

ensemble of tracks is illustrated in Figure ����

��� Primary Vertex Finding

In order to make a cut on the secondary vertex separation� the primary must �rst

be found� A software package called VXPRIM %��& is widely used at CDF for

this purpose� It �rst constructs a seed vertex� an initial estimate of the primary

vertex position� then performs a �t with all acceptable SVX tracks� using the seed�s

position and uncertainty as a constraint in the �t�

����� The Seed Vertex

The primary vertex estimate starts with a candidate z position �in the longitudinal

direction�� then uses this to calculate the x and y positions from knowledge of the
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Figure ���� Fit residual distributions for SVX� tracks� demonstrating how the use of the
��
� internal alignment constants �solid� improve the SVX track resolution compared to
an earlier set of constants �dashed�� based upon the optical alignment �obtained during
construction�� The use of the best alignment improves the r�m�s� of the residual distribution
from 
��� �m to ��� �m�
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pp beamline� the transverse location of the pp beams versus z�

z Position from the VTX

VXPRIM starts with information stored in the VTVZ bank� which is created

in the event record by production� VTVZ records the z positions of interactions

based on �ts of tracks found in the VTX� the detector with the best z�resolution�

VXPRIM treats the vertices in VTVZ as candidates for the primary vertex� and

relies only on the recorded quality� z position� and uncertainties� It starts with the

�ve highest�quality vertices �though there may be fewer found by production and

recorded in VTVZ�� and determines which has the largest scalar sum pt of CTC

tracks within � cm in z of their respective positions� The z of the vertex with the

largest sum is taken as the z of the seed vertex� The uncertainty on the z position

is taken from production�s �t of VTX tracks� stored in the VTVZ bank� typical

resolutions are on the order of � mm�

x and y Positions from the SVX Beamline

VXPRIM obtains the x and y positions of its seed vertex from the run�averaged

SVX beamline position %��&� The beamline database is a record of the pp beams�

position relative to the detector during each run taken by the DAQ software� The

SVX beamline is determined by collecting high�quality SVX tracks in each event�

constraining them to come from a common vertex� and taking all such vertices found

during a run to �t a straight line to the x and y versus z distributions�

First estimates of the beamline are determined as data is taken� from the �rst

events of a run and immediately after the conclusion of a run� the �nal beamline

database entry is constructed o+ine� using data processed by production� which

has the advantage of the most complete detector calibrations and alignments� The
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beamline database stores not only the beam position� but also the beamspot
 the

transverse cross�sectional size of the beam� found from the spread in x and y of

the found vertices� The beamspot is circular� and approximately �� �m in size�

Figure ��	 shows the beamspot for a particularly well�measured run�

There are some runs where the database entry indicates that the beamline is

poorly determined� or there is no entry at all� These runs lack enough events to get

a good determination of the beamline� they are typically either very short or from

periods where the Tevatron ran with particularly low luminosity� In these cases�

VXPRIM will accept the CTC beamline� determined in a similar fashion from

only the CTC information of tracks� with the substantially larger uncertainties on

the beamline and beamspot which arise from the worse track resolution of the CTC

relative to the SVX� The CTC beamline is always available�

VXPRIM uses the selected VTVZ z position to calculate the seed�s x and y

position from the beamline o�sets and slopes� The uncertainty on x and y is taken

as the beamspot size� as recorded in the database�

����� Primary Vertex Fit

VXPRIM then generates a list of acceptable SVX tracks which will serve as an

input to the �t� along with the seed vertex� The requirements are described in

Table ���� The cut on each track�s impact parameter �D� serves to reject tracks

which are inconsistent with coming from a pp interaction vertex� i�e� a particle

knocked out of the beampipe or from a decay�in��ight� The �t has two components


a �rst unsteered vertex�constrained �t� followed by a steered vertex�constrained �t�

where �steering� indicates whether the track parameters are allowed to be adjusted�

within their uncertainties� to minimize the �� of the �t�

Both �ts are iterated over the list of acceptable tracks� First� all tracks are
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vertexed �subject to the constraint of being consistent with the seed vertex�� The

track with the largest residual to the �t result is rejected if the residual is larger than

���� and the �t repeated as necessary until all tracks have residuals smaller than

���� The unsteered �t is performed �rst to screen out tracks which are actually� but

perhaps not obviously� inconsistent with coming from the same point as the other

tracks� it is computationally much faster than a steered �t� so less time is wasted

eliminating these tracks� If� at any stage of any �t� the number of tracks included

in the �t falls to less than �� the �t will fail� and the output of VXPRIM will be

the seed vertex� with its correspondingly larger uncertainty�

Quantity Cut Value
Number of SVX hits � or �
pt 	 ��� GeV�c
jDj � 	�� cm
j�z�seed � track�j � ��� cm
Fit residual � ���
Min� , of acceptable tracks � �

Table ���� VXPRIM SVX Track Requirements� D is the impact parameter relative to
the CDF origin�
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Figure ���� Fits to the beamspot for a particular run�
Upper left� The two�dimensional distribution of primary vertices� relative to the beam�
line�
Upper right� A contour plot of the distribution� highlighting the circular cross�section of
the beam�
Lower left� The projection of the distribution along the x�axis� the projection has a width
of �� �m�
Lower right� The projection of the distribution along the y�axis� the projection has a
width of �� �m�
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��� SECVTX b�tagging

SECVTX is a software package developed to identify b jets in candidate top events�

It has been demonstrated to have excellent b�tagging eciency and background

rejection %��&� and is the cornerstone of CDF�s top mass and cross�section mea�

surements %��&� The requirement of one or more SECVTX tags in an event� in

conjunction with other event selection criteria� sharply reduces backgrounds to tt

production� The identi�cation of a jet as a b jet also reduces the combinatoric back�

ground in �tting the top mass� when constraining two jets in single lepton # jets

events to form the W mass��

SECVTX also admirably suits the needs of this analysis� one of the �rst at

CDF to employ SECVTX in a B�
d mixing measurement� The requirement that

there be a SECVTX tag in the jet associated with the trigger lepton suppresses

backgrounds from direct charm production and fake leptons� Some selection criteria

are modi�ed to account for the di�erent kinematics of direct bb production relative

to tt � WbW�b production� but the high b�tagging eciency and background

rejection are maintained� SECVTX is also used in this analysis to estimate the

proper time of the b hadron decay from the vertex position of the tag� This is

discussed in greater detail in Section ��	� here� the only concern is describing the

SECVTX algorithm and how it is used to select events for the �nal sample�

����� General Algorithm Overview

The idea of SECVTX is relatively simple� even if the implementation is complex�

A list of �ducial jets above a minimum energy is generated� as is a list of the SVX

tracks contained in each jet� For the tracks in each jet� SECVTX searches for two or

�A b quark is an unlikely product of the hadronic decay of an on�shell W �
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more tracks that intersect at a point that is inconsistent with the primary vertex� In

the interest of speed and background rejection� not all potential displaced vertices

are evaluated� First� SVX tracks are selected by requiring a substantial impact

parameter signi�cance� indicating that these tracks are unlikely to have originated

at the primary vertex� Second� the tracks are ordered by their quality �see Figure ���

for details�� and �seed� vertices are constructed using the best tracks �rst� should

an acceptable seed vertex be found� tagging attempts will cease even if the �nal

vertex is unacceptable� under most circumstances� described below� Two attempts

are made to �nd a displaced vertex
 the �rst �known as PASS �� demands at least

three tracks form the vertex� This pass has rather loose selection criteria� the second

�PASS 	� will accept two�track vertices� but with more stringent selection criteria�

PASS 	 is only attempted if PASS � fails to �nd an acceptable seed vertex�

If either PASS � or PASS 	 succeeds� a standard set of quantities is calculated

and made available to the user� These include
 the two�dimensional transverse decay

length �Lxy�� the vertex displacement projected onto the jet axis�� the uncertainty

on Lxy� the invariant mass of the tracks in the vertex �Mcl�� assuming each track has

the pion mass� and the �� of the vertex �t� Once a displaced vertex has been found�

cuts can be placed on these quantities to improve the b purity of tagged events�

The secondary vertex tagging procedure is summarized in Figure ���� it is a

useful reference for the discussion that follows�

�The jet axis� or direction� is de�ned by a vector from the CDF origin to the energy�weighted
average position of the calorimeter towers included in the jet�
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associate SVX
tracks to jet if

within a cone of
0.7 of jet axis

flag tracks
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PASS 1 cuts
as “displaced”
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tracks by
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and Sd0

take tracks from
ordered list pairwise

and try to form a
seed vertex. One

track in the vertex
must have

Pt > 2 GeV/c.

was a seed
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is ordered list
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were ≥1 tracks
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loop through
remaining displaced
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does any track
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Figure ���� A �owchart summarizing the SECVTX algorithm described in Section ����
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����� Jet Selection

The default behavior of SECVTX is to consider jets which have been clustered in

a cone� of �R � ���� This is appropriate for the highly�energetic �therefore narrow�

b jets from top decay� but less so for the softer inclusive lepton events� A theoretical

calculation of direct bb production indicates that� on average� at least ��) of the b

energy is contained within a cone of ���� the jet clusters of this size are used here�

To be considered by SECVTX� jets must have Et 	 �� GeV and j�j � 	� This

requirement creates a kinematic di�erence between the trigger electron and muon

samples� electrons deposit all of their energy into the calorimeter� while muons do

not� Consequently� both the b quark energy and track multiplicity will� on average�

be larger in muon events�

����� Track Preselection

SVX tracks must �rst be assigned to jets� as SECVTX attempts to construct

tags in each jet� To be considered in a jet� a track must be within � cm in z

of the primary interaction vertex and have an impact parameter �D�� relative to

the primary vertex� of less than ��� mm� While a large impact parameter is more

consistent with a displaced vertex than the primary� too large an impact parameter

can indicate that the track is poorly measured� a result of pattern recognition error�

or has an origin in the material of the detector �such as protons knocked out of the

beampipe�� Tracks meeting these requirements which are within a cone of �R � ���

of a particular jet axis are assigned to that jet�

Further cuts are applied to all SVX tracks to select those which may be con�

sidered for PASS � or 	 tagging� The cuts are summarized in Table ��	� Tracks

�Recall that � R�� � � ��� ! � 	���
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pt 	 ��� GeV�c
jz � zprimaryj � � cm
jDj � ���� cm
pass standard CTC track quality requirements
��!dof � �
Ngood � �
not used in a K�

S or $� �vee�
not already used in another tag in this event

Table ���� SECVTX SVX track preselection requirements� Ngood �the number of good
SVX clusters�� the CTC track quality cuts� and the K�

S��
� vertex cuts are de�ned in the

text�

must have pt 	 ��� GeV�c� a good SVX�CTC matching ��� at least one good SVX

cluster� and must pass standard quality requirements� Tracks may not be suspected

of being products from the decay of a K�
S or a $�� Further discussion of these cuts

follows


Good SVX Clusters

An SVX cluster �a set of contiguous strips with charge above threshold� refer to

Section 	�	��� is considered �good� if it is � � strips long� contains no noisy or dead

strips� and is not �shared�� Sharing is when the same cluster is used by more than

one SVX track� typically in cases of energetic jets� where particles can be very dense

in �� All tracks considered for tagging must have a minimum of two clusters� at

least one of which must be a good cluster�

CTC Track Requirements

As discussed earlier in Section 	�	��� loose cuts on the CTC portion of a track�s

information can greatly reduce the chance that the track was actually generated

by a failure in the pattern�recognition software� SECVTX requires� in almost all

cases� that each track meet the standard set of CTC quality requirements
 the track

must have z information �from a successful three�dimensional �t�� two or more axial
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superlayers with four or more hits� and two or more stereo superlayers with two or

more hits�

K�
S and $� Removal

Care is taken to ensure that SECVTX does not �nd a b�tag from a K�
S or a $�

�colloquially called vees�� which are long�lived enough to result in a displaced�vertex

tag� but are not necessarily themselves the decay products of heavy �avor� Before

any tagging attempts are made� every SVX track with jD��Dj 	 	�� is paired

with every oppositely�charged SVX track meeting the same requirement� The large

jD��Dj indicates that each track is most likely not consistent with an origin at the

primary� One track of the pair must pass the CTC cuts� but no requirements on

the quality of the SVX tracks or the tracks� pt are made� The CTC cuts are not

imposed on both tracks as the goal is to maximize the eciency for �nding vees so

they may be eliminated� the soft pion from $� � p� is often hard to reconstruct

and can result in a very low�quality track� Requiring that one track passes the CTC

cuts saves some computational time� as if neither do� then neither will be considered

for candidate tracks in a tag vertex� and it is then irrelevant whether they come

from a vee or not�

The pair is constrained to come from a common point by a steered vertex�

constrained �t�� allowing a calculation of the vector displacement of the point from

the primary vertex� The �vee axis� is de�ned to be the vector sum of the steered

momenta of the two tracks� If the displacement divided by its uncertainty �the

displacement signi�cance�� both projected along the vee axis� is greater than ���

and the displacement signi�cance perpendicular to the vee axis is less than �� then

�Recall that a steered �t is one in which the track parameters can be adjusted� within their
uncertainties� to minimize the 
� of the �t�
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meet SVX track preselection requirements
not already used in another tag in this event
jD��Dj 	 	��

for two�hit SVX tracks

pt 	 ��� GeV�c
Ngood � 	
hit pattern ���� or ����

Table ���� SECVTX PASS 
 SVX track requirements� The preselection cuts are listed in
Table ���� Ngood �the number of good SVX clusters� is de�ned in the text� The hit pattern
indicates on which layers of the SVX the clusters are found� for two�hit SVX tracks� the
PASS 
 requirement is that the clusters must be on the two outermost or two innermost
layers�

the pair is consistent with the decay products of a neutral particle coming from the

primary vertex� and the invariant mass of the pair is calculated using the steered

momenta� If the vertex mass is within �� MeV!c� of the K�
S mass or within �

MeV!c� of the $� mass� both tracks are �agged as �vee candidates�� and are not

considered for any b�tagging by SECVTX�

����� PASS � Tagging

A subset of the preselected tracks is prepared by subjecting each track to additional

cuts� summarized in Table ���� The key cut is the requirement that jD��Dj 	 	���

indicating that the track is unlikely to have originated at the primary� recall that

the uncertainty on D includes a contribution from the uncertainty on the primary

vertex� Tracks which have been included in a previous tag �in another jet� are

excluded� The additional cuts on two�hit SVX tracks improve their quality� though

there are few of them to start with
� The subset of preselected tracks passing these

cuts are known as the �PASS �� tracks�

�Approximately ��"� of low�pt SVX��ducial tracks have only two hits�
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Ngood � � � 	
� � � �

pt �GeV�c� � 	 	 	 � 	 	 	
� � � �

jD��Dj � �� � �� � �� � ��
� � � � � �

Ngood � � � 	 � � � 	 � �
� � � � � �

sort by 
 jD��Dj jD��Dj jD��Dj pt pt pt jD��Dj pt pt pt

Figure ���� SECVTX SVX track�ordering �owchart� For each track meeting the PASS 

requirements� the �owchart is followed based on the track�s Ngood� pt� and jD��Dj until
one of the bottom 
	 bins is reached� Tracks in each bin are sorted by the speci�ed key�
Rightmost bins are ordered �rst�

SVX Track Sorting

The PASS � algorithm is based on �nding a seed vertex with two tracks� and

determining if any other tracks have a low impact parameter signi�cance relative to

the seed �Svtx�� Instead of �nding all possible seeds� PASS � pairs tracks in order of

their quality� The order is based on the Ngood�the number of good SVX clusters��

pt� and jD��Dj of each track� the sort algorithm is shown in Figure ���� In general�

tracks with more good SVX clusters� higher pt� and larger jD��Dj are �better��

PASS � Seed Vertexing

Pairs of PASS � tracks are looped over� in order� and constrained to come from a

common vertex� One member of each pair must have pt 	 	 GeV�c� Should the

�t of the �rst and second tracks fail� the �rst track is paired with the third� then

the fourth� and so on� until a successful �t is found� Svtx is calculated for each

remaining track� and those with Svtx � � are considered associated with the seed

� others are subsequently ignored� In this usage� �remaining� refers to the tracks

which are ordered after the two tracks in the seed� for example� if the �rst and third

tracks are used to form the seed� then the remaining tracks are the fourth through
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last� The second can be ignored as it obviously failed to form a two�track vertex

with the �rst�

A seed vertex with at least one additional track in association de�nes a potential

three�track tag vertex� If such a potential tag is found� the loop over pairs of tracks

terminates� PASS 	 tagging is not attempted� and the two tracks in the seed plus

all associated tracks are passed to the candidate vertexing algorithm� de�ned in

Section ������

����� PASS � Tagging

PASS 	 tagging searches for two�track displaced vertices� As the smaller number of

tracks allows for a larger combinatoric background� the cuts on the individual tracks

are tightened� The requirements are described in Table ���� It is worth repeating

that PASS 	 tagging will proceed only if no potential PASS � tag is found� this is

more restrictive than the rule of attempting PASS 	 if PASS � fails for any reason�

No seed vertexing is performed by PASS 	� One of the tracks passing the re�

quirements must have pt 	 	�� GeV�c� and there most be at least two tracks in

total� All tracks are passed collectively to the candidate vertexing algorithm�

meet PASS � requirements
jD��Dj 	 ���
pt 	 ��� GeV�c
two�hit SVX tracks not allowed

for three�hit SVX tracks

Ngood � 	

Table ���� SECVTX PASS � SVX track requirements� Ngood �the number of good SVX
clusters� is de�ned in the text� the PASS 
 cuts are listed in Table ����
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����� Candidate Vertexing

Given a list of tracks from either PASS � or PASS 	� SECVTX attempts to con�

strain all tracks to come from the same vertex� Should the �t succeed� the track

which contributes the most to the vertex �� is rejected if its contribution is more

than ��� If a track is rejected� the vertex �t is performed again� and the pro�

cedure repeated until no more tracks are removed� or the number of tracks falls

below two� If at any time� the vertex �t fails for any reason �i�e� the tracks don�t

actually originate at a common vertex�� the PASS � or 	 vertexing attempt fails

and is immediately stopped� While this track rejection algorithm may suggest that

it is possible to obtain a two�track PASS � tag� in practice� the requirement that

associated tracks have Svtx � � results in a practical impossibility that they can

contribute more than �� to the �� of a successful vertex �t�

Given a successful vertex� cuts are applied to ensure that PASS � or 	 has not

re�found the primary vertex through this laborious route� but rather� found a true

secondary� displaced vertex� Additionally� the secondary must not be too displaced�

b hadrons are not so long�lived compared to K�
Ss and $�s� In addition� �fake�

tracks from pattern recognition errors can have very large impact parameters �and

therefore preferentially selected by the PASS � and 	 cuts�� resulting in highly�

displaced vertices having nothing to do with a real heavy��avor decay� Finally� K�
Ss

are once more screened out if the vertex consists of only two oppositely�charged

tracks� This step is necessary as the vetoing of �vee tracks� in the preselection

requirements only rejects those track pairs with displacement signi�cances much

larger than what SECVTX will now accept� as described below�

The two�dimensional decay length� Lxy� is calculated by taking the dot product of

the displacement vector �the secondary vertex position minus the primary position�

and a unit vector along the jet axis� Lxy is therefore a signed quantity
 positive if
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the displacement is in the same direction as the jet� negative if it is away from the

jet� The error on Lxy ��Lxy� is calculated in a similar fashion
 it is the addition in

quadrature of the projection of the uncertainty ellipses of the primary and secondary

vertices along the jet axis� The cluster momentum is given from the vector sum of

the tracks� momenta� The tag mass �Mcl� is de�ned as the invariant mass of the

tracks forming the secondary vertex� assuming each has the pion mass� An estimate

of the proper lifetime �c� � of the vertex is calculated from the decay length� mass�

and pt of the cluster
 c� � Lxy 
Mcl�pt� The cuts for an acceptable displaced vertex

are listed in Table ���� The absolute cuts on Lxy and c� remove the high�side tail

from fake tracks and the cut on the displacement signi�cance jLxyj
�Lxy

ensures that the

secondary vertex is unlikely to actually be the primary found with fewer tracks� It

should be noted that the estimate of c� calculated by SECVTX is used nowhere

else in this analysis � a more accurate estimate will be derived in Section ��	�

If a successful tag is found� the jet is marked as �tagged�� the tracks in the tag

are marked as �used�� tagging attempts in this jet cease� and SECVTX proceeds

to the next jet�

jLxyj � 	�� cm
jc� j � � cm
jLxyj
�Lxy

� 	

jMcl �MK�
S
j 	 	� MeV�c�

Table ���� SECVTX secondary vertex requirements� The cut on the tag mass is only
applied if the number of tracks in the tag is two� and they are of opposite charge�
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��� Event Selection Using SECVTX

Given the excellent primary and secondary vertex��nding capabilities of VXPRIM

and SECVTX� they can be used in conjunction to select events consistent with bb

production from the primary datasets�

The requirement that there be a SECVTX displaced�vertex tag in the same jet

as the highest�pt trigger electron in the event is imposed on the 	��	����� events in

the primary inclusive electron dataset� Cross�identi�cation of electron to jet is easily

done� As electron candidates are �rst found by clusters of electromagnetic energy�

every electron is itself a jet� Production includes a link to the jet information

in the electron candidate information� ������ inclusive electron events meet this

SECVTX requirement� Approximately ��) of these events have the electron in

the tag
 that is� the electron track is one of the tracks vertexed in the SECVTX

displaced�vertex�

In the 	�������� events in the primary inclusive muon dataset� a SECVTX tag

is required in the same jet as any trigger muon� not just the one with the highest�pt�

allowing for a slightly higher percentage of accepted events than for trigger electrons�

for the cases where there is more than one trigger lepton in the event� In addition�

the muon�jet cross�link must be accomplished di�erently� since the muon candidate

algorithm is track�based� not calorimeter�based� The identi�cation is established by

searching for the muon track on the list of tracks in jets prepared by SECVTX�

This amounts to a requirement that the muon has an SVX track� as SECVTX

only considers SVX tracks� �	���� inclusive muon events meet the requirement that

a trigger muon be in a SECVTX�tagged jet� of which approximately ��) have the

muon as a member of the tag�

The di�erences in event selection between the electron and muon samples have

only a minor e�ect� ����) of trigger muons in tagged jets are the highest�pt muon
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in the event and ����) of trigger electrons have SVX tracks� Both results are

expected� The SECVTX tagging eciency rises with pt� Trigger electrons will be

within � cm of the SECVTX tag tracks� and thus very likely to be in the SVX�

acceptance�

��
 Track�Clustered Jet De�nition �TRKSJT

An alternative to jets de�ned by clusters of energy in the calorimeter is jets de�ned

by �clusters� of tracks located closely together� As track�clustered jets will be

used in the �nal sample requirements �described in Section ����� as well as in the

remainder of this analysis�� the clustering algorithm is described here� An advantage

of track�clustered jets is that the jet direction is more precisely determined by use of

tracking information� a disadvantage is that neutral energy �in the form of photons

or ��s� is not included� Despite this disadvantage� track�clustered jets well�match

the underlying b quark direction�

This analysis uses the TRKSJT track�clustering software package %��&� which

is entirely based on CTC tracks� A cluster is de�ned as a group of tracks� close in z�

within a speci�ed cone ��R� in ��� coordinates� Two cone sizes are used
 �R � ���

and �R � ���� All tracks considered in the clustering must have pt 	 ��� GeV�c

and an impact parameter �relative to the CDF origin� of less than � cm� They must

also be within � cm of the primary vertex and pass the standard quality cuts on

the number of hits in axial and stereo superlayers� Tracks with pt 	 ��� GeV�c

are considered as the �seeds� of the tracking jets� those closer together than the

cone size are merged� that is� the seed�jet is taken to be the vector sum of the track

	Chapter � shows how the composition of the samples can be determined from the prelt of the
trigger lepton relative to its parent b jet� and Chapter  describes how a weighted charge average
of a jet�s constituent tracks �the jet charge� is used to tag the �avor of the second b in each event�
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momenta� After the merging� all tracks must lie within the cone of the seed�jet�

otherwise� the merge result is rejected� When no more seed tracks can be merged�

all seed�jets are farther than �R from each other� The remaining tracks are then

merged into the closest seed�jet �in ��� coordinates�� subject to the condition that

they are within �R of the closest jet�

��� Additional Sample Requirements

A few additional cuts are placed on the samples� to ensure their quality and prepare

them for further studies� The trigger lepton must pass the standard track quality

cuts� be within � cm in z of the primary vertex� and be a member of a TRKSJT

track�clustered jet� The requirements have only a small ineciency �largely from

the j�zj cut�� they reduce the sample sizes to ���	�	 trigger electron events and

�	���� trigger muon events�
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Chapter �

Monte Carlo Samples and Studies

Monte Carlo simulation is an important tool in modern high�energy experimen�

tal particle physics� The Standard Model is deceptively simple � the calculation

of many physical processes involve integrations with so many degrees of freedom

that numerical interpolation methods are too time�consuming to consider their use�

In addition� what is desired is not just the theoretical description of a particular

process� but rather� how events from this process would appear in a physical detec�

tor� with the associated geometric acceptances and resolution e�ects� Monte Carlo

simulations answer both concerns� In common usage� the name refers both to the

calculation of intractable integrals through random sampling and to the simulation

of detectors� based upon measured performance�

This chapter documents the preparation of the simulated bb and cc samples�

which are used to improve the understanding of the data samples in many ways� A

critical component of any time�dependent mixing measurement is the proper time

�c� � at which the b hadron decayed� c� can be estimated from information provided

by SECVTX
 the two�dimensional decay distance �Lxy� of the secondary vertex

and the tag tracks� pt and invariant mass� The bbMonte Carlo samples allow a study
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of the resolution and bias of such an estimation� The impact parameter and Lxy

signi�cance requirements of SECVTX result in it preferentially selecting events

with a longer lifetime� The SECVTX tagging eciency as a function of c� must

be determined� to compensate for this bias in the �t for �md� The correlation of the

charge of trigger leptons with the b �avor must also be understood� The bb Monte

Carlo samples are used to study the fraction of trigger leptons from the direct and

various sequential b decay modes� Following chapters use the Monte Carlo samples

to determine the fraction of bb and cc events in the data samples and study the

e�ectiveness of �avor�tagging under di�erent conditions�


�� Monte Carlo Sample Generation

The samples are designed to model leptons from bb and cc production and decay�

The program PYTHIA %��& is commonly used to simulate multiparticle production

in collider environments� Here� PYTHIA �version ���� is used to simulate bb and

cc production in pp collisions� The program QQ %��& �version ���� is used to decay

charmed and b hadrons�

For the bb generation� the collision must have a minimum momentum transfer

-pt 	 � GeV�c� Mixing of B�
d and B�

s mesons is allowed� with xd � ���� and

xs � ����� respectively� The full default QQ decay table is used for the decay of b

and charmed hadrons� to ensure that the fraction of trigger leptons from sequential

decays is correct� For cc generation� the minimum -pt is changed
� to �� GeV�c� and

the charmed hadrons are forced to decay semileptonically to increase the generation

eciency� This alters the ratio of trigger leptons from D� versus D �and thus the

�As charm fragmentation is softer than b fragmentation� charmed mesons from direct cc produc�
tion will� on average� carry a lower fraction of the jet pt� Consequently� a higher #pt requirement
can be imposed to improve the generation e�ciency with no bias to the sample after all event
selection requirements�
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average charm lifetime� since the lifetimes of the two are very di�erent�� as well as

vastly improving the eciency for �nding a soft lepton from the other charm� The

e�ect of the D� 
 D ratio on the average lifetime is included in the calculation

of the systematic error of the �nal result �see Section ��	�� For both bb and cc

generation� the Peterson fragmentation parameters are set to �b � ����� and �c �

����� respectively�

All generated leptons are �rst �ltered through a simulation of the Level 	 CFT

trigger� which in data�taking required the presence of a ��� GeV�c track� The

parametrization of the trigger eciency has the form

E� 
 freq


pt � a�
a�

�

 freq



pt � a�
a�

�
�����

where

E� � ���	�� a� � ����� a� � ��	�� a� � ����� a� � �����

and freq is the error function� E� is the plateau CFT eciency� a� and a� dominate

the trigger turn�on� at ��� GeV�c� Only those events which have a lepton passing

the Level 	 simulation are kept�

Those events are then processed through a simulation of the CDF detector�

which includes a detailed strip�by�strip simulation of SVX� %��&� The simulation

also includes a tuning of the CTC wire hit eciencies to better match the data %�	&�

Finally� all simulated events are required to pass the same event selection as the �nal

data samples� that is� identifying one or more trigger leptons� �nding the primary

vertex with VXPRIM� �nding a SECVTX tag in the same jet as a trigger lepton

�including the di�erence between the electron and muon data sample selection�� and

applying the remaining quality cuts� After all requirements are met� the bb samples

comprise ������ trigger electron events and ������ trigger muon events� and the cc

�	



samples comprise ������ trigger electron events and 	����� trigger muon events�


�� Proper Decay Time �c� Determination

The proper time can be calculated from the two�dimensional decay distance �Lxy��

supplied by the SECVTX tag in the trigger lepton jet� with the equation

c� �
Lxy 
mB

pBt
���	�

The b hadron mass shall be taken from the PDG world�average value� all that

remains is to calculate the hadron�s pt� An exact determination cannot be made� as

the semileptonic decay cannot be fully�reconstructed� it includes a neutrino� whose

energy escapes from the detector� Therefore� pBt must be estimated� using available

observables� The Monte Carlo samples are relied upon to verify the measurement

of Lxy and the estimation of pBt �

The di�erence between Lxy as reconstructed by SECVTX and the generated�

or true� Lxy for the muon bb Monte Carlo is shown in Figure ���� The mean of the

distribution is clearly positive� indicating that SECVTX tends to overestimate the

true Lxy� While unfortunate� this is expected� as charmed hadrons produced in b

decay have a lifetime of their own� Some fraction of the time� SECVTX will use

tracks from the charm decay to identify the secondary vertex� The distribution is

�t to three Gaussians� the central Gaussian� with a mean of ��� �m� accounts for

��) of the events� This mean is taken as the bias on Lxy ��Lxy�� A study of the

electron bb sample �nds a �Lxy of ��� �m� The bias will now be subtracted from the

reconstructed Lxy in this and all remaining chapters� The contribution of �Lxy to

the systematic uncertainty of the �md measurement will be evaluated in Chapter �

by varying the scale of �Lxy from zero to twice its value�
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Figure ���� The distribution of �Lxy� the dierence between reconstructed Lxy and true
Lxy� for the muon bb Monte Carlo sample� The distribution is �t to the sum of three
Gaussians� the �t parameters� indicated above� are three sets of amplitude� mean� and
width �in that order��

The method used by this analysis to estimate pBt is to use the total pt of the

tracks in the vertex tag as a �rst estimate� then derive a correction factor from

the bb Monte Carlo� This track�based method implicitly ignores energy from other

neutral particles �such as ��s� in addition to the neutrino� as well as those tracks

which fail to meet the tag requirements of SECVTX� It will be demonstrated that

the correction can overcome these apparent shortcomings�

The correction factor is derived from the SECVTX tag tracks� pt and invariant

mass �pclt and Mcl�� Essentially� it is the ratio pclt �p
B
t � calculable because the Monte

Carlo simulation allows the inspection of the true pBt � In the minority of cases where

the trigger lepton is not a member of the tag� it is included in the calculation of

pclt and Mcl� as the lepton is expected to carry a signi�cant portion of pBt � even if

its jD��Dj is too small to pass the SECVTX requirements� Kinematic di�erences

between the electron and muon triggers necessitate separate correction factors� to

minimize any bias� separate factors are also calculated for the cases where the trigger

lepton is or is not a tag track� The distribution of pclt �p
B
t is di�erent for di�erent
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Figure ���� The observed pclt �p
B
t fraction for the highest and lowest p

cl
t � Mcl bins� The

plots are from the electron bb Monte Carlo for events where the electron is a SECVTX
tag track�

values of pclt and Mcl� so the Monte Carlo samples are divided into � bins of pclt and

� bins of Mcl� where the number of bins are chosen to retain sucient statistics

and the bin boundaries are chosen to give equal statistics in each bin� There are

therefore �� di�erent pclt �p
B
t distributions in the calculation of the correction �factor�

�	� 	� �� � � ����

Figure ��	 shows the pclt �p
B
t distributions for the highest and lowest pclt �Mcl bins�

for the trigger electron bb sample� requiring the electron to be a tag track� Events in

the highest bin clearly have the SECVTX tag tracks carrying� on average� a higher

fraction of the b hadron pt than do those in the lowest bin� note also that the width

of the distributions is narrower for the highest bin� indicating that the correction

yields a better resolution� The resolution is a concern� because in the �t for �md�

the theoretical mixing probability density �a function of the true proper time� must

be convoluted with the experimental c� resolution� which is itself a convolution of

the resolutions on Lxy and pBt �

Two techniques can be used to estimate pBt from pclt � The most straightforward
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is to use the mean of the appropriate pclt �p
B
t distribution� accordingly


p�t �
pclt�

pclt �p
B
t

�
ij

�����

where p�t is the estimate of pBt and ij denotes the ith pclt bin and the jth Mcl bin�

The fractional resolution on p�t in each bin can be estimated from the RMS width

of the pclt �p
B
t distributions


�p�t�)�ij �
RMS�pclt �p

B
t �ij�

pclt �p
B
t

�
ij

�����

�p�t�)�ij ranges roughly from ��) to ��) for the various bins� The drawback to this

method for estimating pBt can be seen in Figure ���� The mean correction changes

sharply between pclt �Mcl bins� producing �spikes� in the p�t distribution�

The second method is to produce a distribution of each event�s possible p�t �the

estimate of pBt � through weighting by the probability of each pclt �p
B
t in the appro�

priate pclt �Mcl bin� This is the method used in the �t for �md� and its superiority to

the mean correction is also shown in Figure ���� The weighted�correction method

represents a �smoothing� of the p�t distribution� and more accurately represents how

the experimental pBt convolution is performed in the �md �t�


�� Reconstructed c� E�ciency

SECVTX�s track impact parameter requirements� necessary to ensure that the

found secondary vertex is signi�cantly displaced from the primary vertex� bias the

lifetime distribution� SECVTX is rather inecient for events with small c� � owing

to the minimum jD��Dj cuts� Its eciency will also fall� more slowly� with large c� �

due to the D � ��� mm cut�
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Figure ���� Top� The distributions of pclt and true p
B
t for the bb electron Monte Carlo

sample�
Lower left� Corrected p�t and true pBt distributions� where the correction is obtained from
the mean of the pclt �p

B
t distributions�

Lower right� Corrected p�t and true pBt distributions� where the entire pclt �pBt distributions
are used to make several weighted entries for each event�
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The eciency as a function of c� must be understood so the predicted lifetime

distribution can be properly compared with the measured distribution when �tting

for �md� The reconstructed c� distribution in the limit of perfect SECVTX c� e�

ciency is modeled by a fast Monte Carlo �FMC� that uses the pre�SECVTX�tagging

lifetime distributions from the Monte Carlo samples� and convolutes each event�s

generated c� with the measured resolutions from Section ��	� The SECVTX e�

ciency is then the reconstructed c� distribution from the data divided by the same

distribution from the FMC� This procedure is performed for trigger electron and

muon samples separately� The distributions are shown in Figures ��� and ���� The

FMC does not model the c� � � distribution well at all� only events with c� 	 �

will be included in the �t for �md�

The reconstructed c� eciency� ��c� �� is �t to the form

��c� � � p� 

�
freq�c� 
 p� # p�� # p� 
 c� # p� 
 �c� �� # p
 
 �c� �� # p� 
 �c� ��

	
�����

The contribution of the eciency modelling to the systematic uncertainty is eval�

uated by varying these parameters and determining the e�ect on the �t for �md

in Chapter �� studies reveal that the only signi�cant contribution is the variation

of p�� the �rise time� of the sigmoid� Accordingly� the systematic uncertainty from

��c� � is evaluated by setting p� through p� to zero and varying only p�� Two curves

representing the limits of the variation are also shown in Figures ��� and ����


�� Sequential Lepton Fraction

The relative fractions of di�erent b hadron decay processes producing trigger leptons

determine the expected correlation of the lepton�s charge with the b �avor� Owing

to the requirement of a displaced�vertex tag� the fractions may be di�erent from the
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Figure ���� Top Left� The trigger electron data and FMC reconstructed c� distributions
on a linear scale�
Top Right� The same distributions on a log scale�
Bottom Left� The trigger electron reconstructed c� distribution divided by the FMC
distribution� overlaid with the �t of Equation ����
Bottom Right� The �t result for 	�c� � and the two curves used in the evaluation of the
systematic uncertainty�
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Figure ���� Top Left� The trigger electron data and FMC reconstructed c� distributions
on a linear scale�
Top Right� The same distributions on a log scale�
Bottom Left� The trigger electron reconstructed c� distribution divided by the FMC
distribution� overlaid with the �t of Equation ����
Bottom Right� The �t result for 	�c� � and the two curves used in the evaluation of the
systematic uncertainty�
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e 
 �	��� ��� ���� ��� ���� ��� ���� ��� 	��� ��� ���� ���
� 
 ����� ��� ����� ��	 ���� ��� ���� ��� 	��� ��� �
Table ���� Sources of the trigger lepton in the electron and muon bb Monte Carlo samples�
where the given errors are only from the Monte Carlo statistics and do not include errors on
the relative branching ratios� as determined by the Particle Data Group� Also indicated is
whether the lepton has the correct charge correlation with the b quark �RS�� the incorrect
correlation �WS�� or half�RS�half�WS� The decay b � 
 is direct decay� all others are
sequential decays�

standard PDG branching ratios� as embodied by theQQ decay table� Consequently�

they are determined directly from the SECVTX�tagged bb Monte Carlo samples�

The fractions of leptons from direct b � 
 decays� sequential b � c � 
 decays�

b � �c � 
 decays �where b � W � �cs�� b � � � 
 decays� and b � J�� �


� decays are shown in Table ���� Electrons may also originate from Dalitz

decays ��� � �ee��� and these are included in the table as well� Collectively�

the fraction of leptons from wrong�sign sequentials �P seq
ws �� those non�direct decays

which produce leptons anti�correlated with the b �avor� is of primary interest� The

right�sign!wrong�sign nature of the various b decays is also indicated in Table ����

The sequential fraction is not constant with c� � Intuitively� b hadrons with a

very short lifetime are unlikely to enter the sample over the very slow SECVTX

eciency turn�on �see Section ����� unless the decay distance is �enhanced� by the

charm lifetime� The sequential fraction as a function of true and reconstructed c�

for the electron and muon bb Monte Carlo samples is shown in Figure ���� The

�gure also shows the fraction of wrong�sign sequential decays �P seq
ws � as a function

of true and reconstructed c� � Clearly� the sequential fraction is falling with true c� �

matching intuition�
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Figure ��	� Sequential fractions versus c� �
Top left� The sequential fraction as a function of the true c� in electron and muon bb
Monte Carlo�
Top right� The sequential fraction versus reconstructed c� �
Bottom left� The wrong�sign sequential fraction P seq

ws �as de�ned in the text� versus true
c� �
Bottom right� P seq

ws versus reconstructed c� �
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Chapter �

Sample Composition

The origin of the events in the data samples developed in Chapter � must be known�

if the B�
d mixing measurement is to proceed� The requirement that a SECVTX tag

be associated with the trigger lepton preferentially selects events from bb production�

owing to the large b lifetime� Nevertheless� some background still remains from di�

rect charm production �cc� 
#X� and fake leptons �hadrons mistakenly identi�ed

as trigger leptons�� Fake leptons may come from any source� that is� they may be

decay products from bb or cc production� fragmentation particles� or particles from

generic light quark or gluon jets� To study the origins of the data samples� events�

as well as their e�ect on �avor�tagging� representative samples must be assembled

for each source�

This chapter documents how the relative fractions of events from bb� cc� and

fake leptons are determined� The Monte Carlo samples described in the previous

chapter are used to model the bb and cc events in the data samples� The creation of

samples of fake leptons from the ECLB and MULB BPAD datasets� to model the

fake leptons in the data samples� is described here�

The method used to determine the sample composition is to take a kinematic
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variable which has markedly di�erent distribution for bb� cc� and fake events� create

templates from the distributions of the three samples� and �t the templates to the

data distributions� The �t then yields the relative fractions of each in the data�

Two such kinematic variables are used� the transverse momentum of the trigger

lepton relative to the other tracks in the b jet �prelt �� and the invariant mass of the

tracks in the SECVTX tag �Mcl�� The �t to Mcl is employed as a cross�check to

the prelt �t� providing an estimate of the systematic uncertainty associated with the

determination of the sample composition�

��� Fake Lepton Samples

The fake lepton selection criteria embody a reversal of the trigger lepton criteria�

as the goal is to assemble a dataset containing non�leptons� The fake electron

sample was selected from the ECLB BPAD dataset by inverting the HAD!EM cut

�HAD!EM 	 ���� instead of � ����� keeping all other cuts the same� and requiring

that the dE�dx of the fake electron track be inconsistent with the electron hypothesis

by � standard deviations� resulting in a sample of ������ events� of which only 	��

have SECVTX tags in the fake electron jet�

Fake muons are selected in two ways� both of which are selected for the signatures

of hadrons which penetrate the calorimeter and muon shielding to leave hits in

the various muon detectors �so�called punchthrough muons�� First� hadrons which

penetrate to the CMU muon detectors can saturate the CMU ADC�s if they have

begun to shower� this disallows a valid z measurement� and production marks these

stubs with a negative ��z�CMU�� There are �	���	 events with a muon which meets

all other trigger muon cuts� but has a negative ��z�CMU�� Second� muons can be

selected which meet all trigger muon CMU requirements and whose tracks project
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into the �ducial volume of the CMP chambers but fail to be matched to a CMP

stub� These are likely to be hadrons which have penetrated to the CMU but had

an hadronic interaction in the CMP shielding� �ducial real muons of � GeV�c and

above rarely fail to leave a stub in the CMP� Unfortunately� there is no Stream B

trigger which corresponds to such CMU�only muons� so the inclusive lepton datasets

are searched for �volunteer� fake muons� ������ events from the ECLB and MULB

datasets are found in this manner� Of the 	����	 total fake muon events� ����	 have

a SECVTX tag in the fake muon jet�

Figures ��� and ��	 compare the reconstructed c� distributions� of the fake lepton

samples to the data samples� The agreement is quite good� indicating that the fake

leptons most likely have an origin from bb decay� The comparison is made to the

data samples� as the fake lepton samples were also obtained from the data� for the

sake of completeness� however� Figure ��� plots the Lxy distributions of the fake

and bb Monte Carlo samples together� The agreement is excellent� Accordingly�

this analysis will proceed under the assumption that in the case of the fake lepton

samples� SECVTX has selected bb events where a daughter hadron from b hadron

decay was misidenti�ed as a lepton�

�Where c� is calculated according to the prescription of Section ����
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Figure 	��� Reconstructed c� distributions for the fake electron �solid� and trigger electron
data �dashed� samples� on linear �top� and logarithmic �bottom� scales� The distributions
are normalized to unit area�
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Figure 	��� Reconstructed c� distributions for the fake muon �solid� and trigger muon
data �dashed� samples� on linear �top� and logarithmic �bottom� scales� The distributions
are normalized to unit area�
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Figure 	��� Comparison of the Lxy distribution of SECVTX�tagged fake events �crosses�
to bb Monte Carlo �dashed� for trigger muons �top� and electrons �bottom�� The distri�
butions are normalized to unit area�
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��� prelt Method

Traditionally� prelt is de�ned as the transverse momentum of the lepton track relative

to the b jet� For a direct b� 
 decay� the momentum transfer can be as large as half

the b quark mass �in the limitM� �Mb�� This analysis makes use of an alternative

de�nition of prelt � in which the lepton�s momentum is �rst subtracted from the jet�s�

in this case the momentum transfer can be as large as the b quark mass� This

de�nition is used because Monte Carlo studies indicate that the separation between

leptons from direct b decay and from direct charm decay is larger with this choice�

The prelt of a track is determined by �rst selecting the jet in which it is located�

and then calculating

�p�jet � �pjet � �ptrack

cos � �
�ptrack 
 �p�jet
j�ptrackj

���p�jet��
prelt � j�ptrackj sin � �����

For the calculation of prelt � the direction of the b jet is found using the TRKSJT

CTC track�based jet clustering algorithm� described in Section ���� as opposed to

the standard calorimeter�based algorithm� The ��� cone used for the clustering is

�R � ���� rather than �R � ���� for reasons which will be discussed below�

����� Distributions and Fits

The number of tracks in trigger electron and muon jets �N jet
trk� is shown in Figure ����

It is clear that some leptons are the only tracks in their jet� rendering a determina�

tion of prelt impossible� The mean number of tracks in electron jets is also lower than
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Figure 	��� Upper left� the number of tracks in the trigger jet for trigger electron data�
Lower left� the same distributions for the bb �solid� and cc �dashed� electron samples�
Upper right� the number of tracks in the trigger jet for trigger muon data�
Lower right� the same distributions for the bb �solid� and cc �dashed� muon samples�

that of muon jets owing to the SECVTX minimum jet Et requirement� The cen�

tral values of the sample compositions are derived from �ts to the prelt distributions�

using only jets with N jet
trk � � for reasons discussed below� Any bias to the sample

composition from the exclusion of events with N jet
trk � � shall be investigated� both

through varying this requirement and using a �t to the SECVTX cluster mass

distribution as a cross�check�

Figures ��� and ��� show the trigger lepton prelt distribution for the data� bb and

cc Monte Carlo� and fake lepton samples� where each has been normalized to unit

area� The shapes of the last three are parametrized by �tting the function

f�x� � P� 
 xP� 
 exp
�P� 
 xP�

�
#
P


P�

 exp

�
��

	



x� P�

P�

���
���	�

to the distributions� producing templates for the sample composition �t� The de�

rived parameters P��P� are given in the insets in Figures ��� and ���� and the
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templates overlaid on the plots� The parametrizations are excellent�

The fake samples present a challenge
 the SECVTX�tagged samples are quite

small �	�� electron events and ����	 muon events�� The low statistics introduce a

larger uncertainty into the templates� therefore� the fake prelt distributions shown

in Figures ��� and ��� �and the associated parametrizations forming the templates�

are for the entire fake samples� omitting the SECVTX tag requirement� Possi�

ble bias resulting from this estimate of the fakes� prelt spectrum is investigated in

Section ��	���

The templates are used in a three�component �t to the trigger electron and

muon prelt distributions� yielding fbb� fcc� and ffake � The �t results are displayed

graphically in Figure ��� and numerically in Table ���� The smaller charm fraction

in the electron sample is due to the implicit isolation requirements of the electron

trigger�

N jet
trk Requirement and �R Cone Size

The N jet
trk � � requirement� which retains only 	���) of trigger electron events and

����) of trigger muon events� was imposed because including jets with a smaller

number of tracks leads to a lower�quality �t� as shown below� Again� the large di�er�

ences between the two samples is due to the SECVTXminimum jet Et requirement�

To demonstrate that there is little bias in determining the sample composition from

this subsample� the template derivation and �tting procedure is repeated anew for

the sequence of minimumN jet
trk from 	 to �� using trigger electron data� The resulting

fractions and �� per degree of freedom are shown in Table ��	�

The numbers clearly show that there is no strong bias for the range of cuts�

except possibly for the N jet
trk � 	 and N jet

trk � � �ts� in which the cc and fake templates

become substantially more similar� hindering the �t from distinguishing between
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Figure 	��� Trigger electron prelt distributions for �a� data� �b� bb Monte Carlo� �c� cc
Monte Carlo� and �d� fakes� The functional form of the template parametrization is given
in the text�
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Figure 	�	� Trigger muon prelt distributions for �a� data� �b� bb Monte Carlo� �c� cc Monte
Carlo� and �d� fakes� The functional form of the template parametrization is given in the
text�
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Table 	��� The bb� cc� and fake fractions determined from the three�component �t of the
templates to the data�
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Figure 	�
� Results of the template �ts �solid� to the trigger electron �left� and muon
�right� data �crosses�� The individual contributions from the bb �dashed�� cc �dotted�� and
fake �dashed�dotted� templates are also shown�
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them� At the highest N jet
trk requirements� there is perhaps a hint of a bias� as b jets�

on average� have a lower track multiplicity than charm jets� Thus the N jet
trk � � re�

quirement may actually result in a smaller fbb� though with the available statistics it

appears to be only a 	� e�ect� Table ��	 also indicates why the N jet
trk � � requirement

was chosen
 it is the �t with the lowest N jet
trk cut with a �� per degree of freedom

considered acceptable� Figure ��� shows graphically how the three�component �t to

jets with N jet
trk � 	 leads to an inadequate ���

The �t to the composition of the electron sample is more sensitive to the mini�

mum N jet
trk than that of the muon sample� owing to the smaller average track multi�

plicity of electron jets compared to muon jets� As the requirements on the prelt �ts

do not noticeably bias the determination of the trigger electron sample composition�

the conclusion is that the determination of the trigger muon sample composition is

also unbiased�

A similar study examining how the goodness�of��t depends on the track�

clustering cone size reveals that a cone of �R � ��� is the optimal size for ob�

taining a reasonable ��� Again� the composition fractions do not vary noticeably

over a range of choices for �R� the smaller cone size just ensures con�dence in the

�t� Figure ��� shows the less�than�perfect three�component �t from a cone size of

�R � ����
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fbb fcc ffake ���dof

N jet
trk � 	 ������ ����) �	��� ����) ��	��� ����) ���

N jet
trk � � ������ ����) ����� ����) ����� ����) ���

N jet
trk � � ������ ����) ����� ����) ����� ��	�) 	��

N jet
trk � � ������ ����) ����� ����) ����� ����) 	��

N jet
trk � � ������ ����) ����� 	���) ����� 	���) 	��

N jet
trk � � ��	��� ����) ����� 	���) ����� 	���) ���

Table 	��� Results of prelt �ts for fbb� fcc� and ffake in the Run 
B electron data for dierent

minimum N jet
trk requirements� The �t �

��dof is also shown�
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Figure 	��� Results of the �t of bb� cc� and fake templates to the prelt distribution of trigger
electron data requiring N jet

trk � � �left� and a jet clustering cone of �R � 	�� �right��
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Figure 	��� Comparison of lepton prelt � requiring a SECVTX tag �crosses� and with no
such requirement �solid�� for fake muon �top� and fake electron �bottom� samples�

prelt Fit with the SECVTX�tagged Fake Samples

The prelt spectrum for fake leptons in the previous �ts was taken from the entire

fake samples� before any SECVTX�tagging requirement� As the presence of a

SECVTX tag may place a bias on prelt � any discrepancy must be investigated� Fig�

ure ��� shows a comparison of the prelt spectrum of the whole fake samples to the

SECVTX�tagged subsamples� Within available statistics� the fake electron sub�

sample has the same prelt distribution as its parent� but there is a suggestion that

the fake muons associated with a tag have a harder distribution than those with�

out� Therefore� the muon sample composition �t is repeated� using a fake template

derived from the tagged subsample� The �t returns values of fbb � ������ ����)�

fcc � ������ ����)� and ffake � ���	 � ����)� which is consistent with the original

results in Table ���� There is no discernable bias from using the untagged fake

samples as templates�
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��� Invariant Mass Method

To check the results of the prelt �t� a second �t to the distribution of the invariant

mass of the tracks in the SECVTX tag �Mcl� is performed� assuming each track

in the tag has the pion mass� The Mcl distributions for bb� cc� fakes� and data

samples are shown in Figures ���� and Figures ���� for trigger electrons and muons�

respectively� For the three�componentMcl �ts to the data� no templates are created�

rather� the histograms shown in the �gures are �t directly to the data distribution�

The �t results are given numerically in Table ���� and graphically in Figures ���� and

Figures ����� The prelt and Mcl �t results di�er by approximately �)� the di�erence

is assigned as a systematic uncertainty on the sample composition�

fbb fcc ffake
e
 ������ ����) ����� ����) ���	� ����)
�
 ������ ��	�) ������ ����) ����� ����)

Table 	��� Results of theMcl �t for the bb� cc� and fake fractions in the SECVTX�tagged
data samples�
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Figure 	��� Invariant mass distribution of the SECVTX tag tracks for �a� bb Monte
Carlo� �b� cc Monte Carlo� �c� fakes� and �d� data for trigger electrons� In �e� the result of
�tting the bb� cc� and fake distributions to the data is displayed� where the contributions
from bb �dashed�� cc �dotted�� and fakes �dashed�dotted� are overlaid�
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Figure 	���� Invariant mass distribution of the SECVTX tag tracks for �a� bb Monte
Carlo� �b� cc Monte Carlo� �c� fakes� and �d� data for trigger muons� In �e� the result of
�tting the bb� cc� and fake distributions to the data is displayed� where the contributions
from bb �dashed�� cc �dotted�� and fakes �dashed�dotted� are overlaid�
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Chapter �

b Flavor	Tagging

It has been mentioned many times that the charge of the trigger lepton identi�es the

trigger b �avor at the time of its decay� In order to determine whether the trigger

b hadron mixed� its �avor at its production must also be identi�ed� This analysis

does not measure the production �avor directly� Rather� it relies on the fact that

b quarks are produced in quark�antiquark pairs by the Tevatron� the �avor of the

second b at its decay is thus anticorrelated with the trigger b �avor� though the

correlation is reduced by mixing and backgrounds� Two methods are used to locate

and tag the second b
 low�pt soft leptons �SLTs� from semileptonic decay and the

jet charge� a momentum�weighted charge average of the tracks in the b jet�

The studies in this chapter are directed towards calculating the event�by�event

correct �avor�tagging probability Ptag � which is supplied to the �t for �md in the

next chapter� Sources of systematic biases are also investigated� but �rst� a discus�

sion of �avor�tagging terminology is in order�
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��� Flavor�tagging Dilution and E�ective

Tagging E�ciency ��D	

Any �avor�tagging method can be characterized by two numbers
 the eciency ����

the measure of how often the method gives any answer at all� and the dilution �D��

the measure of how often the method gives the right answer�

Given N events� of which NR are tagged correctly and NW are tagged incorrectly�

the eciency is

� �
NR #NW

N
�����

and the dilution is

D �
NR �NW

NR #NW
���	�

The dilution is related to the tagging and mistagging probabilities by

D � 	 
 Ptag � � � Ptag � Pmistag � �� 	 
 Pmistag �����

A dilution of one corresponds to tagging that is always right� a dilution of negative

one to tagging that is always wrong� and a dilution of zero to tagging that is right

as often as it is wrong� which is to say� useless� A zero dilution is the worst one can

do � consider that a �avor�tagger that is always wrong can be made into one that

is always right by a rede�nition of what one means by �right� and �wrong��

High eciency and dilution are both desired of a �avor�tagger� but most often�

one can only be improved at the expense of the other� The quantity which must be

maximized to give optimum tagging performance is �D�� In a sample of N events

containing a physical mixing asymmetry Atrue� an experiment using an imperfect

�avor�tagger will yield a measured asymmetry� Ameas� which in the general case will
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have a di�erent value than Atrue� Atrue is related to Ameas by

Atrue �
�

D
Ameas �����

The error on the measurement is

��Atrue �
��D�A�

true

N�D�
�����

For suciently small values ofDAtrue� the error on Atrue scales as
�p

N	D�
� As Poisson

statistics determine that the relative error on a measurement from a distribution

of N points should scale as
p
N
N � �p

N
� the measurement with an imperfect tagger

e�ectively reduces the number of events by the factor �D�� For this reason� �D�

is called the e�ective tagging e�ciency� The error on Atrue will be minimized by

maximizing �D�� given that N is �xed by the amount of data collected by the

experiment�

This analysis uses three independent �avor�tagging methods �where SLTs count

twice� once for electrons and once for muons�� Given a set of �avor�tags of varying

Ptag �and thus D�� �D� is maximized by weighting each event by Ptag � In this

scenario� each event contributes to reducing the measurement error by a factor D�

and the total �D� will be

�

N

nX
i��

D�
i �����

The studies of the �avor�tagging methods� presented in the sections to follow�

are directed towards providing an event�by�event dilution� Converted to Ptag � it will

be used in the �t for �md �described in Chapter ��� thereby reducing the statistical

error on �md by maximizing the e�ective �avor�tagging eciency�

Derivations of the equations concerningD and �D� are presented in Appendix A�

�		



along with additional relevant discussion�

��� Soft Lepton Flavor�Tagging

The goal of soft lepton �avor�tagging is to locate electrons and muons from the

semileptonic decay of the second b in the event� the charge of these leptons identi�es

the b �avor just as trigger leptons do� The SLT tagging eciency is limited by the

semileptonic branching ratio �approximately ��) each for electrons and muons� and

the geometric acceptance for the second b �approximately ��)�� Soft leptons are

so named because they usually have low pt and can lie close to other particles in

the event� Since backgrounds increase as pt decreases� stricter identi�cation criteria

than those used for trigger leptons must be employed� In the case of soft muons� as

there is no Level � trigger requirement� more muon types can be used by the tagger�

Soft lepton tagging algorithms were �rst developed for use in the CDF top analy�

ses %��� ��� ��&� where they were used to identify jets as b jets� As the background

rejection needs of the top analyses and this analysis are substantially di�erent� it was

determined that the quality cuts applied by the top soft muon tagger were too se�

vere� Therefore� an alternative tagger was developed for this analysis� which blends

the essential features of the top soft muon algorithm with more liberal requirements�

The soft electron tagger was also slightly modi�ed� including new corrections to the

dE�dx response of tracks�

���� Soft Electron Identi�cation Algorithm

The electron identi�cation algorithm employed both by the trigger and by produc�

tion is ecient only for well�isolated� high�energy electrons� In particular� the cuts

placed on the energy sharing and hadronic�to�electromagnetic energy ratio disfavor
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electrons which pass close to hadrons in ��� space� This algorithm is rather ine�

cient when searching for an electron in the second b jet� as it typically has a lower

energy� and may not be well�isolated�

To increase electron��nding eciency� CDF has developed a track�based� rather

than calorimeter�based� electron identi�cation algorithm� This algorithm was �rst

used in CDF�s top quark production evidence publication %��&� This analysis uses

a slightly modi�ed version of this algorithm� most of the di�erences are minor�

For example� the conversion�removal procedure is changed to be the same as that

used by this analysis for trigger electrons� which gives nearly identical results to

the procedure in the top analysis� The only major change was in the soft electron

candidates� dE�dx handling
 new improvements to the dE�dx corrections �see Ap�

pendix C� were developed after the publication of the top discovery� After the new

corrections are applied� the dE�dx cut is tuned to be ��) ecient for electrons�

which rejects approximately ��) of the background from hadrons�

All tracks� with the exception of the trigger lepton� are evaluated to see if they

pass the soft electron cuts �listed in Table ����� The tracks must pass standard

track quality requirements� be within � cm in z of the primary vertex� and have

pt 	 	 GeV�c� As electron showers are typically much narrower than a single

calorimeter tower� the strictest identi�cation requirements are placed on CES and

CPR quantities� which directly measure the shower development�

The tracks are projected from the origin to both the CES and the CPR� and

must be located away from the edges of those chambers� The track�s CES energy

is calculated by summing the energy deposited on the �ve strips �Estrip� and wires

�Ewire� around the projected track location� The energy resolution is not good

�the CES only samples the shower energy at a single depth�� and there is also some
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variation of the mean energy with momentum� owing to shower �uctuations for low�

momentum electrons� The minimum energy cuts include a momentum�dependent

term to accommodate the variation� The position of the CES cluster is taken from

the energy�weighted mean position of the three strips and wires around the projected

track location� giving an x and z position in local CES coordinates �the local x axis

is in the azimuthal ��� direction� the local z axis is parallel to the global z axis�� The

track�to�cluster matching �j�xj�j�zj� is required to be consistent with the electron

hypothesis� The shower shape� determined from a window of seven strips and wires

around the track position� must also be consistent with a standard electron shower

shape�

The energy deposited in the CPR �QCPR� is calculated by summing the charge on

the three wires around the projected track location� The amount of charge deposited

is a function of the track�s polar angle� as tracks at large j cos �j traverse more of

the solenoid�s material �and therefore produce more particles in their shower� on

average� than do those perpendicular to the beamline� Correspondingly� the cut

on QCPR is given an angular dependence to account for this e�ect� The cut value

is placed at the approximate charge deposited by the equivalent of four minimum

ionizing particles� selecting particles which have begun to shower in the material of

the solenoid�

The soft electron selection criteria described so far are almost totally isolation�

independent� Even the CES and CPR requirements� sensitive to the particle�s

showers� rely on a narrow enough window around the projected location of the

soft electron candidate that they are fairly insensitive to the presence of nearby

tracks� Unfortunately� these criteria alone would result in a 	��) per track fake rate�

which is not acceptable� Additional fake electron rejection is obtained by placing

requirements on the central calorimeter�based E�p and Ehad�Eem� as is done for
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trigger electrons� Besides the values of the cuts� there is an essential di�erence
 the

energies are taken from a single electromagnetic calorimeter tower� unless the track is

suciently close to a tower boundary in �� in which case the two neighboring towers

are taken together� In contrast� a trigger electron�s energy is always taken from the

seed tower and its two neighbors� The requirement for the energy�to�momentum

ratio is ��� � Eem�p � ���� while the hadronic�to�electromagnetic energy ratio

must be Ehad�Eem � ���� a substantially looser requirement than that for trigger

electrons� The addition of these cuts reduces the per�track fake rate to ���)�

Soft Electron Identi�cation Criteria

CES �ducial cuts

jxCESj � 		 cm �local x position�
��		 cm � jzCESj � 	����� cm �local z position�

CPR �ducial cuts

jxCPRj � 		 cm �local x position�
��� cm � jzCPRj � ����	 cm �local z position�
�	��� cm � jzCPRj � 	���	� cm �local z position�

CES cuts

�Ewire�p�Estrip�p� � ��	� # ���� 
 p for p � �	 GeV�c
�Ewire�p�Estrip�p� � ��� for p 	 �	 GeV�c
�x�track�wire� � ����	� ������ 
 p� cm p � � GeV�c
�x�track�wire� � ��� cm p 	 � GeV�c
�z�track�strip� � 	 cm

CPR cut

QCPR � ����� ����	 
 �p�pt� # ��	� 
 �p�pt��
Other cuts

QCTC � QCTCpredicted � ��	� 
 �predicted
��� � Eem�p � ���
Ehad�Eem � ���
�Standard� track quality cuts �same as trigger leptons�
j�zj � � cm �relative to primary vertex�

Table 
��� Soft Electron Identi�cation Criteria�

Local CES and CPR coordinates have the z axis parallel to the CDF global z axis� with
z � 	 at the � � 	 calorimeter boundary� the x axis is in the azimuthal direction� with
x � 	 at the center of the given wedge� Where a cut depends on the track momentum� the
units are in GeV�c�
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���� Soft Muon Identi�cation Algorithm

The muons identi�ed by this tagger will be referred to as projective muons� as the

essential feature of the tagger is to extrapolate a track from the CTC outward into

the muon chambers� where it is matched to stubs in those chambers� The tagger uses

the same software for the projection as the Level � trigger and production� Another

feature of the tagger is the application of corrections for magnetic �eld and drift

velocity to CMX stubs� These can change the position of the stub� and therefore the

track�stub matching ��� The corrections were not available at the commencement

of production� they are not applied to trigger muons� as the pt requirements of the

trigger sharply reduces their necessity�

The Stream B single muon triggers which created the dataset only allowed two

types of muons
 CMUP and CMX� As there is no trigger requirement for projective

muons� more types can be used� Projective muons are of four types
 CMU�� CMP�

CMUP� and CMX� As there is essentially no physical overlap between the CMX

and the other muon chambers �see Figure 	���� candidates matched to stubs in the

CMX and any other chamber are rejected�

The track projection is used to select soft muons in two ways� If a track de�nitely

went inside a muon chamber� it must be matched to a stub in that chamber� If it

de�nitely missed a chamber� it must not be matched to a stub in that chamber�

The de�nition of de	nitely depends on the calculated uncertainty of the track�s

projected location� which is largely due to multiple scattering in the material of the

detector� A muon located � standard deviations away from a chamber boundary

is de�nitely inside or outside that chamber� A muon which projects too close to

a chamber boundary is a �maybe�
 a stub in that chamber is not required� but if

�For clari�cation� a CMU muon is not any muon candidate with a CMU stub� but rather a
candidate with only a CMU stub�
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present� it is accepted�

The track projection is followed by a set of requirements on the matching between

the track and the accepted stubs� The requirements used in the top analyses result

in high�quality tag muons� at a great cost in eciency� As the backgrounds faced

by this analysis are much smaller� the matching cuts were loosened� to the values

used in the trigger muon selection


CMU� ��x � ���� ��z � �	��

CMP� ��x � ���

CMX� ��x � ���� ��z � �	��

The muon track must also pass standard track quality cuts and be within � cm in

z of the primary vertex�

���� Soft Lepton Classi�cation

The ���	�	 trigger electron events contain ��	�� soft electrons and ���		 soft muons�

and the �	���� trigger muon events contain ����� soft electrons and ����� soft muons�

not counting the trigger lepton �even if it passes the SLT criteria�� Soft leptons are

partitioned into four classes according to the following kinematic criteria


 If the invariant mass of the SLT and the trigger lepton �M��� is � � GeV�c��

and the SLT is in the sameTRKSJT jet as the trigger lepton� the candidate

is said to be in the trigger jet� These candidates are likely from double

semileptonic b decay �b � c
� c � 
�� To repeat� the trigger lepton is itself

excluded from this consideration�

 If M�� 	 � GeV�c� and the SLT is not in the same TRKSJT jet as the

trigger lepton� the SLT is said not to be in the trigger jet� These candi�

dates likely come from the semileptonic decay of the second b in the event�

colloquially� these SLTs are also referred to as �tag leptons��
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 Candidates with M�� 	 � GeV�c� that are in the same jet as the trigger

lepton are excluded from consideration�

 Candidates with M�� � � GeV�c� that are not in the same jet as the trigger

lepton are also excluded�

The number of soft electrons and muons in each of the four categories is shown in

Table ��	� A study of the bb Monte Carlo samples is the motivation for excluding

leptons from the last two classes� Of those leptons which are not decay products of

the same b hadron as the trigger lepton� almost none are closer than �R � ��� to

the trigger lepton or have M�� � �� as shown in Figure ���� The exclusion of those

which do meet these requirements in the data samples rejects only backgrounds to

real semileptonic b decay�

SLTs in the Trigger Jet

The number of soft electrons in the trigger jet� in bins of pt� is shown in Table ����

The corresponding numbers for soft muons are shown in Tables ��� and ���� The

taggers show a large excess of opposite sign over same sign leptons� as expected from

double�sequential decays� Figures ��	 and ��� show the invariant mass distribution

of soft leptons relative to the trigger lepton� Note that the trigger jet SLTs only

occupy the mass region from � to � GeV�c�� the entries above � GeV�c� are the

tag leptons� A J�� peak is clearly evident in the cases where the trigger and soft

leptons are the same �avor� as expected�
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Soft electrons in trigger electron data
M�� � � M�� � �

in trigger jet ���� ��
not in trigger jet �� ����

Soft electrons in trigger muon data
M�� � � M�� � �

in trigger jet ���� ��
not in trigger jet �� ����

Soft muons in trigger electron data
M�� � � M�� � �

in trigger jet ���� ��
not in trigger jet �� ����

Soft muons in trigger muon data
M�� � � M�� � �

in trigger jet �	�� ��	
not in trigger jet �� ����

Table 
��� Numbers of soft electrons and muons in each of the four classi�cations� as
described in the text�
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Figure 
��� The �R �left� and invariant mass �right�� relative to the trigger lepton� of
leptons that do not share the same b hadron parent as the trigger lepton� The events are
taken from the bb Monte Carlo samples� Invariant masses larger than �	 GeV�c� are not
shown� Real leptons from the semileptonic decay of the second b clearly do not typically
have �R  	�� and M�� � ��	 GeV�c

��

���



Soft Electrons in the Trigger Jet

pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Trigger Electron Data

	��� 	�� �		 �� ���	�� ���		 ����� ��� ��	��� ���	�
	��� ��� 	�� �� ������ ���	� ����� ��� ��	�	� ���		
���� ��� ��� �� ������ ���	� ����� ��� ��		�� ���	�
���# ��� �� ������ ���	� ����� 	�� ������ �����

Trigger Muon Data

	��� 	�� 	�� �� ������ ���		 ����� ��� ������ ���	�
	��� ��� ��� �� ��	��� ����� �	��� ��� ������ �����
���� ��� 	�� �� ������ ���	� ����� ��� ������ ���	�
���# ��� �� ������ ����� ����� 	�� ������ �����

Table 
��� Number of same and opposite sign charge electrons in the trigger lepton jet�
as a function of pt� �Dilutions� have not been corrected for background or mixing in the
trigger jet� and are shown for informational purposes only�

Projective Muons in the Trigger Jet

Trigger Electron Data

Type pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

CMU 	��� 	�� �	� ��� ����	� ����	 ����� 	�� ��	��� �����
CMU 	��� ��� ��� ��� ����	� ���	� ����� ��	 ��	��� ���	�
CMU ���� ��� ��� �� ��	��� ����� ����� ��� ����	� �����
CMU ���# 	�� �� ������ ���	� ����� ��� ����	� �����
CMP ���� ��� �� �� ������ ����� �	��� ��� ������ ����	
CMP ���# ��� 	� ������ ����� ����� ��� ������ �����
CMUP ���� ��� ��	 �� ������ ���	� ���	� ��� ��	��� ���	�
CMUP ���# ��� �	 ������ ���	� ����� 	�� ������ �����
CMX 	��� 	�� ��� 	� ������ ����	 ����� ��� ������ �����
CMX 	��� ��� �� 	� ����	� ����	 ����� ��� ������ ����	
CMX ���� ��� ��� �� ������ ����� ����� ��	 ������ �����
CMX ���# ��� �� ��	��� ����� ����� ��� ������ �����

Table 
��� Number of same and opposite sign projective muons in trigger electron jets�
as a function of pt� �Dilutions� have not been corrected for background or mixing in the
trigger jet� and are shown for informational purposes only�
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Projective Muons in the Trigger Jet

Trigger Muon Data

Type pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

CMU 	��� 	�� ��� 	�� ������ ����� ����� 	�� ��	��� �����
CMU 	��� ��� ��	 	�� ���	�� ����	 ����� ��� ��	��� ���	�
CMU ���� ��� ��� �� ������ ����� ����� ��� ������ �����
CMU ���# ��	 ��� ������ ���	� ����� ��� ������ ���		
CMP ���� ��� ��� �� ��	��� ����� �	��� ��� ������ �����
CMP ���# ��� �		 ������ ���	� ����� ��� ������ ���		
CMUP ���� ��� ��	 �� ������ ���	� ����� ��� ������ �����
CMUP ���# ��	 ��� ��	��� ����� ����� 	�� ������ ����	
CMX 	��� 	�� �� �� ������ ����� ����� ���� ������ �����
CMX 	��� ��� �� � ������ ����� ����� ��� ������ �����
CMX ���� ��� �� 	� ����	� ����� ����� ��� ������ �����
CMX ���# �� 		 ������ ����	 �	��� ��	 ������ �����

Table 
��� Number of same and opposite sign projective muons in trigger muon jets� as a
function of pt� �Dilutions� have not been corrected for background or mixing in the trigger
jet� and are shown for informational purposes only�
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Figure 
��� The invariant mass distribution of soft electrons relative to the trigger lepton
for trigger electron �top� and trigger muon �bottom� data� Electrons with invariant mass
less than � GeV�c� are trigger jet electrons� and those with greater than � GeV�c� are tag
electrons� Masses greater than �	 GeV�c� are not shown� A clear J�� peak can be seen
in the trigger electron data�
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Figure 
��� The invariant mass distribution of soft muons relative to the trigger lepton
for trigger electron �top� and trigger muon �bottom� data� Muons with invariant mass
less than � GeV�c� are trigger jet muons� and those with greater than � GeV�c� are tag
muons� Masses greater than �	 GeV�c� are not shown� A clear J�� peak can be seen in
the trigger muon data�
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���� Tag Leptons and Raw Dilution Parametrization

As mentioned in Section ���� and discussed in detail in Appendix A� in the case

where one has a set of tags of varying dilution� the best way to use the tagging

information �and therefore maximize �D�� is to subdivide the set into as many

subsamples as possible and sum the �D� from each� In the perfect case where one

knew the dilution of each individual tag� the maximum �D� would be obtained from

summing the D� of each tag� rather than calculating an average D for the set of

tags� This can be realized in practice by supplying the event�by�event probability

that the �avor�tag is correct �calculated from the dilution� to the likelihood function

used to �t for �md� To this end� the raw dilution is measured in bins� of di�erent

kinematic variables to determine which yields the largest
P

�D�� The dilution is

then parametrized as a function of that variable�

For SLT �avor�tagging� three kinematic variables of the soft lepton are studied


its pt� p
rel
t � and a combination of the two� called pcomb

t � The soft lepton prelt is

calculated using Equation ���� just as for trigger leptons� the only di�erence is

that a TRKSJT clustering cone size of �R � ��� and a minimum N jet
trk � � is

used� re�ecting the softer pt spectrum of the second b jet� Though the classi�cation

scheme of Section ��	�� made no explicit requirement that a tag lepton be in a jet�

the pt and track quality requirements placed on the SLTs will ensure that TRKSJT

clusters them in a jet �see Section �����

Some leptons� suciently isolated from other tracks� will be in jets with N jet
trk � �

or 	� By the above requirements� they will have an unde�ned prelt � Because of the

di�erent kinematics of direct and sequential b decay� these leptons are much more

likely to be from direct b decay� and have a high dilution� �No prelt � is used as

another prelt bin in the summation of �D�� the raw dilution of these tags is tabulated

�Any bin with a negative dilution subtracts from the total �D��

���



separately� as measured� and not included in a functional parametrization of the

raw dilution�

pcomb
t � a combination of pt and prelt � is formed to learn if it separates low� from

high�dilution tags better than either quantity alone� pcomb
t is de�ned as

pcomb
t �

r�pt
�

��
# �prelt �

�
�����

To prevent the pt from dominating the combination� it is scaled by the approximate

b hadron mass� a study shows that the dilution versus pcomb
t is not particularly

sensitive to the scale factor for values within the range of ����� Smaller or larger

values drive the dilution towards the results from pt or prelt alone� Those leptons

with no prelt also have no pcomb
t �

The number of opposite� and same�sign soft lepton tags �not in the trigger

jet� versus pt� as well as the eciency� dilution� and �D�� is shown numerically in

Tables ������� and graphically in Figures �������� Results for the trigger electron

and muon samples are shown separately� As the number of CMP muons is small�

they are combined with the CMUP muons in the �gures� they are left separate in

the tables for illustration� It is worth repeating that the dilutions shown are the

raw dilutions� which are smaller than the true �avor�tagging dilutions � they have

not been corrected for backgrounds or mixing in the trigger jet�

The total �D� for soft electron �avor�tagging from the sum over bins of prelt

and pcomb
t is also shown in Tables ��� and ���� the same information for soft muon

�avor�tagging is shown in Tables ���� and ����� CMP and CMUP muons are again

combined� The eciency� dilution� and �D� versus prelt and pcomb
t is shown graphi�

cally in Figures ���������
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Tag Electrons in Electron Data

pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Versus pt
	��� 	�� ��� ��� ������ ���	� ����� ��� ������ �����
	��� ��� ��� �� ��	��� ����� ���	� ��� ������ �����
���� ��� ��� �		 ���	�� ����� ����� ��� ������ �����
���# �	� 	�� ���	�� ���	� �	��� ��� ������ �����
Sum 
 ��	 ��� ������ ����� � ������ ���	�

Integrated Over prelt

prelt ��	 ��� ������ ����� � ������ �����

Integrated Over pcomb
t

pcomb
t ��	 ��� ������ ����� � ������ �����

Electrons without prelt

no prelt �	� �� ������ ����� ����� ��� ������ ����	

Total prelt ��	 ��� ������ ����� � ���	�� ���		
Total pcomb

t ��	 ��� ������ ����� � ���	�� ���	�

Table 
�	� Tag electrons in trigger electron data� in bins of pt� and integrated over bins of
prelt and pcomb

t � Dilutions have not been corrected for background or mixing in the trigger
jet�
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Figure 
��� Top to bottom� e�ciency� dilution� and 	D� versus pt for soft electron tags
�left� and projective CMU tags �right� in trigger electron data� The rightmost bin is the
over�ow bin� Dilutions have not been corrected for background or mixing in the trigger
jet�
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Tag Electrons in Muon Data

pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Versus pt
	��� 	�� ��� ��� ������ ���	� ���� ��� ������ �����
	��� ��� ��� ��� ��	��� ����� �	�	� ��� ������ �����
���� ��� ��� ��� ���	�� ���	� ����� ��� ������ �����
���# ��� 	�� ������ ����� 	��	� ��� ������ �����
Sum 
 �	� ��� ������ ����� � ������ �����

Integrated Over prelt

prelt ��	 ��� ������ ����� � ������ �����

Integrated Over pcomb
t

pcomb
t ��	 ��� ������ ����� � ������ �����

Electrons without prelt

no prelt �� �� ������ ����� ���� ��� ������ �����

Total prelt �	� ��� ������ ����� � ������ �����
Total pcomb

t �	� ��� ������ ����� � ������ �����

Table 
�
� Tag electrons in trigger muon data� in bins of pt� and integrated over bins of
prelt and pcomb

t � Dilutions have not been corrected for background or mixing in the trigger
jet�
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Figure 
��� Top to bottom� e�ciency� dilution� and 	D� versus pt for projective CMP
and CMUP tags �left� and projective CMX tags �right� in trigger electron data� The
rightmost bin is the over�ow bin� Dilutions have not been corrected for background or
mixing in the trigger jet�

���



Tag Muons in Electron Data

Projective Cuts

Type pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Projective Cuts

CMU 	��� 	�� 	�� 	�� ������ ���	� ���� ��� ������ �����
CMU 	��� ��� 	�	 ��� ���	�� ���	� 	���� ��� ���	�� �����
CMU ���� ��� ��� �� ��	��� ����� ����� ��� ������ �����
CMU ���# 	�� ��� ������ ���	� ����� ��	 ������ �����
CMP ���� ��� �� 	� ������ ����� ����� ���� ������ ����	
CMP ���# �� �	 ������ ����� ����� ��	 ������ �����
CMUP ���� ��� 	�� �	� ������ ���	� 	���� ��� ���	�� �����
CMUP ���# ��� 	�	 ������ ���	� 	���� ��� ����	� �����
CMX 	��� 	�� �� �� ������ ����� ���� ��� ������ ����	
CMX 	��� ��� �� �� ������ ����� 	��	� ��� ������ �����
CMX ���� ��� ��� �� ������ ����� ����� ��� ������ �����
CMX ���# 	�� ��� ������ ���	� 	���� ��� ������ �����
Sum 
 	��� ���� ������ ����� � ������ ���	�

Table 
��� Number of same� and opposite�sign projective muons not in the trigger jet� as
a function of pt� in trigger electron data� Dilutions have not been corrected for background
or mixing in the trigger jet�
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Figure 
�	� Top to bottom� e�ciency� dilution� and 	D� versus pt for soft electron tags
�left� and projective CMU tags �right� in trigger muon data� The rightmost bin is the
over�ow bin� Dilutions have not been corrected for background or mixing in the trigger
jet�
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Tag Muons in Muon Data

Projective Cuts

Type pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

CMU 	��� 	�� ��� 	�� ������ ���	� ����� ��	 ������ �����
CMU 	��� ��� 	�� ��� ������ ���	� 	��� ��� ������ �����
CMU ���� ��� �� �� ��	��� ����� ���� ��� ������ ����	
CMU ���# 		� ��� ������ ���	� 	���� ��� ���	�� �����
CMP ���� ��� 	� �� ������ ����� ����� ���� ������� ����	
CMP ���# �� �� ������ ����� 	���� ��� ������ �����
CMUP ���� ��� �	� �� ��	��� ����� ����� ��� ������ �����
CMUP ���# ��� 	�� ������ ����	 	���� ��� ������ �����
CMX 	��� 	�� �� �� ������ ����� ���� ��	 ������ �����
CMX 	��� ��� �� �� ����	� ����� �	��� ��� ����	� �����
CMX ���� ��� �	 �� ������ ����� �	��� ��	 ������ �����
CMX ���# 		� ��� ������ ���		 �	��� ��� ����	� �����
Sum 
 ���� ���� ������ ����� � ������ ���	�

Table 
��� Number of same� and opposite�sign projective muons not in the trigger jet� as
a function of pt� in trigger muon data � Dilutions have not been corrected for background
or mixing in the trigger jet�
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Figure 
�
� Top to bottom� e�ciency� dilution� and 	D� versus pt for projective CMP
and CMUP tags �left� and projective CMX tags �right� in trigger electron data� The
rightmost bin is the over�ow bin� Dilutions have not been corrected for background or
mixing in the trigger jet�
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Tag Muons in Electron Data

Projective Cuts

Type ,OS ,SS � �)� D �)� �D� �)�

Integrated over prelt

CMU ��� ��� ������ ����� � ����	� �����
CMP # CMUP ��� ��� ������ ����� � ����	� ���	�
CMX ��� 	�� ����	� ����� � ������ �����
Sum 
 ���� �	�� ������ ����� � ������ ���	�

Integrated over pcomb
t

CMU ��� ��� ������ ����� � ������ �����
CMP # CMUP ��� ��� ������ ����� � ������ ���	�
CMX ��� 	�� ����	� ����� � ������ ����	
Sum 
 ���� �	�� ������ ����� � ������ ���	�

Muons without prelt

CMU ��� �� ��	��� ����� 	��	� ��� ������ �����
CMP # CMUP �� 	� ����	� ����� �	��� ��� ������ �����
CMX �� �	 ����	� ����� ����� ��� ������ �����
Sum 
 	�� ��� ������ ���	� � ������ �����

Total prelt ��		�� �����
Total pcomb

t ��	��� �����

Table 
��� Summary of e�ciencies and 	D� versus prelt � pcomb
t in trigger electron data�

	D� for prelt or pcomb
t binning methods is shown integrated over prelt or pcomb

t � respectively�
	D� from tracks with no prelt is shown separately� CMP and CMUP muons are combined�
owing to low CMP statistics� Dilutions have not been corrected for background or mixing
in the trigger jet�
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Tag Muons in Muon Data

Projective Cuts

Type ,OS ,SS � �)� D �)� �D� �)�

Integrated over prelt

CMU ��� ��� ������ ����� � ������ �����
CMP # CMUP ��	 ��� ��	��� ����� � ������ �����
CMX ��� 	�� ������ ����� � ������ �����
Sum 
 ���� �	�� ���	�� ����� � ������ ���	�

Integrated over pcomb
t

CMU ��� ��� ������ ����� � ������ �����
CMP # CMUP ��	 ��� ��	��� ����� � ������ �����
CMX ��� 	�� ������ ����� � ������ �����
Sum 
 ���� �	�� ���	�� ����� � ������ ���	�

Muons without prelt

CMU �� �� ������ ����� 	���� ��	 ������ �����
CMP # CMUP �� 	� ������ ����� �	��� ���	 ������ �����
CMX �� 	� ������ ����� �	��� ���� ������ �����
Sum 
 ��� ��� ����	� ���	� � ������ ����	

Total prelt ��	��� �����
Total pcomb

t ��	�	� �����

Table 
���� Summary of e�ciencies and 	D� versus prelt � pcomb
t in trigger muon data�

	D� for prelt or pcomb
t binning methods is shown integrated over prelt or pcomb

t � respectively�
	D� from tracks with no prelt is shown separately� CMP and CMUP muons are combined�
owing to low CMP statistics� Dilutions have not been corrected for background or mixing
in the trigger jet�
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Figure 
��� Top to bottom� e�ciency� dilution� and 	D� versus prelt for soft electron
tags �left� and projective CMU tags �right� in trigger electron data� The leftmost bin
is for tags with no prelt � the rightmost bin is the over�ow bin� Dilutions have not been
corrected for background or mixing in the trigger jet�
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t � the rightmost bin is the over�ow bin� Dilutions
have not been corrected for background or mixing in the trigger jet�
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After a comparison of the soft electron and muon
P

�D�� prelt was selected as

the kinematic variable to parametrize the dilution� It is clearly superior to pt� and

though the soft muon total �D� is slightly higher when integrated over bins of pcomb
t �

the opposite is true for soft electrons� Given no clear distinction between the two�

prelt seems a more natural quantity� and suitably represents the dilution� It bears

repeating that the SLT tags with no prelt are handled separately� the raw dilution

provided to the �t for �md is taken directly from Tables ������� and ��������� for

these tags�

Figures ��������� again show the raw dilution versus prelt � for the di�erent SLT

tag types� The function

A
h
�� e��p

rel
t �B�

i
�����

is used to parametrize the distribution of dilution with prelt � B describes the shape of

the distribution� A the normalization� Fits to the individual plots in Figures �����

���� are not particularly sensitive to the value of B� returning values in the range

��		����� with typical uncertainties of ����� As the statistics are limited� a �t to

all �avor�tags combined is used� returning a value for B of ��	�� B is then �xed at

this value� thus determining the shape of the dilution versus prelt � Fits for A to the

individual plots give the normalization� they yield

Tag Type Trigger e Data Trigger � Data

Electron ����� ���� ����� ����

All � ����� ���� ����� ����

CMU ����� ���� ��	�� ����

CMP # CMUP ����� ���� ����� ����

CMX ����� ���� ����� ����

The �� returned by the �ts are also indicated in Figures ���������� Every �t has

an excellent ���
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Though the raw dilutions should vary based upon the di�erent composition of

the two samples� that they are near each other provides a nice consistency check�

So� too� is the fact that the same shape so well describes the distributions for the

di�erent tags�

Figure 
��	� Raw dilution of soft electron tags as a function of prelt � for trigger electron
data �top� and trigger muon data �bottom�� The rightmost bin is the over�ow bin� tags
with no prelt are not shown� The superimposed curves are A�
� e��prelt ��������� a �t to A is
indicated on each plot�
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Figure 
��
� Raw dilution as a function of prelt in trigger electron data� for all muon tags
combined �upper left�� CMU tags �upper right�� CMP and CMUP tags �lower left��
and CMX tags �lower right�� The rightmost bin is the over�ow bin� tags with no prelt are
not shown� The superimposed curves are A�
 � e��prelt ��������� a �t to A is indicated on
each plot�
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Figure 
���� Raw dilution as a function of prelt in trigger muon data� for all muon tags
combined �upper left�� CMU tags �upper right�� CMP and CMUP tags �lower left��
and CMX tags �lower right�� The rightmost bin is the over�ow bin� tags with no prelt are
not shown� The superimposed curves are A�
 � e��prelt ��������� a �t to A is indicated on
each plot�
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���� SLT Systematic Checks

A number of checks were performed to assure that the soft lepton taggers are not

subject to any systematic e�ects which could bias a measurement of �md� First

and foremost is if the taggers preferentially select positively�charged tracks over

negatively�charged ones� or vice�versa� resulting in a charge asymmetry�

Antiprotons can easily fake an electron signature by annihilating with protons in

the material of the solenoid� and create a cluster of electromagnetic energy indistin�

guishable from that produced by an electron� While the dE�dx requirement serves

to remove much of this background� it is less e�ective at higher particle momenta�

Both protons and antiprotons are readily available from the accelerator beams� but

since protons do not similarly annihilate in the detector material� this source of

background could yield an excess of negatively�charged soft electron tags�

Fake muons from hadronic punchthrough are often charged kaons� which pen�

etrate much further through matter than pions� Just as protons and antiprotons

interact di�erently in matter� so do the charged kaons� K �composed of us� pen�

etrate even further than K� �composed of us� as the u antiquark in K� can easily

�nd an annihilation partner in the u quark�rich protons and neutrons of the detec�

tor� �Were the CDF detector constructed of antimatter� the asymmetries would be

reversed��

Tables ���	 and ���� show the number of lepton tags in the samples as a function

of trigger lepton charge� tag lepton charge� and tag lepton pt�

While there is some statistical variation� there is no evidence for a systematic

tag lepton charge asymmetry� except in the case of low�pt CMU tags� The CMP

information for projective muons below � GeV�c is ignored� these CMU muons are

expected to be the worst quality� Despite �rather� probably because of� the charge

asymmetry� the dilution of the low�pt CMU tags is small �see Figures ��� and ����

���



and will not contribute signi�cantly to the �t for �md� This charge asymmetry can

be safely ignored�

Considering trigger leptons� there is an obvious excess of positively�charged trig�

ger muons �and no evidence for a charge asymmetry for trigger electrons�� This is

borne out by counting the number of positive and negative trigger leptons in the

samples as a whole� there are �����	 e and ������ e�� and �	���� � and ���	�	 ���

in their respective datasets� The trigger muon asymmetry� due to the previously�

mentioned charge asymmetry for fakes� will be accounted for in the �t for �md by

the fake lepton component of the sample composition�

Another possible systematic e�ect could be a dependence on the run number

�which is� of course� a monotonically increasing function of the date the data were

taken�� Changes to the trigger hardware or software� or even damage to the detector�

could produce such an e�ect� The eciency and type�averaged dilution of the soft

lepton tags versus run number is shown in Figures ���� and ��	�� Much more

likely than overlooked detector damage is an instantaneous luminosity dependence�

The average luminosity is closely correlated with run number� the Tevatron was

operated at record luminosity at the end of Run �B� balanced against its unexciting

performance at the very beginning� when a quadrupole magnet was found to be

misaligned� It is possible that the run�dependent �gures mask a bias� as they do

average over instantaneous luminosity� To assure no bias� Figures ��	� and ��		

explicitly show the same eciencies and dilutions versus instantaneous luminosity�

Within the available statistics� there is no convincing run or luminosity dependence�

One of the key responses which prevented the DAQ system from being com�

pletely overwhelmed by record luminosities was the adoption of dynamic trigger

prescaling� As many of the single lepton triggers at Level � have no speci�c Level 	

requirement� a question was raised as to how many of the soft lepton tagged events
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Soft Electron Tagger

Charge Asymmetry

pt range 
�� 
�� 
��� 
� 
 
� e e�

Trigger Electron Sample
	�� � pt � 	�� �� �� �� �	 ��	 ��� ��� ���
	�� � pt � ��� �� �� �� �� ��� �	� �	� ���
��� � pt � ��� �� �� �� �� ��� ��� ��� ���
��� � pt 		� 	�� ��� ��� ��	 ��� ��� ���

Trigger Muon Sample
	�� � pt � 	�� �� �� �� �� ��� ��� ��� ��	
	�� � pt � ��� �� �� �� �� �	� ��� ��	 ���
��� � pt � ��� �� �� �� �	 �	� ��� �	� ���
��� � pt ��� ��� �	� �	� ��� ��� ��� ���

Table 
���� Number of tag electrons as a function of trigger lepton type and charge� in
bins of tag pt�

Projective Muon Charge Asymmetry

Muon Type 
�� 
�� 
��� 
� 
 
� � ��

Tag pt � ��	 GeV�c
Trigger Electron Sample

CMU ��� ��� 	�� 	�	 ��� ��� ��� ���
CMP#CMUP ��� �	� �� �� ��� ��� ��� ���
CMX ��	 ��� �� ��� 	�� 	�� 	�� 	��

Trigger Muon Sample
CMU 	�� ��� 	�� 	�� ��� ��� ��	 �	�
CMP#CMUP �� �	 �� �� ��� ��� ��� ���
CMX ��� ��� �	 ��� 		� ��� 		� ���

Tag pt � ��	 GeV�c
Trigger Electron Sample

CMU ��� ��� �� �� ��� ��� ��� ���
CMP#CMUP 	�� 	�� ��� ��� ��� ��� ��� ���
CMX ��� �� �	 �� ��� ��� ��� ���

Trigger Muon Sample
CMU �	� ��� �� �� 	�� ��� ��� ���
CMP#CMUP 	�� 	�� ��� ��� ��� ��� ��	 ��	
CMX ��� �	� �� �� ��� ��� ��� ���

Table 
���� Number of tag muons as a function of trigger lepton charge and tag muon
type� with a division at tag muon pt � ��	 GeV�c�
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Figure 
���� Tag electron e�ciency and raw dilution versus run number in the trigger
electron �left� and muon �right� samples�

Figure 
��� Tag muon e�ciency and raw dilution versus run number in the trigger
electron �left� and muon �right� samples�
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Figure 
���� Tag electron e�ciency and raw dilution versus instantaneous luminosity in
the trigger electron �left� and muon �right� samples�

Figure 
���� Tag muon e�ciency and raw dilution versus instantaneous luminosity in the
trigger electron �left� and muon �right� samples�
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in the samples came from single lepton Level 	 triggers as opposed to dilepton

triggers� which� as a rule� were much less sharply prescaled under high�luminosity

conditions� While a majority of the trigger leptons do have Level 	 single lepton

triggers �see Sections ����� and ����	�� soft lepton tagging� which requires a second

lepton in the event� might preferentially select Level 	 dilepton�triggered events�

which may bias the SLT eciency and dilution�

Applying a �lter which determines whether the trigger electron or muon was the

particular one responsible for a single lepton trigger at Level 	 reduces the electron

sample to �	���� events and the muon sample to �����	 events� Tables ���������

show the parallel of the tagging results from Tables �������� making the Level 	

trigger requirement� A comparison of the two sets of tables shows that the presence

of a single lepton trigger has a negligible e�ect on the SLT dilution� though the

eciency is somewhat lower� Since the dilution is unchanged� the conclusion is

that the the trigger does not bias the �avor�tagging probabilities and� in fact� the

dilepton triggers serve to increase the number of SLT�taggable events in the samples�

From the preceding information� one must conclude that there is no evidence

to support a strong systematic bias adversely a�ecting the eciency or dilution of

SLT tagging from any of these factors�
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Tag Electrons in Electron Data

Level � Single Electron Trigger Required

pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Versus pt
	��� 	�� ��� �	� ������ ���	� �	��� ��� ������ �����
	��� ��� ��� �� ��	��� ����� ����� ��� ������ �����
���� ��� ��� ��� ������ ���	� ����� ��� ������ �����
���# ��	 ��	 ������ ���	� ����� ��� ����	� �����
Sum 
 ��� ��	 ������ ����� � ����	� ���	�

Integrated Over prelt

prelt ��� ��� ������ ����� � ������ �����

Integrated Over pcomb
t

pcomb
t ��� ��� ������ ����� � ������ �����

Electrons without prelt

no prelt ��� �� ������ ����� ����� ��� ������ �����

Total prelt ��� ��	 ������ ����� � ���	�� ���	�
Total pcomb

t ��� ��	 ������ ����� � ���	�� ���	�

Table 
���� Tag electrons in trigger electron data� requiring that the trigger electron was
responsible for a Level � single electron trigger� Dilutions have not been corrected for
background or mixing in the trigger jet�
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Tag Electrons in Muon Data

Level � Single Muon Trigger Required

pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Versus pt
	��� 	�� ��� ��� ������ ���	� ����� ��	 ������ �����
	��� ��� ��� �� ��	��� ���	� ����� ��� ������ �����
���� ��� �	� ��� ���	�� ���	� ����� ��� ������ �����
���# 	�� ��� ������ ����	 ����� ��� ���		� �����
Sum 
 ��� ��� ������ ����� � ������ �����

Integrated Over prelt

prelt ��� ��� ������ ����� � ������ �����

Integrated Over pcomb
t

pcomb
t ��� ��� ������ ����� � ������ �����

Electrons without prelt

no prelt �� �� ������ ����� ���� ��� ����	� �����

Total prelt ��� ��� ������ ����� � ������ �����
Total pcomb

t ��� ��� ������ ����� � ������ �����

Table 
���� Tag electrons in trigger muon data� requiring that the trigger muon was
responsible for a Level � single muon trigger� Dilutions have not been corrected for back�
ground or mixing in the trigger jet�
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Tag Muons in Electron Data

Level � Single Electron Trigger Required

Type pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Projective Cuts

CMU 	��� 	�� 	�� ��� ������ ���	� ����� ��� ����	� �����
CMU 	��� ��� ��� �	� ������ ���		 	���� ��� ������ �����
CMU ���� ��� �� �� ������ ����� ����� ��� ������ �����
CMU ���# ��� �� ��	��� ����� 	���� ��� ������ �����
CMP ���� ��� �� 		 ������ ����� ����� ���� ������ �����
CMP ���# �� �	 ������ ����� ����� ��� ���	�� �����
CMUP ���� ��� ��� �� ��	��� ����� ����� ��� ������ �����
CMUP ���# 	�� ��� ������ ���	� 	���� ��� ���	�� �����
CMX 	��� 	�� �	 �� ������ ����� ���� ��� ������ �����
CMX 	��� ��� �� �� ������ ����� 	���� ��� ������ �����
CMX ���� ��� �� �� ������ ����� ���	� ��	 ������ �����
CMX ���# �	� �� ��	��� ����� ����� ��� ������ �����
Sum 
 ���� ��� 	����� ����� � ������ ���	�

Table 
��	� Tag muons versus pt in trigger electron data� requiring that the trigger
electron was responsible for a Level � single electron trigger� Dilutions have not been
corrected for background or mixing in the trigger jet�
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Tag Muons in Muon Data

Level � Single Muon Trigger Required

Type pt ,OS ,SS � �)� D �)� �D� �)�
�GeV�c�

Projective Cuts

CMU 	��� 	�� 	�� ��� ������ ���	� ��	� ��� ������ �����
CMU 	��� ��� ��� ��� ������ ���	� ����� ��� ������ �����
CMU ���� ��� �� �� ������ ����� ����� ��� ����	� �����
CMU ���# ��� �� ������ ���	� 	���� ��� ���	�� �����
CMP ���� ��� �� 	� ������ ����� ������ ���� ������� �����
CMP ���# �� �� ������ ����� ����� ��	 ������ �����
CMUP ���� ��� �� �� ��	��� ����� ����� ��	 ������ �����
CMUP ���# 	�� ��� ������ ���	� �	��� ��� ������ �����
CMX 	��� 	�� �� �� ������ ����� ���� ��� ����	� �����
CMX 	��� ��� �� �� ������ ����� ���� ��� ������ ����	
CMX ���� ��� �� �	 ������ ����� ���� ��� ����	� �����
CMX ���# ��� �� ������ ���	� ����� ��� ������ �����
Sum 
 ���� ��� ������ ����� � ������ ���	�

Table 
��
� Tag muons versus pt in trigger muon data� requiring that the trigger muon
was responsible for a Level � single muon trigger� Dilutions have not been corrected for
background or mixing in the trigger jet�
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��� Jet Charge Flavor�Tagging

The goal of jet charge �avor�tagging� just as for soft lepton tagging� is to identify the

�avor of the second b in an event� This is accomplished by selecting a likely candidate

jet for the second b and calculating the momentum�weighted charge average of the

tracks within it� The jet charge �Qjet� has been found %��& to be correlated with the

charge of the quark which produced the jet�� One can think of a number of reasons

why this should be so


 In the case of fully�hadronic decay� the decay chain b � c � s produces a

K with the same charge as its grandparent �b� K�� �b� K�

 Even when this K is neutral �as the K from the decay of a neutral B usually

is�� the leading fragmentation particle will have the same charge as the b

quark �b� b �dd�uu# 
 
 
 � �B�
d�

�u# 
 
 
��

 The virtual W from the weak decay of a b quark carries away the charge

of the b� whether it decays hadronically or leptonically� it will still have the

correct charge correlation �recall that it is the leptonic W decay which is

exploited by the SLT tagger��

By adjusting how the momenta of the tracks in a jet are weighted� the jet charge

algorithm can be tuned to be sensitive to these processes� producing the appropriate

correlation between Qjet and the b �avor�

Jet charge tagging has been used to stunning success by the LEP experi�

ments %��� ��� ��& � the energetic b jets from Z� decay are quite narrow� and

the ee� collider environment is particularly clean� Though CDF�s pp environment

�The average Qjet for hard gluon jets is� of course� zero�

���



makes jet charge tagging challenging� owing to lower�pt bb production and back�

grounds from the underlying event� one cannot deny that it is e�ective even so�

based upon the study that follows�

���� Jet Selection and De�nition of Qjet

The jet charge algorithm makes use of the TRKSJT jets made with a cone size of

�R � ���� Only those jets with a
P

pt 	 ��� GeV�c and �� 	 ��� relative to the

trigger lepton are considered� Of these� the one with the highest
P

pt is taken to

be the second b jet� Because the angular cut selects jets in the opposite hemisphere

from the trigger lepton� this jet is called the �opposite side jet�� The eciency for

�nding such a jet is approximately ��)� the bb Monte Carlo samples predict that

this jet is the other b jet approximately ��) of the time� The remaining 	�) of the

jets are most often gluon jets� and have no �avor correlation�

The jet charge �Qjet� is de�ned by weighting the charges of the tracks in the jet

by some power of their momenta projected along the jet axis


Qjet �

Pn
i�� qi 
 ��pi 
 -a�
Pn
i�� ��pi 
 -a�


�����

where the unit vector -a is the jet axis and � adjusts the relative importance of each

track�s momentum� � � � weights all tracks equally� the limit of � � � sets Qjet

to the charge of the track with the largest �pi 
 -a� � � � is chosen for this analysis�

as this value gives a fairly shallow maximum �D��

���� Jet Charge Dilutions

As the opposite side jet charge is correlated with the charge of its b quark� just as

is the charge of the soft lepton tags� it will be anti�correlated with the charge of the

��	



trigger lepton� Thus� Q� 
 Qjet should �on average� be negative for trigger 
 and

positive for trigger 
�� The Q� 
Qjet distributions for the data and bb Monte Carlo

samples are shown in Figure ��	�� Given an opposite side jet� if one takes Qjet � �

�	 �� to have tagged the jet as coming from a b ��b� quark� then the average dilution

is

N�Q�	Qjet � �� #N�Q��Qjet 	 ���N�Q�	Qjet 	 ���N�Q��Qjet � ��

N�Q�	Qjet � �� #N�Q��Qjet 	 �� #N�Q�	Qjet 	 �� #N�Q��Qjet � ��
������

As an event�by�event dilution is desired� the dilution can be parametrized as a func�

tion of jQjetj� It may not be immediately apparent in Figure ��	�� but the absolute

di�erence jN�Q�	Qjet� �N�Q��Qjet�j is larger for larger values of the absolute jet

charge� Figures ��	� and ��	� show the dilution as de�ned in Equation ���� in bins

of jQjetj� as well as the number of jet charge�tagged events and �D� per bin� for the

data and bb Monte Carlo samples� respectively� The dilution can be parametrized

as a linear function of jQjetj� the �t parameter is the slope� which is also indicated

in the �gures�

���� Jet Charge Corrections

Just as a charge asymmetry can produce a systematic bias in the soft lepton �avor�

tagging� so can it a�ect jet charge �avor�tagging� The source of the asymmetry�

however� is di�erent� The tracks which are used to compute the jet charge can have

a pt as low as ��� GeV�c� For very low�pt tracks� the CTC track�reconstruction

eciency is slightly worse for negatively�charged tracks� Calculating the charge

asymmetry from the number of positive and negative tracks in opposite side jets

A� �
N �N�

N #N� ������

���



Figure 
���� Jet charge distributions for the data and bb Monte Carlo samples� The
distributions for positively�charged �solid� and negatively�charged �dashed� trigger leptons
are shown separately� The �spikes� at jQjetj � 
 are from jets where all tracks have the
same charge� All distributions are normalized to unit area�
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Figure 
���� Jet charge �avor�tagging dilution� e�ciency� and 	D� in the data samples�
Top left and right� D�raw� versus jQjetj� where the distributions have been �t to the
function D�raw� � jQjetj �Dmax�raw��
Center left and right� the population of events in jQjetj� The quoted e�ciency is the
total number of jet charge�tagged events divided by the total number of events in the
sample�
Bottom left and right� 	D��raw� versus jQjetj�
The plots shown are taken from the Run 
B data samples�
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Figure 
���� Jet charge �avor�tagging dilution� e�ciency� and 	D� in the bb Monte Carlo
samples�
Top left and right� D�raw� versus jQjetj� where the distributions have been �t to the
function D�raw� � jQjetj �Dmax�raw��
Center left and right� the population of events in jQjetj� The quoted e�ciency is the
total number of jet charge�tagged events divided by the total number of events in the
sample�
Bottom left and right� 	D��raw� versus jQjetj�
The plots shown are taken from the Run 
B bb Monte Carlo samples�
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gives A� � �����������) for the combined trigger electron and muon data samples�

Both the number of tracks and the charge asymmetry� as a function of pt� are shown

in Figure ��	�� The Monte Carlo samples have a charge asymmetry consistent with

zero�

The e�ect of the charge asymmetry can be investigated by arti�cially inducing

an asymmetry into the Monte Carlo� The asymmetry in the data is parametrized as

a function of pt by an exponential� and used to calculate a negative track survival

probability

P��pt� �
�� A��pt�
� # A��pt�

����	�

The jet charge was recalculated in the Monte Carlo after comparing uniform random

numbers to the survival probability to decide whether a negative track would be

ignored� The loss of negative tracks biases the jet charge upward� as can be seen in

Figure ��	�� The bias is quite small� but even so� the shift shown in Figure ��	� is

applied as a correction to the jet charge as calculated in the data samples� The raw

jet charge dilutions supplied to the �t for �md incorporate this correction�

���



Figure 
��	� Top� the track pt spectra for positively� and negatively�charged tracks�
There are clearly more positive tracks than negative tracks at small pt�
Bottom� the asymmetry �de�ned in Equation ��

� as a function of pt� The data is �t to
an exponential�
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Figure 
��
� The average change in Monte Carlo Qjet versus Qjet after arti�cially in�
troducing the charge asymmetry observed in the data� Though the change is never larger
than 
 � it is subtracted from the measured Qjet in the data� to correct for the charge
asymmetry�
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��� Flavor�tagged Subsample Compositions

It is possible that the presence of a �avor�tag could alter the sample composition�

For example� the pt spectrum of opposite side jets in cc events could be di�erent

enough from the bb pt spectrum that the � GeV�c jet pt cut could noticeably re�

duce the charm fraction in the data samples� Therefore� the prelt and Mcl �ts were

performed again on those subsamples of events having either a jet charge or an SLT

�avor�tag�

The sample composition �t results for events with a soft lepton �avor�tag are

shown numerically in Table ����� and and the prelt �t results are shown graphically

in Figure ��	�� The measured bb fractions are within the assigned systematic error

of �) of the �t to the entire sample� Since the prelt templates for cc and fakes

are substantially similar� they tend to produce a more correlated �t result in the

low statistics limit� The prelt template �t is clearly unable to distinguish between

the cc and fake lepton components� preferring to attribute low�prelt events to fakes�

rather than charm� The Mcl �t distinguishes better between cc and fakes� giving

good agreement with the �ts to the entire samples �see Table ����� In this case�

the di�erence between the prelt and Mcl results will not be assigned as a systematic

error to the sample compositions� but rather the Mcl �t will be solely relied upon

to assure that the composition is not substantially altered by the required presence

of a soft lepton tag�

The composition of jet charge�tagged events is shown numerically in Table �����

and the prelt �t results are shown graphically in Figure ��	�� As opposed to the soft

lepton �avor�tagged subsample� both the prelt and Mcl �ts yield fbb� fcc� and ffake

fraction which agree quite well with the previous results �Tables ��� and ����� within

the assigned systematic error of �)�
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Table 
���� Results of the prelt and Mcl �ts to the subsamples of events with a soft lepton
�avor�tag�
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Figure 
���� Results of the prelt �ts to events with a soft lepton tag for the trigger electron
�left� and trigger muon �right� samples� The contributions from bb �dashed�� cc �dotted��
and fake leptons �dashed�dotted� are also shown�
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Table 
���� Results of the prelt and Mcl �ts to the subsamples of events with a jet charge
�avor�tag�
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Figure 
���� Results of the prelt �ts to events with a jet charge tag for the trigger electron
�left� and trigger muon �right� samples� The contributions from bb �dashed�� cc �dotted��
and fake leptons �dashed�dotted� are also shown�

��	



��
 Dilution in cc and Fake Events

The interpretation of the raw dilutions that have been presented is not simple�

The raw dilutions are de�ned as the asymmetry between opposite� and same�sign

trigger�tag combinations� for bb events� this de�nition therefore contains a contri�

bution from the occasions when the trigger lepton comes from a mixed neutral B�

or otherwise does not correctly identify the b �avor� Mixing on the trigger side is

not a genuine concern� as this is precisely what this analysis aims to measure� but

fakes and sequentials are legitimate problems� In the case of cc events� as there is

no contribution from mixing or sequential decays� all events should be found to be

opposite�sign� in the limit that the �avor�taggers work perfectly� Finally� the corre�

lation of fake leptons �which are primarily from b hadron decay products� to their

parent b �avor must be understood� The raw SLT and jet charge dilutions from the

data given previously represent an integration over all of these e�ects� given that

the sample composition studies have measured nonzero cc and fake events in the

data�

���� cc Dilution

With the current cc Monte Carlo samples� no reliable study of the SLT dilution in

cc events has been done� As there are no sequential decays� the largest source of

improperly�correlated soft leptons in charm events is thought to be fake leptons�

The ability of the Monte Carlo to accurately simulate the lepton fake rate is dubi�

ous at best� Even if it were trusted� the requirement that all ground�state charmed

hadrons decay semileptonically in the cc generation guarantees that there is a real

lepton from the second c quark in every event and has the additional e�ects of al�

tering the � 
 K ratio and reducing the hadron multiplicity� obviating any chance of
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an e�ective fake rate simulation� Therefore� the assumption is made that the SLT

dilution in charm events is ���� and will be varied from � to � in the calculation of

the systematic uncertainty� representing the lack of any knowledge of the real charm

dilution� This �perhaps overly�� conservative position will be the largest contribu�

tion to the systematic uncertainty on �md� This is considered acceptable� as the

statistical error still dominates the determination of �md �as shown in Section ��	��

In the case of jet charge �avor�tagging� the forced decays in the charm sample

do not immediately preclude further study� but there is another immediate concern


the measured dilution is clearly higher in the bb Monte Carlo than the data �see

Figures ��	� and ��	��� It is possible that this is due to the di�erences in the N jet
trk

track multiplicity between data and Monte Carlo shown in Section ��	��� it has been

determined that it is not due to the low�pt track charge asymmetry just discussed�

Since the dilution normalization in the Monte Carlo cannot be completely trusted�

the cc dilution will be determined relative to the bb dilution� While the bb raw

dilution includes contributions from trigger b mixing and sequential decays� the cc

raw dilution does not� Consequently� the proper comparison to be made is not

between the raw bb and cc dilutions� but rather between the true bb dilution and

the raw cc dilution� The true bb dilution is calculated from the correlation of the

jet charge �avor�tag with the production �avor of the trigger b �taken from the

event generation�� It therefore avoids contributions from the imperfect correlation

between the charge of the trigger lepton and the b production �avor�

Figure ���� shows these distributions for the electron and muon Monte Carlo

samples� along with the linear parametrization of the dilution� The ratio Dcc�Dbb

is ����� ���� and ��	�� ���� for the electron and muon samples� respectively� The

�spikes� in the cc raw dilution at jQjetj � � are due to the forcing of charmed

hadrons to decay semileptonically in the event generation� Accordingly� while these
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ratios will be taken for the central values for the �md �t� they will be varied from �

to � in the calculation of the systematic errors� which should amply cover any bias

from the event generation�

Figure 
��� Top left and right� The true dilution versus jQjetj for bb Monte Carlo� for
the electron and muon samples� Bottom left and right� The raw dilution versus jQjetj
for cc Monte Carlo� for the electron and muon samples� The relative dilution Dcc�Dbb is
taken to be the ratio of the Dmax �t parameters� The true dilution for the bb Monte Carlo
was obtained by comparing the �avor�tag with the generated �avor of the trigger b hadron�
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���� Fake Dilution

As described in Section ���� fake leptons are assumed to be b hadron decay products�

Consequently� one would expect the �avor tags to work as well in the opposite b jet

in fake lepton events as it does in the real lepton events of the data samples� Any

di�erence in raw dilution between the two can be attributed to the lesser �avor�

charge correlation between the fake lepton and its parent b hadron compared to

that of real leptons and their parents�

Thus the raw dilution in the fake lepton samples can be parametrized as was

done for the data samples� Figure ���� compares the raw jet charge dilutions plotted

versus jQjetj for the electron and muon samples� The raw dilution in the fake events

is not much smaller than the the raw dilution in the data� This is not as surprising

as one might think� Intuition suggests that the leading kaon from the b � c � s

decay chain may be the most likely b decay product to become a fake lepton�� If

this is true� then the size of the raw dilution in fake events is to be expected� since

the charge of the leading kaon is correlated with the �avor of its b grandparent

�see Section ����� It should be noted� however� that the parametrization of the fake

dilution does not depend on whether this intuition is correct�

While this parametrization could be used directly in the �t for �md� the low

statistics of the SECVTX�tagged fake samples give one pause� Instead� the ratio of

the fake to the data dilution will be used� as it is in the case of the jet charge dilution

in charm events� The ratio is called Dfake�Dbb� although it should be stressed that

the ratio is derived from the two data samples as described� and does not involve

any Monte Carlo simulation despite the use of the subscript �bb�� The ratio is

���	� ��	� and ����� ���� for the electron and muon samples� respectively� As in

the case of the charm dilution� the ratio is varied from � to � in the calculation of

�See Section ���� for a discussion of how kaons may fake lepton signatures�
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the systematic uncertainties� Though the uncertainty on the electron ratio would

indicate the potential for a ratio larger than one� it is believed that the fake lepton

dilution cannot be larger than the real lepton dilution�

The Dfake�Dbb ratio for soft lepton �avor�tagging is dicult to determine� The

number of SLT�tagged fake events is too small to give a statistically signi�cant

measurement of the ratio� Accordingly� the same assumption made for the SLT

Dcc�Dbb is made for Dfake�Dbb� That is� Dfake�Dbb � ��� and varied from � to �

in the calculation of the systematic uncertainty� Unlike the case of the charm SLT

dilution� however� this variation has a negligible contribution to the total error�
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Figure 
���� Top left and right� The D�raw� versus jQjetj for the data samples�
Bottom left and right� The D�raw� versus jQjetj for the fake lepton samples�
The relative dilution Dfake�Dbb is de�ned as the ratio of the �t Dmax�raw� parameters�
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Chapter 


Measuring �md

The necessary elements for a measurement of �md have been collected
 the

SECVTX Lxy� p
cl
t � and Mcl give the proper time of the trigger b hadron decay�

and the correlation of the trigger lepton charge with the SLT or jet charge �avor�

tag gives the �avor of the trigger b hadron at its production and decay� The Monte

Carlo and fake samples give the fraction of events in the data samples from bb� ccb�

and fake leptons� and provide additional information on contributions to the raw

dilution� whether on the trigger side� through sequentials and fakes� or on the tag

side� with an estimate of the cc jet charge dilution� The time�dependence of B�
d

mixing can then be directly measured with an unbinned maximum�likelihood �t�

along with the oscillation amplitude� The �t procedure is tested with a fast Monte

Carlo �FMC�� based upon data distributions� to check both the �t systematics and

the scale of the errors and total likelihood returned by the �t�

��� The Maximum�Likelihood Fit

The maximum�likelihoodmethod is a powerful technique for estimating the parame�

ters ��� of the probability density function f �xij�� from which a set of independent
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observations �xi� were made� The joint probability density� called the likelihood� for

all the data is

L ��� �
nY
i��

f �xij�� �����

The principle of the method is that the most probable values of � are those which

maximize the likelihood� The negative log likelihood �� lnL� is typically evaluated

instead of L� Since L and lnL are both maximized for the same �� the logarithm is

used because a sum is computationally simpler than a product� The negative of the

log likelihood is used for convenience� since most popular �tting software packages

are minimizers rather than maximizers�

The probability density has two free parameters and many �xed parameters�

The �rst free parameter is �md� The second is the raw dilution normalization ND�

The argument for including this second free parameter is as follows


The true �avor�tagging dilution is the measure of the probability of correctly

identifying the production �avor of the trigger b quark� The raw dilution provided

by the jet charge and SLT �avor�taggers is based on the correlation of the �avor�

tag with the charge of the trigger lepton� as discussed in Section ���� The two are

related by the normalization factor ND


D � ND 
D�raw� ���	�

ND corrects for the occasions when the second b hadron is a neutral B meson which

has mixed as well as for the occasions when the trigger lepton does not have the

correct charge correlation with its parent quark� The former depends on �md� the

latter can be determined from the sample composition� It is therefore possible to

construct a probability density function which depends on �md alone� but there is

a good reason for not doing so�
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A measurement of B�
d mixing should be sensitive to both the frequency and

the amplitude of the mixing oscillation� The frequency depends only on �md� the

amplitude depends on a combination of �md� the raw dilution� and the sample

composition� By making ND a free parameter� the �t for �md is sensitive only to

the frequency� It will be shown in Section ��	 that this decouples the systematic

uncertainties on the sample composition from the measurement of �md� resulting

in a more precise measurement�

The �xed parameters of the probability density are the following
 the fractions

of bb� cc� and fake events� the b hadron lifetimes� the b hadron species fractions and

the wrong�sign sequential fractions for the bb events� the �avor�tagging dilutions�

the SECVTX eciency versus c� � the value of �ms� and the c� correction and

resolution� Each of these parameters will be varied within their uncertainties to

determine their contribution to the systematic uncertainty on �md and ND�

The probability density must be a function of only observable quantities� except

for the two free parameters� It is �rst derived from Standard Model predictions as

a function of the true proper time� Accordingly� the probability density must be

convoluted with the experimental c� resolution to tranform it into a function of the

reconstructed proper time�

����� The Probability Density

An event is classi�ed as same�sign or opposite�sign by comparing the sign of the

�avor�tag with the sign of the trigger lepton charge� Two very similar probability

density functions must be developed
 one for the set of all same�sign events and one

for the set of all opposite�sign events�

Consider the simple case of a pure B�
d sample that is free of sequential decays� A

B�
d meson that has not yet decayed has a time�dependent mixing probability given
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by

P
B�
d

mixed�c� �� �
�

	
��� cos ��md c� ��� �����

The probability that it has not mixed is

P
B�
d

unmixed�c� �� �
�

	
�� # cos ��md c� ��� �����

c� � is the proper time and �md the mixing parameter� A �avor�tagger must be

used to determine whether or not the B�
d has mixed before its decay� Given a �avor�

tagging dilution D� the probability that the mixed or unmixed state of an event was

tagged correctly is

Ptag�D� �
�

	
�� #D� �����

and the probability that the state was tagged incorrectly is

Pmistag�D� �
�

	
���D� �����

The dilution is equal to the raw dilution times the dilution normalization factor

ND� according to Equation ��	�

The probability densities for same� and opposite�sign events are constructed from

the combination of the B�
d lifetime and the mixing and �avor�tagging probabilities�

They are given by

PSS�c� ��D 
 B�
d� �

�

c�B�
d


 e
� c��

c�
B�
d �����

�
h
Ptag�D� 
 PB�

d

mixed�c� �� # Pmistag�D� 
 PB�
d

unmixed�c� ��
i

POS�c� ��D 
 B�
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�

c�B�
d
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The probability densities are correctly normalized


PSS�c� ��D 
 B�
d� # POS�c� ��D 
 B�

d� �
�

c�B�
d


 e
� c��

c�
B�
d �����

and Z �

�

�
PSS�c� ��D 
 B�

d� # POS�c� ��D 
 B�
d�
	
dc� � � � ������

The probability density for B�
s mesons in the absence of sequentials has the same

form� with its own lifetime and mixing parameter ��ms� replacing those of the B�
d �

�ms is �xed in the �t� since the the SECVTX c� eciency turn�on leaves the

sample fairly insensitive to B�
s mixing� The densities for the b baryons and charged

B mesons are simpler since they cannot mix
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 Bu� �
�
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 e�

c��
c�Bu

�
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������

POS�c� ��D 
 $b� �
�

c��b

 e�

c��
c�
b

�
Ptag�D�

	
������

The total bb probability density in the absence of sequentials is constructed from

the individual b hadron densities� accounting for the fractions of each species present

�to be discussed in Section ������


P �
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 bb� � F �

B�
d
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d� # F �
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P �
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Including Sequentials

The wrong�sign sequential fraction as a function of true c� has been measured in the

Monte Carlo �see Figure ����� Nevertheless� including it directly in the likelihood�

the correct thing to do� will render the c� �resolution convolution dicult to perform�

As P seq
ws varies slowly on the scale of the uncertainty on c� � the fraction can be

taken outside the integral and included in the probability density as a function of

the reconstructed c� �also shown in Figure �����

Wrong�sign sequentials mis�identify the �avor of b hadrons at their decay� Thus

they �confuse� the same� and opposite�sign densities which have been constructed

so far


PSS�c� �� c� r�D 
 bb� � %�� P seq
ws �c� r�& 
 P �

SS�c� ��D 
 bb� #

P seq
ws �c� r� 
 P �

OS�c� ��D 
 bb� ������

POS�c� �� c� r�D 
 bb� � %�� P seq
ws �c� r�& 
 P �

OS�c� ��D 
 bb� #

P seq
ws �c� r� 
 P �

SS�c� ��D 
 bb� ������

Including Charm and Fake Leptons

The cc component has the same form as the non�mixing b hadron terms� albeit with

no sequentials


PSS�c� ��D�Dcc�Dbb 
 cc� �
�

c� cc

 e�

c��
c�cc 
 �Pmistag�D 
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�
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 e�
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 �Ptag�D 
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The charm dilution must be handled separately for the jet charge� and SLT�tagged

events� as discussed in Section ������ The ratio Dcc�Dbb is applied to D only for jet

charge�tagged events� The product D 
 Dcc�Dbb is taken to be ��� for SLT�tagged
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events� In neither case will the normalization factor ND be included in D�

Section ��� described how the fake lepton c� distribution led to the assumption

that all fake leptons are b decay products� and Section ����	 showed the dilution in

the fake samples is found to be lower by some factor relative to the data samples�

Accordingly� the fake lepton probability densities are the same as those for the b

densities� with a scaled dilution


PSS�c� �� c� r�D�Dfake�Dbb 
 fake� � PSS�c� �� c� r�D 
Dfake�Dbb 
 bb� ���	��

POS�c� �� c� r�D�Dfake�Dbb 
 fake� � POS�c� �� c� r�D 
Dfake�Dbb 
 bb����		�

As these are bb events� the normalization factor ND is included in D�

Total Probability Density

The total same� and opposite�sign probability densities can be constructed from the

previous components and the sample composition fractions� accordingly
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����� Convolution with the c� Resolution

To be properly evaluated for the data� the probability density must be made a func�

tion of only observable variables� Thus the true c� must be expressed as a function

of the reconstructed c� � This is accomplished by convoluting the probability density

with the c� resolution function� The resolution on the reconstructed proper time

c� r is described by

��c� r�c� �� �

�
mB

p�t

��


 ��Lxy # �c� ��
� 
 ��p�t ���	��

where c� � is the true proper time of the event� The �rst term describes the contri�

bution of the SECVTX Lxy resolution� the second term describes the resolution of

the pBt correction� Note that the second term scales with the true proper time� In

the convolution of the same�sign probability density� the integral to be evaluated is

P �
SS�c� r� �

Z �

�

PSS�c� �� 
Rc� �c� �� c� r� �c� r� 
 dc� � ���	��

where

Rc� �c� �� c� r� �c� r� � e
� �c���c�r�

�

��c�r ���	��

An identical integral is evaluated for the opposite�sign probability density� If �c� r

were constant� the integrals could be done analytically� but this is clearly not the

case� According to Equation ��	�� �c� r is a function of the variable of integration

c� ��

Accordingly� this analysis will follow the procedure of many of CDF�s B meson

lifetime measurements� such as the inclusive lepton plus charm analysis %��&� which

perform the Lxy and p�t integrals separately� The Lxy convolution is an analytically

simple Gaussian integral� and the p�t convolution is done using weighted sums from
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the p�t � pclt �p
B
t distributions� from Section ��	�

The generic pclt �p
B
t distribution shown in Figure ��� will be used to illustrate the

p�t convolution� Given an observed Mcl and pclt which lie in bin i of Mcl and bin j

of pclt � the integral over p�t is performed as a sum over the bins of the ijth pclt �p
B
t

distribution� using the value �f�ij�� and the relative probability �w�ij�� of pclt �p
B
t

for each bin� Referring to the �gure� p�t� the estimate of the true pBt � is given for the

�th bin by

p�t� � pclt �f�ij�� ���	��

yielding a value for the true c� �

c� � � �
L�
xy 
mB

p�t�
���	��

Figure ���� A generic pclt �p
B
t distribution�

�The pclt �p
B
t distribution is commonly called the �K factor� distribution�
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This value of p�t occurs with probability w�ij��� allowing the integral of Equa�

tion ��	� to be written as

X
�

w�ij�� 
 f�ij�� 

Z �

�

dL�
xy PSS�c� � �� 
RLxy


L�
xy� L

r
xy� �Lxy

�
������

where RLxy is a Gaussian distribution in L�
xy� centered at the reconstructed decay

length Lr
xy� of width �Lrxy � The width is the error calculated by SECVTX� The

f�ij�� factor correctly normalizes the sum�

����� The Total Likelihood

The total probability densities for same� and opposite�sign events� including the

c� �resolution�convolution and SECVTX c� eciencies� are
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where i�j again refer to each event�s pclt bin and Mcl bin� respectively� The total

negative log likelihood � lnL is therefore equal to

� lnL � �
X
SS

lnP �
SS

�
Draw�

Dcc

Dbb

�
Dfake

Dbb

�F�� f � �H � P
seq
ws �c� r�� c� r

���� �md� ND

�

�
X
OS

lnP �
OS

�
Draw�

Dcc

Dbb

�
Dfake

Dbb

�F�� f � �H � P
seq
ws �c� r�� c� r

���� �md� ND

�
������
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where the proper notation has been restored to illustrate the dependence of the

likelihood on the �xed and free parameters� F� are the b hadron species fractions�

f are the sample composition fractions� and �H the b hadron lifetimes and e�ective

charm lifetime� The reconstructed c� depends on Lxy� �Lxy � p
cl
t � and Mcl� The sums

are taken over all same� and opposite�sign events� The best �t values for �md and

ND are those that minimize � lnL�

����� Fit Parameters

Table ��� lists the �xed parameters used by the �t in the functional form of the

likelihood� The b hadron lifetimes and production fractions are all taken from the

Particle Data Group�s ���� Review of Particle Properties %��&� The e�ective charm

lifetime �c� cc� is not the true lifetime of charmed hadrons� While the charmed

hadrons in the Monte Carlo samples are generated using the PDG charm lifetimes�

c� cc is the �lifetime� as measured in the cc Monte Carlo by the pBt correction of

Section ��	� assuming the average b hadron mass�

Adjustments to bb and cc Component Fractions

The b hadron species fractions listed in the table need two adjustments to match

the data samples� First� the b hadron species fractions in the table are the species

production fractions � as all bb events enter the sample through semileptonic decay�

the fraction of each species must re�ect its semileptonic branching ratio� Second� the

SECVTX c� eciency preferentially selects longer�lived hadrons over shorter�lived

ones�

According to the spectator model� the partial width ��b � c
�� should be

approximately the same for all b hadrons %��&� Therefore the semileptonic branching

ratios are proportional to the lifetimes� Explicitly� this adjustment to the b hadron

���



Parameter Value Source

c�Bd ���� �� �m '�� PDG
c�Bu!c�Bd ���	� ���� '�� PDG
c�Bs �������� �m '�� PDG
c��b ��	� 	� �m '�� PDG
c� cc ��������� �m '�� PDG� �t to cc MC
FBu ����� 	�	 ) '�� PDG
FBd ����� 	�	 ) '�� PDG
FBs ���	��
���� ) '�� PDG
F�b ���	� ��� ) '�� PDG

JC Dcc�Dbb e
 ����� ���� bb and cc MC
�
 ��	�� ����

SLT Dcc ��� Assumption
JC Dfake�Dbb e
 ���	� ��	� Fake e sample

�
 ����� ���� Fake � samples
SLT Dfake�Dbb ��� Assumption
fbb e
 ���	� ��� ) prelt �t

�
 ����� ��� )
fcc e
 ���� ��� ) prelt �t

�
 ����� ��� )
ffake e
 ���� ��� ) prelt �t

�
 ���� ��� )

fseq e
 ���� ��� ) bb MC
�
 ����� ��� )

�ms ��� ps�� Assumption
ND Free in �t
�md Free in �t

Table ���� Parameters of the �t and their sources� The uncertainties are statistical
only� The determination of the eective charm lifetime �c� cc� is discussed in the text� See
Section ��� for a discussion of the uncertainties used in the evaluation of the systematic
errors�

���



fractions is

gi �
Fi 
 c� iP
i Fi 
 c� i

������

The sum is over the b hadron production fractions FBu� FBd � FBs � and F�b� which

are taken from Table ���� In theory� the charm hadron species fractions must be

similarly adjusted� Having forced all charm hadrons to decay semileptonically in the

cc event generation� however� the adjustment is already implicit in the cc samples�

Thus g � � for all charm events�

The probability densities assume an exponential distribution in the true proper

time� which must be altered to match the SECVTX reconstructed c� eciency� As

the various hadrons have di�erent lifetimes� they will be a�ected di�erently� thereby

changing their proportions in the data� A fast Monte Carlo calculation is used to

transform the SECVTX eciency as a function of reconstructed c� to a function of

true c� � The parametrizations of Section ��� are smeared with the �Lxy and pclt �p
B
t

resolutions as measured from the bb Monte Carlo� thus calculating the fraction of

events passing the eciency curve as a function of the exponential lifetime� By way

of example� the eciency versus lifetime �pf �c� �� for the trigger electron sample is

shown in Figure ��	� The curve is �t to a polynomial� which is used to adjust the

hadron species fractions accordingly


F �
i �

�

pf �c� i�

 gi ������

where in this instance� i represents each b hadron species as well as directly�produced

charm hadrons� as charm events must pass the c� eciency in the same manner as

bottom events� The c� cc entering in Equation ���� is� of course� the e�ective charm

lifetime�

���



����� Fit Results

The �t is performed by �nding the values for �md and ND that minimize the total

negative log likelihood given in Section ������ To demonstrate the method� each

data sample �trigger electron and muon� is �t separately� as are those events tagged

by the soft lepton and jet charge �avor�taggers� The �nal result is taken from a

combined �t over all �avor�tagged events� In the combined �t� when an event is

tagged by both SLT and jet charge� the SLT �avor�tag decision and dilution is used�

Also� ND is made into four separate free parameters� one for each combination of

trigger lepton type and �avor�tag type�

The combined �t result for �md is ���� � ���� � ����� where the �rst error

is statistical and the second error is systematic� The systematic uncertainty is

calculated in Section ��	� The complete results for the �ve �ts are given in Table ��	�

Fit Representation

The results of a time�dependent mixing analysis are traditionally displayed by plot�

ting the same�sign fraction versus c� r� overlaying the �t� corrected for the charm

and fake backgrounds� This method is not appropriate for this analysis � it implic�

itly assumes that each event drives the �t with the same weight� This �t makes use

of the event�by�event dilution to weight the probability density by Ptag � Jet charge

and SLT �avor�tagged events with large jQjetj or prelt are more �important� to the

�t than those with smaller jQjetj or prelt � A plot of the raw same�sign fraction would

not accurately represent this important �t component� even if an appropriate result

curve could be overlaid upon it�

As a correct alternative� the true same�sign fraction of bb events is plotted versus

c� r� For each c� r bin� the number of same� and opposite�sign bb events is calculated

from the sample composition fractions and the Ptag for each event� The particulars

��	



Figure ���� The fraction of fast Monte Carlo events passing the SECVTX e�ciency
as a function of the generated exponential lifetime� The data were �t to a fourth order
polynomial�

Soft Lepton Tagging
Data Set N Events �md �ps��� ND

�b ele ���� ���� ���� ��� ����� �����������
�b muo �	�� ���� ���� ��� ����� ��	��
���
�

Jet Charge Tagging
Data Set N Events �md �ps��� ND

�b ele ���		 ���� ���� ��� ����� ��	���
����
�b muo ����� ���� ���� ��� 	���� ������	��
�

Combined Soft Lepton and Jet Charge Tagging
Data Set N Events �md �ps��� ND

�b ele " muo ����� ���� ���� ��� SLT�e�
 ����� �����������
SLT���
 ���	� ��	��
�����
JC�e�
 ����� �����������
JC���
 ����� ����������


Table ���� �md and ND �t results for the individual �avor�taggers and trigger lepton
samples as well as a combined �t� The systematic uncertainties are taken from Section ����
In the combined �t� if an event is tagged by both �avor�taggers� the decision and dilution
of the soft lepton tag is used�

���



of the calculation are shown in Appendix B� The �t result is represented by the

output of an FMC bb simulation with �md and ND set to the values returned by

the �t� The simulation includes the correct c� r resolution for a proper comparison

to the data representation�

Figure ��� shows fSS�bb� versus c� r for the four indivdual �ts� The points are

the data� The error bars include the statistical error only� and not the uncertainty

on ND as reported by the �t� The dashed histogram is the FMC �t representation�

The representation of the �nal combined �t is shown in Figure ����

����� Fit Algorithm Check

To assure the integrity of the maximum�likelihood �t algorithm and software� an

FMC is used to create simulated samples using resolution functions and data sample�

derived parameters� Thousands of samples with the same statistics and dilutions of

the data samples are generated and �t� The returned values for �md and ND can

be compared to the input values for any bias from the �tting procedure and the

scale of the reported statistical error checked as well�

By way of example� the �t results from a set of FMC experiments represent�

ing the SLT�tagged trigger electron sample is shown in Figure ���� The �t algo�

rithm clearly returns the input values� The �gure also shows the distribution of

the reported errors on the parameters� and the normalized �t residuals ��mfit
d �

�minput
d ��� and �Nfit

D �N input
D ���� The widths of the normalized residuals are ap�

proximately one for both �md and ND� demonstrating that the statistical error is

calculated properly and the probability density is correctly normalized� Figure ���

shows the distribution of the negative log likelihoods from the FMC �ts� The neg�

ative log likelihood from the �t to the data sample is indicated on the plot� It

lies well within the distribution� providing further evidence for the reliability of the

���



�tting procedure� Similar studies for the other individual �ts and the combined �t

establish con�dence in each case�

Figure ���� The bb same�sign fraction fSS�bb� versus c� r for the individual �avor�taggers
and trigger lepton samples� The points represent the data and the dashed histogram the
�t result�

���



Figure ���� The bb same�sign fraction fSS�bb� versus c� r for the combined �t� The points
represent the data and the dashed histogram the �t result�

���



Figure ���� Fast Monte Carlo �ts representing the SLT �avor�tagged electron trigger
sample�
Top left and right� The spectrum of �tted values for �md and ND� The arrows represent
the input values for the FMC�
Middle left and right� The spectrum of �t�returned errors on the �t parameters� The
arrows represent the errors from the �t to the SLT �avor�tagged trigger electron sample�
Bottom left and right� The distribution of ��� for the �t parameters� where � �
��t � input�� The distributions are �t to a Gaussian� the widths are approximately one�
indicating that the error scale is correct�

���



Figure ��	� Negative log likelihood values for �ts of the FMC SLT �avor�tagged electron
trigger samples� The arrow indicates the negative log likelihood value of the �t of the data
sample�

���



��� Systematic Uncertainties

Tables ���� ���� ���� and ��� summarize the systematic errors for the individual

�avor�taggers in the electron and muon trigger data sets separately� Table ���

summarizes the systematic errors for the combined �t with both �avor�taggers and

both samples�

 SLT Dcc
 The soft lepton Dcc must be varied over the entire allowable range

�from � to ��� in the absence of a reliable estimate from either Monte Carlo

or data� This is the largest single contribution to the systematic uncertainty

on �md�

 JC Dcc�Dbb
 Though the jet charge Dcc�Dbb is determined from Monte

Carlo� the ratio is conservatively varied over the entire allowable range �from

� to ���

 Dfake�Dbb
 As the fake leptons are believed to be from bb decay products�

the upper limit on Dfake should be Dbb� The ratio is conservatively varied

from � to �� but the contribution to the total systematic uncertainty is still

insigni�cant�

 ��Lxy

�

 The observed decay length is adjusted by an average bias

�
�Lxy

�
derived from the bb Monte Carlo� The adjustment is varied from no bias to

twice the nominal value� This is the second most signi�cant contribution

to the systematic uncertainty�

 �Lxy 
 To test the e�ect of the SECVTX�reported uncertainty on Lxy� it is

scaled by �	�)�

 ��c� �
 The SECVTX c� eciency is adjusted as discussed in Section ���

���



and shown in Figures ��� and ���� This is the fourth largest contribution to

the systematic uncertainty�

 fcc and ffake
 The fractions are varied by �)� The size of the variation is

taken from the di�erence between the prelt and Mcl methods for determining

the sample composition�

 c�B�
d
� c�B�

s
� c��b� and c�B�

u
�c�B�

d

 These are varied by their quoted uncer�

tainties from the ���� Review of Particle Properties %��&� The uncertainty

on c�B�

u
�c�B�

d
gives the third largest contribution to the systematic uncer�

tainty�

 c� cc
 The e�ective charm lifetime is varied by ��� �m� This large variation

is due to the cc Monte Carlo sample having been generated with forced

semileptonic charm hadron decays� which alters the D 
 D� ratio� The

size of the variation covers any bias on c� cc�

 fB�
s
and f�b 
 These are varied individually by their quoted errors from the

���� RPP %��&� absorbing the variation in the other b hadron fractions� while

keeping the ratios between those fractions constant�

 fseq
 To assure no bias from the bb generation� fseq is varied by �	�) of its

value� keeping the c� r shape �xed�

 �ms
 The default value for �ms is assumed to be very large� resulting in

half the B�
s s mixing� independent of c� � �ms is lowered to � ps��� which is

below the current measured lower limit %��&� The contribution to the total

systematic uncertainty is insigni�cant�
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SLT Flavor�tag� Trigger Electron Sample
Parameter Variation ��md �ps��� �ND

SLT� e 
 Dcc %�� �& ������ #���	� #���� �����
SLT� e 
 Dfake�Dbb %�� �& #����� #����� #���� �����
e 

�
�Lxy

�
%���	& #���	� ������ #���� �����

�Lxy �	�) #����� ������ ����� #����
��c� � ������ ������ ����	 �����
e 
 fcc ����) #����� ������ ����	 #����
e 
 ffake ����) ������ #����� #���	 ����	
c�Bu�c�Bd ���	� ���� #����� �����	 ����� #����
c�Bd ���� ���m �����	 #����� ����� #����
c�Bs ���� ���m ������ #����� #���� �����
c��b �	��m #����� ������ ����� #����
c� cc �	�� ���m #����� ������ #���� �����
fBs �������
�����) ������ #����� #���� �����
f�b ����	� ����) #����� ������ ����� #����
e 
 fseq �	�) #����	 �����	 #���� �����
�ms � � ps�� #����� #����

Total Systematics ��	�� �ps��� �	��	

��	�� �ps��� �	���
Table ���� Systematic uncertainties for the �md and ND �t using the soft lepton �avor�
tag in the trigger electron sample�
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SLT Flavor�tag� Trigger Muons
Parameter Variation ��md �ps��� �ND

SLT� � 
 Dcc %�� �& �����	 #����� #���� ����	
SLT� � 
 Dfake�Dbb %�� �& ������ ������ ����� �����
� 

�
�Lxy

�
%���	& ������ �����	 ����� �����

�Lxy �	�) #����	 �����	 #���� �����
��c� � ������ ������ ����� �����
� 
 fcc ����) #���	� ����	� ����� #����
� 
 ffake ����) #����� #����� ����� �����
c�Bu�c�Bd ���	� ���� #����� ������ #���� �����
c�Bd ���� ���m ������ #����� ����� #����
c�Bs ���� ���m ������ #����� #���� �����
c��b �	��m #����� ������ #���� �����
c� cc �	�� ���m #���		 ������ #���� �����
fBs �������
�����) ������ #����� #���� �����
f�b ����	� ����) #����� ������ ����� #����
� 
 fseq �	�) ������ #����	 #��	� �����
�ms � � ps�� �����	 �����
Total Systematics ����� �ps��� �	���

���	
 �ps��� �	���
Table ���� Systematic uncertainties for the �md and ND �t using the soft lepton �avor�
tag in the trigger muon sample�
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Jet Charge Flavor�tag� Trigger Electrons
Parameter Variation ��md �ps��� �ND

JC� e 
 Dcc�Dbb %�� �& ������ #���	� #���� ���	�
JC� e 
 Dfake�Dbb %�� �& #����� #����� #���� �����
e 

�
�Lxy

�
%���	& #����� ������ ����� �����

�Lxy �	�) #����� #����� ����� #����
��c� � ������ ������ ����	 �����
e 
 fcc ����) #����� ������ #���� �����
e 
 ffake ����) ������ #����� #���� #����
c�Bu�c�Bd ���	� ���� #����� ������ #���� �����
c�Bd ���� ���m #����� #����� ����� #����
c�Bs ���� ���m ������ #����� #���� �����
c��b �	��m #����� ������ #���� #����
c� cc �	�� ���m ������ #����� ����� #����
fBs �������
�����) ������ #����� #���� �����
f�b ����	� ����) #����� ������ ����� #����
e 
 fseq �	�) #����	 ������ #���� �����
�ms � � ps�� ������ �����
Total Systematics ��	�� �ps��� �	���

��	�� �ps��� �	���
Table ���� Systematic uncertainties for the �md and ND �t using the jet charge �avor�tag
in the trigger electron sample�
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Jet Charge Flavor�tag� Trigger Muon Sample
Parameter Variation ��md �ps��� �ND

JC� � 
 Dcc�Dbb %�� �& ����	� #����� #��	� �����
JC� � 
 Dfake�Dbb %�� �& #����� ������ #���� �����
� 

�
�Lxy

�
%���	& #����� ������ #���� �����

�Lxy �	�) #����� ������ #���� �����
��c� � #����� �����	 #���� �����
� 
 fcc ����) #����� ������ #���� �����
� 
 ffake ����) ������ #����� #���	 ����	
c�Bu�c�Bd ���	� ���� #����� ������ ����� #����
c�Bd ���� ���m ������ #����� #���� �����
c�Bs ���� ���m ������ #����� #���� �����
c��b �	��m #����� ������ ����� #����
c� cc �	�� ���m ������ #����� ����	 #����
fBs �������
�����) #����� #����� #���� �����
f�b ����	� ����) #����� ������ ����	 #���	
� 
 fseq �	�) #����	 �����	 #��	� ���	�
�ms � � ps�� ������ ����	
Total Systematics ��	�� �ps��� �	���

��	�� �ps��� �	���
Table ��	� Systematic uncertainties for the �md and ND �t using the jet charge �avor�tag
in the trigger muon sample�
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Chapter �

Conclusions

The mass di�erence �md � M�B�
H� �M�B�

L� has been measured from the time

dependence of B�
d� �B

�
d oscillations� Using both soft lepton and jet charge �avor�

tagging in CDF�s Run �B inclusive electron and muon datasets� the combined �t

yields �md � �������������� ps��� where the �rst error is statistical and the second

error is systematic� This corresponds to a value of xd � �md

�
B�
d

� ����� ����� �����

where �B�
d
� ���� � ���	 ps��� The result is in excellent agreement with the LEP

experiments� average �md � ������ ����� %��&�

The measurement of �md contributes to a measurement of jVtdV �
tbj�� Assuming

jVtbj � �� Equation ���� can be re�written as

jVtdj� �
����md

G�
F mB�

d
f �
B�
d

BB�
d
m�

W S
�

mt

mW

�
�QCD

�����

By using the result of this analysis and the values for the other parameters given

in Section ������ one �nds

jVtdj � ����� ����� ���� ���	�
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The uncertainty on jVtdj is completely dominated by the uncertainty on fB�
d
B

���

B�
d

�

This analysis also serves as an evaluation of the future prospects of CDF�s b�

physics program� since the same experimental techniques can be used in measure�

ments of B�
s mixing and CP �violation� Both the Tevatron and the CDF detector are

currently undergoing major upgrades� Run 	� scheduled to begin in ����� is expected

to deliver an integrated luminosity of 	 fb��� The CDF detector upgrades %�	&� in�

cluding a new silicon vertex detector �SVX II� and expanded muon coverage� will

improve both the soft lepton and jet charge �avor�tagging algorithms and the bb

event selection� Making a projection %��& from the expected amount of data� the

detector upgrade capabilities� and the e�ectiveness of �avor�tagging demonstrated

by this analysis� measurements of CP �violation will soon be within CDF�s reach�
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Appendix A

Dilution and �Eective Tagging

E�ciency�

Consider a mixing asymmetry measurement� Let N be the number of events in the

sample� Nu be the number of events with no mixing� and Nm be the number where

mixing has occurred� The true mixing asymmetry is

Atrue �
Nu �Nm

Nu #Nm
�A���

Due to imperfections in the �avor�tagging technique� the measured asymmetry

�Ameas� will be di�erent from Atrue� Suppose that� in the sample� NOS # NSS

events are �avor�tagged� of which NOS are tagged as unmixed and NSS as mixed�

The tagging eciency is � � �NOS #NSS��N � The measured asymmetry is

Ameas �
NOS �NSS

NOS #NSS
�A�	�

Because the tagging technique is imperfect� the tagged events consist of events

tagged correctly as well as incorrectly� Therefore� given the probability of correctly

	��



tagging the b �avor �Ptag�� and the probability of incorrectly tagging the b �avor

�Pmistag�� the number of events tagged as unmixed is

NOS � �PtagNu # �PmistagNm �A���

and the number tagged as mixed is

NSS � �PtagNm � �PmistagNu �A���

Note that Pmistag � � � Ptag � Also� the �avor�tagging dilution �D� is equal to

Ptag � Pmistag �see Section ����� The measured asymmetry is

Ameas �
NOS �NSS

NOS #NSS

�
�PtagNu # �PmistagNm � �PtagNm � �PmistagNu

�PtagNu # �PmistagNm # �PtagNm # �PmistagNu

�
�Ptag � Pmistag��Nu �Nm�

�Ptag # Pmistag��Nu #Nm�

� D 
 Nu �Nm

Nu #Nm

� DAtrue �A���

An implicit assumption has been made that the ability of the �avor�tagger to yield

a correct decision is independent of whether it sees a mixed or unmixed state� While

Atrue measured with an imperfect tagger does not depend on the tagging eciency�

its uncertainty does�

The expression for the uncertainty� given in Equation ���� is derived accord�

ingly� Assuming Poisson�distributed errors on NOS and NSS� the expression for the
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variance on Ameas is given by

��Ameas
� NOS



�

�NOS
Ameas

��
#NSS



�

�NSS
Ameas

��

�
�NOSN

�
SS # �N�

OSNSS

�NOS #NSS��

�
�NOSNSS �NOS #NSS�

�NOS #NSS��

�


N�
OS #NSS

�� � N�
OS �NSS

��
�NOS #NSS��

�
��A�

meas

NOS #NSS
�A���

As Atrue � Ameas�D and NOS #NSS � N�� Equation A�� becomes

��Atrue �
�

D�

 ��Ameas

�
�

D�

 �� A�

meas

NOS #NSS

�
��D�A�

true

N�D�
�A���

To achieve the smallest uncertainty on �md� �D
� must be maximized� There are

three �avor�tagging methods used in this analysis �SLT e� SLT �� and jet charge��

and the task is to combine them in the way that gives the largest �D�� Two such

methods will be described here� The derivations to follow are made more straight�

forward by making the assumption that the three �avor�tagging methods used in

this analysis �SLT e� SLT �� and jet charge� never overlap �that is� no event is

tagged by more than one tagger��
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Method �� Average Dilution

The simplest way to combine the �avor�tagging results is to take the set of all

opposite� and same�sign events from the taggers and calculate an average dilution�

This method weights the decisions from each tagger equally� The average dilution

is

Davg �

P�
i��


N i
OS �N i

SS

�
P�

i�� �N
i
OS #N i

SS�
�A���

This expression is equivalent to

Davg �

P�
i�� �iDiP�
i�� �i

�A���

Equation A�� makes it clear that the average dilution Davg is the weighted average

of the individual �avor�tagging dilutions� The eciencies are the weights� The total

�D� from this scheme is

�D� �

�
�X
i��

�i

�

D�

avg

�

�
�X
i��

�i

�


�P�

i�� �iDiP�
i�� �i

��

�

�P�
i�� �iDi

	�P�
i�� �i

�A����
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Method �� Averaging Measurements

Another way to combine the �avor�taggers is to use each to make an independent

measurement of Atrue� and combine the measurements in the familiar error�weighted

average


Atrue �

�X
i��

Ai
true

��i
�X
i��

�

��i

�

�X
i��

AiN�iDi

��D�
iA

�
i

�X
i��

N�iD
�
i

��D�
iA

�
i

�A����

The uncertainty of the combined measurement is

�

��Atrue
�

�X
i��

�

��i
�

�X
i��

N�iD
�
i

��D�
iA

�
i

�A��	�

lim
DiAi	�

��Atrue � �P�
i��N�iD

�
i

�A����

The limit of small DA makes it clear that the total e�ective tagging eciency for

the combination is

�D� �
�X
i��

�iD
�
i �A����
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Maximizing �D	

Which of the two methods yields the largest �D�* It is the second� The proof

is obtained by using a formalism from elementary statistics� The variance of a

weighted distribution must be non�negative� for non�negative weights� Calculating

the variance of the dilution of the three �avor�taggers� using the eciencies as the

weights� yields

V ar�D� �
D
D�
E
�
D
D
E�
� �D

D�
E
�

D
D
E�

P
�iD

�
iP

�i
�


P
�iDiP
�i

��
X

�iD
�
i � %

P
�iDi&

�P
�i

�A����

The left�hand side of Equation A��� is the total �D� from Equation A���� the

right�hand side that of Equation A���� Weighting the �avor�taggers equally can

never result in a larger �D� than combining the separate measurements of the mix�

ing asymmetry from each tagger� The proof can be supported by the following

argument� The jet charge �avor�tagger has a very large eciency� but only a mod�

erate dilution� the SLT �avor�tagger has a much smaller eciency� but a large

dilution� If all tags are grouped together� then the SLT dilution is �lost� in the jet

charge dilution� The average dilution from all tags together will give an �D� which

is less than the �D� from SLT �avor�tags alone�

Equation A��� o�ers the motivation for parametrizing the jet charge and SLT

�avor�tagging dilution versus jQjetj and prelt � respectively� Consider the soft electron

�avor�tags
 Section ��	�� demonstrates that those tag electrons with large prelt yield a

larger dilution than those with small prelt � If all tag electrons in the trigger electron
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sample were taken together� the average dilution would be 		��) �there are ��	

opposite�sign and ��� same�sign tag electrons in ���	�	 events�� As the eciency

is ����)� the total �D� would be ����)� But by dividing the �avor�tags in bins of

prelt � an �D� of ����) is obtained �see Table ����� By separating the high�dilution

tags from the low�dilution tags� just as is done between the jet charge and the SLT

�avor�tags� the total �D� is increased�

The argument for using an event�by�event dilution in the maximum�likelihood �t

of Chapter � is as follows� The action of separating the �avor�tags into an ever�larger

number of bins to maximize �D� can be taken to the extreme� Each �avor�tagged

event allows� by itself� a measurement of �md� albeit one with very poor statistics�

But by the central limit theorem� the average of all the measurements from each

event converges to the correct value for �md� From Equation A���� each �avor�

tagged event will contribute D�
i � �	 
 P i

tag � ��� to the total �D�� with eciency

��N � Thus the total �D� from this method is

�D� �
�

N

nX
i��

D�
i �A����

demonstrating how Equation ��� follows from Equation A����
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Appendix B

Determination of fSS�bb�

The same�sign fraction of bb events �fSS�bb�� versus reconstructed proper time c� r

must be determined with a maximum�likelihood �t� The estimated dilution Di� the

same� or opposite�sign assignment� and the sample compositions are inputs to the

�t� For the ith event in the jth c� r bin� the likelihood functions LijSS and LijOS are

given by

LijSS � f j
bb
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bb
is replaced by ��� for SLT �avor�tagged events� as described in Section ������

The c� r dependence of fbb# ffake relative to fcc for each c� r bin is determined with

a fast Monte Carlo� The overall negative log likelihood for each c� r bin is given by

� lnLj � �
SSX
i

lnLijSS �
OSX
k

lnLkjOS �B���

with fSS�bb�
j being the only free parameter in the �t� The appropriate value of

fSS�bb�
j for the jth c� bin is that which minimizes � lnLj�
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Appendix C

dE�dx Corrections

It is possible to distinguish between particle species using the energy loss �dE�dx�

in matter� The dE�dx method relies on the fact that the most probable value of the

ionization energy loss is a function of the particle�s � rather than its momentum�

A simultaneous measurement of momentum and dE�dx therefore determines the

particle�s mass�

dE�dx can be an important tool in many particle physics analyses� Though the

resolution of CDF�s Run � CTC dE�dx system is poor� the dE�dx information can

still be used in this analysis to reduce backgrounds for the soft electron tagger�

While developing this analysis� it became apparent that there were serious prob�

lems with the software designed to provide corrections to the dE�dx measurements

in the CTC� Speci�cally� the software mishandled the data from the last one�third of

Run �B� during which approximately one�half of the Run �B data were taken� The

impact on the soft electron tagger was to pass too many tracks� sharply reducing

the electron�hadron discrimination� The nature of the problems is not germane to

this analysis� and will not be described here� This Appendix is concerned only with

the derivation of the new dE�dx corrections and prediction curves of the response

			



versus � from the data�

C�� A CDF dE�dx Primer

At CDF� the CTC dE�dx information is stored as the digital pulse width between the

leading edge and the trailing edge times for each CTC hit in superlayers � through

�� it is expressed in units of nanoseconds� The two elements of a track�s dE�dx are

QCTC� the ��) truncated mean of each unshared wire�s pulse width�� and NCTC�

the number of wires used to form the mean� after truncation� Wires �shared� by

more than one track are ignored� Both QCTC and NCTC are calculated for every

CTC track by production� and stored in the event record� QCTC must be corrected

for many e�ects to be a reliable estimator of a particle�s dE�dx � For clarity� the

truncated mean before any corrections will be referred to as UNQCTC� QCTC is

reserved for the corrected dE�dx response�

The largest correction is for the track�s path�length �the local distance traversed

near a CTC wire�� The total charge collected by the wire will obviously be a function

of this distance� The desired quantity is charge per unit length� For momenta above

� GeV�c� the contribution to the path�length is in the r�z plane� and therefore is

proportional to �� sin���� For this reason� the path�length is referred to as d
dr� The

path�length correction must also include a contribution from wire�gain saturation�

which occurs near an angle of � � ���� and is parametrized as a function of both

d
dr and cos �� An adjustment for NCTC is added� as the ��) truncated mean

produces a bias� as is a contribution from the instantaneous luminosity�

What complicates the correction procedure is that each of these corrections in

�The probability distribution of a particle�s energy losses in matter has a Landau distribution�
The �	� of wires with the highest width are not used to calculate the mean dE�dx � so that the
mean is insensitive to the high tail of the Landau�
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turn depend on the aspect angle
 the angle between the particle�s trajectory and

the drift direction in a CTC cell� For high�pt tracks� the aspect angle is very close to

���� softer tracks will turn away from the radial direction and have an aspect angle

farther from ���� Thus the cosine of the angle has an inverse relationship with the

pt� and the same sign as the charge of the track� In this Appendix� �aspect angle�

will refer to the cosine of the angle� and is abbreviated as aspc� In addition to the

corrections mentioned above� the aspect angle a�ects a track�s dE�dx directly� Each

correction is parametrized as a function of aspc� along with the direct contribution�

C�� First Correction Studies With Conversions

Electrons are an ideal choice for mapping the performance of the dE�dx system�

They are present in the data in abundance� from photon conversions in the material

of the detector� By virtue of their low mass� their mean dE�dx is virtually �at as

a function of momentum� The dE�dx corrections are therefore those that make the

measured electron mean dE�dx response constant under all circumstances�

The correction procedure is lengthy� The goal is to obtain a multi�dimensional

parametrization of the mean UNQCTC depending on all the variables requiring

correction� This is done by considering the variables one at a time� at each step

�tting the shape of the mean UNQCTC minus the current parametrization using

a maximum�likelihood �tter� Throughout this Appendix� �residual� refers to the

di�erence between a track�s UNQCTC and the parametrization� When the shape

of the mean residuals versus the new variable is determined� the full UNQCTC

distribution is re�t allowing all parameters to vary� which allows the �t to account for

any correlations between them� The UNQCTC parametrization includes a constant

o�set that is then excluded when the full parametrization is determined� This o�set
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is obviously the constant electron mean dE�dx response mentioned above�

There is a strong dependence of UNQCTC on NCTC� As NCTC decreases be�

low � 	�� the mean UNQCTC increases correspondingly� The NCTC correction

will be obtained last� and the other corrections are �rst obtained using tracks with

NCTC � 	�� This requirement is of course removed in the �nal simultaneous �t for

all parameters�

No assumptions about the dE�dx resolution will be made until UNQCTC has

been parametrized versus all variables� Consequently� the likelihood function used

in the �rst �ts will not be correctly normalized� and the uncertainties returned by

the �ts can be ignored� The resolution is� of course� a function of NCTC� fewer

samples result in a poorer dE�dx measurement� An estimate of the resolution is

obtained after the last �t in each series� and is then used to normalize the likelihood

function for a re�t�

Conversion Sample Preparation

A large sample of conversion electrons can be found in the ECLB BPAD sample�

This was demonstrated in Section ������ where trigger electrons from conversions

were identi�ed and removed from the primary dataset� They were removed because

they were backgrounds to electrons from b decay� Here� they shall be selected� as

conversions provide a pure electron sample for the dE�dx correction procedure�

First� trigger electrons are again selected as described in Section ������ Conver�

sion partner tracks are found using the requirements of Table ��	� with the following

additions and!or changes


 There must be one and only one partner track which passes the cuts�

 pt 	 ��� GeV�c

 NCTC � ��

		�



 Radius of conversion
 		�� � Rconv � ���� cm

Approximately ������� track pairs meet these requirements� The range of the ra�

dius of conversion was picked to select conversions in the material of the VTX�CTC

boundary� minimizing background� Tracks with NCTC � �� have few unshared hits

in the outer CTC superlayers� making the measurement of dE�dx suspect� Only the

conversion partners are used to derive the corrections� These tracks are unbiased

by the trigger and cover the pt range of soft electron candidates�

Sectioning Run �B

Run �B is divided into three sections for the purposes of correcting dE�dx � At

the time of run ������ an accelerator quadrupole focussing magnet was realigned�

resulting in very di�erent accelerator operating conditions� especially a much larger

instantaneous luminosity� At the time of run ������ the CTC TDC calibration

constants were changed� This had a serious impact on the dE�dx system� and

required corresponding alterations in the dE�dx o+ine software� Consequently� for

the corrections� Run �B is partitioned into runs before ������ from ����� to ������

and after ������ Colloquially� these sections are called �LO�� �MED�� and �HI��

respectively�

C���� Path�Length Dependence

As previously discussed� the largest correction is for path�length� Figure C�� shows

UNQCTC versus d
dr for MED conversion electrons with pt 	 ��� GeV�c� The

distribution roughly has the form

UNQCTC � ����� # ������
h
�� e���dldr�

i
�C���
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as shown by the overlaid curve� The shape does not well describe the mean

UNQCTC at small d
dr� This is due to the sense wire gain saturation at � � ����

A better parametrization� accounting for this e�ect� is

UNQCTC � b#Qgain

h
�� e���dldr��aj cos �j����j cos �j��

i
�C�	�

Fitting the mean UNQCTC with this functional form gives

Parameter LO MED HI
b ������ ����� �	���� ���	� ������ �����
Qgain ������ ����� ������ ����� ���	�� �����
a ��	�� ����� ����� ����� ����� �����

which clearly shows the di�erences between the three run ranges� The �tted curves

and the mean residual distributions for the LO run range are shown in Figure C�	�

Recall that the above uncertainties on the parameters are not correct� The likelihood

function is not yet correctly normalized� All �t results shown before Section C�	��

will also not be correctly normalized�

C���� Luminosity Dependence

Now that the d
dr and the polar angle dependences are handled properly� the e�ect

of the instantaneous luminosity on the mean residuals is examined� The luminos�

ity is correlated with NCTC� but because UNQCTC is independent of NCTC for

NCTC� 	�� the shape of the luminosity e�ect can be examined without bias�

Figure C�� shows the mean residuals as a function of luminosity for the three run

ranges� In each case� the shape is a parabola� with a slope of zero at zero luminosity�

A luminosity�squared term� with coecient Luco� serves as the correction� The

superimposed curves in the �gure represent a �t for Luco� with the values indicated

in the �gure caption�
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Equation C�	 is altered to include the luminosity correction

UNQCTC � b#Qgain%�� e���dldr��aj cos �j����j cos �j��& # Luco 
 lum� �C���

and the data from the three run ranges re�t� yielding

Parameter LO MED HI
b ����� � ����� �	�	� � ����� ����� � �����
Qgain ����� � ����� ����� � ����� ���	� � �����
a ��	� � ����� ���� � ����� ���� � �����
Luco ������	 � ������ ������� � �����	 ������� � ������

C���� NCTC Dependence

The NCTC � 	� requirement is removed to examine the variation of the mean

residuals versus NCTC� Figure C�� shows the distributions� The overlaid curves

have the form

residuals�NCTC� � F 

�
e�Nphi�NCTC�No�set� � �

�
�C���

The results of a binned �t for the coecients are indicated in the �gure caption�

Convergence problems arise if a term of this form is added to the parametrization

of UNQCTC in Equation C��� as it is not independent of the coecient b in that

equation� Equation C�� is obviously equivalent to

residuals�NCTC� � F 
 e�NphiNCTC 
 eNphiNo�set � F �C���

The coecient b already accounts for a constant o�set� The introduction of a

�F term will induce unpleasant correlations between the o�set and the NCTC�

dependent term� It is appropriate to use No�set to control the overall scale of the

NCTC correction� and use b to adjust the o�set� Therefore� F is removed from
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Equation C��� The complete functional parameterization is

UNQCTC � b#Qgain

h
�� e���dldr��aj cos �j����j cos �j��

i
# �C���

Luco 
 lum� #
h
e�Nphi�NCTC�No�set� � �

i

A simultaneous unbinned �t of all the parameters to the data yields

Parameter LO MED HI
b �	��� � ���� ����� � ���� ����� � ����
Qgain ����� � ���� ����� � ���� ����� � ����
a ��	�� � ����� ����� � ����	 ����� � �����
Luco ������� � ������ ������� � ������ ������� � ������
Nphi ����� � ����� ���	� � ����	 ����� � �����
No�set 	���� � ����� 	���� � ��	� 	���� � ����

C���� First Resolution Estimates

The resolution� a function of NCTC� is measured from the width of the residual

distributions in bins of NCTC� The distribution in each bin is �tted with a Gaussian�

and the width of each Gaussian as a function of NCTC is parametrized by the

function A
NCTC � Figure C��� from the MED run range� shows the �tted widths versus

NCTC along with an estimate of A from a binned �t� A better determination of A

is from an unbinned maximum�likelihood �t� yielding

LO MED HI

A ������ ���� �	���� ��	� ����	� ����

These parametrizations of the resolution are used to normalize the likelihood

function for a re�t of the six parameters� yielding

Parameter LO MED HI
b �	�	� � ���� ����� � ���� ����	 � ����
Qgain ����	 � ��	� ����� � ���� ����� � ����
a ��	�� � ����� ����� � ����� ����� � �����
Luco ������� � ������ ������� � ������ ������� � ������
Nphi ����� � ���	� ����	 � ����� ����� � �����
No�set 	���� � ����� 		��� � ���� 	���� � 	���

		�



C�� Aspect Angle Corrections

The previous �ts demonstrate that UNQCTC depends on a number of parameters�

most of them geometrical� Actually� each of the parameters depend in turn on the

tracks� aspect angle� This e�ect was masked in the �ts by requiring the conversion

electrons to have pt � ��� GeV�c� which roughly corresponds to jaspcj � ����� for

tracks down to ��� GeV�c� jaspcj can be as large as ���� In addition� due to the

CTC geometry� the dE�dx response of positive tracks does not a priori have to be

the same as that for negative tracks� Fitting b as a function of aspc will constrain

the two to be the same�

To study the aspc dependence� the NCTC � 	� requirement is reimposed and

the pt cut is lowered to pt � ��� GeV�c� The data is divided into bins of aspc� and

is �t for the four parameters of Equation C�� in each bin� The shapes of b� Qgain�

a� and Luco versus aspc are �t to polynomials with terms aspcn and jaspcjaspcm�
These polynomials then replace the four parameters in the likelihood function �each

polynomial coecient becoming a free parameter��

The NCTC requirement is again relaxed to NCTC � ��� Equation C�� is used to

�t all six parameters in bins of aspc� allowing the determination of the appropriate

expansions for Nphi and No�set � A simultaneous �t to all polynomial coecients fails

to converge when No�set is replaced by an expansion in this manner� Accordingly�

No�set is maintained as a single parameter� independent of aspc� This does not

compromise the quality of the �t� owing to the correlations between No�set and the

other coecients� The results of the simultaneous �t� for the expansions of the

other �ve parameters� are shown in Figures C���C���� The polynomial expansion

for each parameter is listed in Section C���
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C���� Final Resolution Determination

With the full �ts completed� the resolutions and their dependence on NCTC must

be redetermined� The overall uncertaintiess are only slightly improved� This is

not unexpected� given the size of most of the corrections relative to the natural

detector resolution� Again� the data is binned in NCTC and a Gaussian is �t to

each bin�s residual distribution� Figures C����C��� show the �tted widths versus

NCTC� along with a binned �t to the function A
NCTC #B� An unbinned likelihood

�t for the constants A and B yields

LO MED HI
A ����� � ���� ����� � ���� ����� � ����
B ���	�� � ����� ����� � ����	 ����� � �����

C�� The Universal Curve

Given the completed set of corrections� they can be applied to other particle types

and are used to prepare the mean dE�dx prediction curves versus �� The

parametrization of the conversion electron mean UNQCTC just derived included

the term

b � b�� #
NX
n��

bn 
 aspcn # jaspcj
MX
m��

cm 
 aspcm �C���

The powers of aspc remove the dE�dx aspect angle dependence� the o�set b�� is the

mean electron dE�dx response itself �recall that the dE�dx of electrons is constant

over the entire momentum range of interest�� The corrected QCTC is therefore

UNQCTC minus the full parametrization� omitting b�� from the latter�

The derivation of the predicted dE�dx response with momentum requires clean

samples of other particles in addition to the conversion electron sample used to

derive the corrections� The ECLB dataset is used to search for pions from K�
S � ��

and protons from $� � p�� and the PSIB dataset for muons from J�� � ��� Each
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of these particles were selected with standard selection criteria which will not be

described here� The invariant mass distributions for the three particle candidates

are shown in Figures C����C����

As the two�track particle candidates are not particularly free of background� sig�

nal and sideband regions are de�ned under and around the particle mass peaks� The

sideband dE�dx response can then be subtracted from the signal dE�dx response

when determining the mean corrected QCTC versus �� The regions are shown as

the shaded areas in Figures C����C���� The subtraction is simply performed by

evaluating for each bin in �

X
signal

QCTC �
X
bkg

QCTC

Nsig �Nbkg
�C���

with the appropriately propagated uncertainties�

The proton sample from $� decay can be supplemented by searching for parti�

cles consistent with having been knocked out of the beampipe� Tracks with impact

parameter signi�cances greater than ��� are good candidates� For momentum be�

tween ��� and ��� GeV�c� protons are suciently separated from pions� kaons� and

deuterons that a simple window cut on QCTC is enough to select protons without

much bias� Figure C��� shows the distributions and the de�ned signal regions for

the MED run range� those for the LO and HI ranges are fundamentally similar�

C���� Fitting the Curve

The dE�dx prediction curve has the functional form

QCTC �
c� # c� log

h
�

�b

i
�

# a�� � �� # a�� � ��� �C���
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giving �ve parameters �c�� c�� b� a�� and a�� in total� The general features of the

curve are easily understood� At low �� the curve exhibits a ��� fallo�� resulting

from the fact that a faster�moving particle spends less time near a given atom in

the CTC gas and hence is less likely to transfer energy to the atom� After passing

through a minimum� dE�dx rises logarithmically� The �relativistic rise� is a result

of the relativistic increase in the incident particle�s transverse electric �eld� The

eventual �attening of the dE�dx curve �the �plateau region�� is due to polarization

of the CTC gas�

Figures C����C�	� show the variation of the mean corrected QCTC with ��

All particle types were used to prepare the �gures� with sideband subtraction where

appropriate� Superimposed on each �gure is a �t of Equation C�� to the data� The

�tted values of the parameters are also given in the �gures�
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C�
 Polynomial Expansions from the Final Fit

LO run range

b � ������ ����� 
 aspc� � ����� 
 aspc� � ����� 
 aspc�
# ����� 
 jaspcj# ����� 
 jaspcjaspc# 	���� 
 jaspcjaspc�

Qgain � ������ ����� 
 aspc# ����� 
 aspc�
a � ��	�	�

Luco � ������ # ����	 
 aspc� ����� 
 aspc� � ����� 
 aspc�
Nphi � �����	� �����	 
 aspc� ��	�� 
 aspc�

# ����	 
 jaspcj# ����� 
 jaspcjaspc
No�set � 	����

MED run range

b � ������ 	���� 
 aspc� � ���	� 
 aspc� � ����� 
 aspc�
# ����� 
 jaspcj# �	��	 
 jaspcjaspc# ����� 
 jaspcjaspc�

Qgain � ������ ����� 
 aspc# �	��� 
 aspc�
a � ��	��� # 	���� 
 aspc� # ����� 
 aspc� � 	���� 
 jaspcj

��	��	 
 jaspcjaspc�
Luco � ������� # ������ 
 aspc# ������ 
 aspc�

������	 
 jaspcj � ������ 
 jaspcjaspc�
Nphi � ������� ������ 
 aspc� ����	 
 aspc�

No�set � 	����

HI run range

b � ������ ����� 
 aspc� ���	� 
 aspc� # ����� 
 jaspcj# 	���	 
 jaspcjaspc
Qgain � ������ ����� 
 aspc# �	��� 
 aspc�

a � ������ # ���	�� 
 aspc# �����	 
 jaspcj# ������ 
 jaspcjaspc
Luco � ������� # ����	� 
 aspc# ����	� 
 aspc� # ����	� 
 aspc�

������� 
 jaspcj � ��	��� 
 jaspcjaspc�
Nphi � ������� ���	� 
 aspc� # ��	��� 
 aspc� � ����� 
 aspc�

# ����� 
 jaspcj# ����� 
 jaspcjaspc�
No�set � 	����
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Figure C��� UNQCTC versus path�length for electrons with pt � ��	 GeV�c in the MED
run range� The overlaid curve is ����� � �
�	! �

�

� e���d�dr�

�
�

Figure C��� Top� UNQCTC versus path�length for LO runs� with the �t superimposed�
Electrons are required to have pt � ��	 GeV�c� and NCTC � ���
Bottom left� Mean residuals versus path�length�
Bottom right� Mean residuals versus j cos �j�
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Figure C��� Mean residuals versus instantaneous luminosity for LO� MED� and HI runs�
parametrizing the shape with the parabola Luco � lum�� The �ts yield

LO MED HI
Luco ������� ������� �������
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Figure C��� Mean residuals versus NCTC for LO� MED� and HI runs� The overlaid

curves have the form F
�
e�Nphi�NCTC�No�set� � 


�
� the �ts yield

LO MED HI
F ����� ����� �����
Nphi ����� ����	 �����
No�set 	����� 	����� 	�����
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Figure C��� Mean residuals versus d
dr� j cos �j� instantaneous luminosity� and NCTC for
conversion electrons with pt � ��	 GeV�c in HI runs�
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Figure C�	� Fitted width versus NCTC for MED runs� The superimposed curve is A
NCTC �

The result of a binned �t for A is indicated in the upper right corner�
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Figure C�
� b� Qgain� a� and Luco versus aspc for LO runs� NCTC � 
	� and No�set �xed�
The superimposed curves are the results of the maximum likelihood �t�
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Figure C��� b� Qgain� a� and Luco versus aspc for MED runs� NCTC � 
	� and No�set

�xed� The superimposed curves are the results of the maximum likelihood �t�
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Figure C��� b� Qgain� a� and Luco versus aspc for HI runs� NCTC � 
	� and No�set �xed�
The superimposed curves are the results of the maximum likelihood �t�
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Figure C��� Nphi versus aspc for NCTC � 
	 and No�set �xed� for LO �upper left��
MED �upper right� and HI �lower left� runs� The superimposed curves are the results
of the maximum likelihood �t�
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Figure C���� Fitted width versus NCTC
for the full �t in LO runs� The superimposed
curve is a binned �t to A

NCTC �B� A and B
are indicated in the upper right corner �in
that order��

Figure C���� Fitted width versus NCTC
for the full �t in MED runs� The superim�
posed curve is a binned �t to A

NCTC � B� A
and B are indicated in the upper right corner
�in that order��

Figure C���� Fitted width versus NCTC
for the full �t in HI runs� The superimposed
curve is a binned �t to A

NCTC � B� A and
B are indicated in the upper right corner �in
that order��
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Figure C���� The invariant mass distrib�
ution of Ks candidates� The signal region
and the sideband regions are delimited by
the shaded areas�

Figure C���� The invariant mass distrib�
ution of �� candidates� The signal region
and the sideband regions are delimited by
the shaded areas�

Figure C��	� The invariant mass distrib�
ution of J�� candidates� The signal region
and the sideband regions are delimited by the
shaded areas�

Figure C��
� QCTC of tracks with
jD��Dj � 
		 in MED runs� in bins of mo�
mentum� The signal region is delimited by
the shaded area�
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Figure C���� The mean corrected QCTC
versus �� for all particle types in LO runs�

Figure C���� The mean corrected QCTC
versus �� for all particle types in MED runs�

Figure C��� The mean corrected QCTC versus �� for all particle types in HI runs�

The superimposed curves in Figures C����C�	� are the result of parametrizing the
data with Equation C��� The �tted values of the �ve parameters are indicated on
each plot �in order� c�� c�� b� a�� and a���
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