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ABSTRACT

Bottom  Quark-Antiquark Production And Mixing In Proton-Antiproton Collisions

Zhaoou Yu 

Yale University 

March 2003

The studies of bottom  quark-antiquark production in proton-antiproton collisions play 

an im portant role in testing perturbative QCD. Measuring the mixing param eter of 

B  mesons imposes constraints on the quark mixing (CKM) m atrix and enhances the 

understanding of the Standard Model. Multi-GeV pp colliders produce a significant 

am ount of bb pairs and thus enable studies in both of these fields.

This thesis presents results of the bb production cross section from pp  collisions at 

y/s =  1.8 TeV and the tim e-integrated average B B  mixing param eter (x) using high- 

mass dimuon d a ta  collected by CDF during its Run IB. There is a high concentration 

of muon pairs from inclusive semileptonic B  decays in this da ta  set. We take advan­

tage of the long lifetime property of B  hadrons and isolate the muons from B  decays 

by studying the displacement of the muon pair trajectories. We use an Unbinned 

Maximum Likelihood F itting  method to fit the two dimensional impact param eter 

distribution for dimuons and thus obtain the fraction of dimuons th a t are from bb. 

W ith  this bb fraction and accounting for the detector acceptance and efficiencies, we 

obtain the bb production cross section as a function of the minimum transverse mo­

m enta of the b quarks. We also obtain the B  mixing param eter by comparing the 

numbers of like-sign bb dimuons and opposite-sign bb dimuons.

The measured bb production cross sections are systematically higher than the 

Next-To-Leading-Order QCD predictions but are consistent with the CDF Run IA 

results [1]. The measured average B  meson mixing param eter is 0.153 ±  .019 and is 

w ithin two standard  deviations of the world average value.
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Chapter 1 

Introduction

The Standard Model of elementary particles and their interactions has two basic 

components: the unbroken SU(3) color gauge theory, known as Quantum  Chromo- 

dynamics (QCD) and the spontaneously broken S U (2) x U( 1) electroweak theory. 

Today, although QCD remains an “unsolved” theory, with no single approximation 

m ethod applicable to all length scales, the studies of perturbation theory in quan­

tum  chromodynamics, i.e. perturbative QCD , or pQCD, is so far very successful 

in describing a large set of high-energy, large-momentum-transfer cross sections and 

has proved an invaluable tool in the study of the strong interactions. An im portant 

area of research in pQCD is the study of heavy-quark production in the high-energy 

colliders where protons and antiprotons collide in the multi-GeV energy range.

The phenomenon of neutral mesons changing from their particle to  their antipar­

ticle state  under weak interaction is another remarkable consequence of the standard  

model. The hadrons th a t can undergo particle-antiparticle mixing include K °, D°, 

B°  and which are copiously produced in high energy experiments. Gell-Mann 

and Pais [4] predicted in 1955 the existence of K °  -  K °  mixing, which was later con­

firmed by Lande et al. a t Brookhaven [5]. This subject has been extensively studied 

in the B system in various experiments including UA1 , ARGUS, CLEO, BABAR, 

BELLE, and CDF. By studying the mixing of the hadrons produced in high energy 

experiments, we can impose constraints on the elements of the quark mixing m a­

trix  - the Cabbibo-Kobayashi-Masakawa (CKM) m atrix - and thereby gain a better

1
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2

understanding of the Standard Model.

At the Tevatron of the Fermi National Accelerator Laboratory (FNAL), protons 

and antiprotons collide with a center of mass energy =  1.8 TeV. According to  QCD 

[6 ] [7], the gluons and quarks th a t form the protons collide at an energy level of a  few 

hundred GeV. At this energy level, bottom  quarks (b) are generated with a significant 

cross section (~  30/j,b [8 ]) during the collisions, thus enabling the measurements of 

the bottom  quark production cross section and the studies of the B  meson mixing at 

FNAL. In our analysis we use the Fermilab Run IB (from 1993 to 1996) inclusive B  

meson decay data  to study bottom  quark production and compare our results with 

the pQCD predictions. The same data  set is used for the studies of the B°  and B° 

mixing parameters.

The structure of this thesis is as follows: Chapter 2 discusses the theoretical basis 

for our analysis. Chapter 3 describes in detail the relevant experimental apparatus 

used to produce our data. C hapter 4 describes the m athem atical and computing 

methods used in our analysis. C hapter 5 describes the experimental and Monte Carlo 

data  used in the analysis. C hapter 6  and 7 presents the details of the analysis and 

the final results and discusses the system atic uncertainties of the results. Chapter 

8 gives a brief summary of the conclusion of our analysis. Appendix A describes a 

m athem atical tool used in the analysis.
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Chapter 2 

Theory

2.1 Standard M odel

The physical world’s complexity and diversity has always been a challenge to  m an’s 

intelligence since ancient times. A common approach was to search for the simplic­

ity underneath the seemingly overwhelming complexity of the m aterial world. In 

approximately 500 BC, Laozi wrote in his Bible of Taoism (Dao De Jin) tha t: “Tao 

generates one, one generates two, two generates three, and three generates everything 

in this world.” [9] Modern scientists believe th a t the world is composed of elem entary 

particles.These elementary particles fall into two classes: fermions and bosons. This 

diverse and ever-changing world is nothing but fermions interacting with each other 

via exchange of bosons.

Fermions can be grouped into three generations, each generation including two 

types of quarks and two types of leptons (and their anti-particles as indicated in Table 

2.1). Bosons can be classified into four groups, each corresponding to one of the  four 

different types of interactions among fermions: gravitational, weak, electromagnetic, 

and strong. Table 2.2 shows the details of these interactions and their bosons.

Although free leptons are relatively stable and easy to identify in isolation, their 

counterparts, free quarks, have never been found in experiments. So far we have 

only detected hadrons, particles composed of either two quarks, called mesons (qq), 

or three quarks, called baryons (qqq), in high energy experiments. By observing the

3
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4

Generations 1 2 3 Charge

quarks
up (u) 

down (d)
charm (c) 

strange (s)
top (t ) 

bottom  (b) 3-‘-3
electron (e) muon (/X) tau  (tau) ± 1

leptons e neutrino (ue) fi neutrino (i/M) r  neutrino (i/T 0

Table 2.1: Generations of Fermions

Interactions Gravity Weak E&M Strong
bosons (Graviton, G) W ±, Z U Photon (7 ) Gluon (g)

Coupling
Strength

G ml 
~ 6 x 1 0 “ 39

GFm 2p 
~  1 0 " 5

a
1C*J ■ ■ —137 ~  1

Range
(meters) oo 1 0 - is CO I q-15

Quantum
Number Mass Weak Isospin Charge Color
Theory In Progress EW  (QED) QCD

Table 2.2: Table of the Bosons

physical properties of these hadrons, we are able to deduce the properties of the 

invisible quarks.

The way the quarks “stick” together and become hadrons is through the exchange 

of gluons, the bosons th a t mediate the strong interactions. The hadrons can inter­

act with each other and with leptons through exchange of the other three types of 

bosons. We describe such exchanges with quantum  field theories. These theories 

require local gauge invariance, causality, renormalizability and locality. Due to the 

gauge invariance of the fermion fields, the relevant phases can be chosen arbitrarily 

w ithout affecting any observables. This symmetry leads to the conservation of quan­

tum  numbers. Gauge bosons naturally arise in these theories from the requirement 

of local gauge invariance.

In principle, for each elementary interaction there should be a quantum  field theory 

describing it. A universally accepted quantum field theory describing the interaction
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5

of gravity does not exist yet. The quantum field theory for electromagnetic interac­

tions is called Quantum Electrodynamics (QED), which is a local gauge theory where 

the symmetry group of gauge transformation is an unitary group in one dimension 

(U (l)). The quantum field theory for the weak interactions is the Glashow-Salam- 

Weinberg theory, which unifies the electromagnetic interactions and weak interactions 

by SU (2)i x U (l) symmetry. In this theory, spontaneous symmetry breaking is in­

troduced to retain renormalizability and thus results in the weak interaction bosons, 

W ± and Z,  acquiring mass. The quantum  field theory for strong interactions is Quan­

tum  Chromodynamics (QCD), in which gauge transformations are operating on color 

charges of a SU(3) symmetry group. There are three color charges (red, blue and 

green) and their anti-color charges in QCD, bu t these color charges are not directly 

observable because colored free quarks must combine to  form colorless hadrons (qq 

or qqq).

The combination of QCD and electroweak theory is the Standard Model. It has 

S U  (3) x SU  ( 2 ) l x U ( 1 )  gauge invariance and is the basic framework of today’s particle 

physics. There is a rich body of experimental evidence supporting this model. [10]

On the other hand, our incomplete understanding of flavor physics [1 1 ] [1 2 ], CP 

violation, the stability of the Higgs, the new g^ — 2 result [13], neutrino oscilations and 

masses [14] and dark m atter [15] suggest the incompleteness of the Standard Model 

and therefore have made it necessary to study more of the different aspects within 

and beyond the Standard Model.

2.2 H eavy Quark P rodu ction

In experimental high energy physics, a major experimental approach in the studies 

of elementary particles is to build large accelerators th a t accelerate and collide ele­

m entary or semi-elementary particles. By observing the outcome of these collisions, 

we can test various aspects of the Standard Model. The Fermilab Tevatron is one of 

these colliders. It collide protons and anti-protons a t high energy ( i/s  =  1.8 TeV).

Since p  and p  are hadrons composed of three quarks, pp collisions can be studied in 

similar ways as the other hadron collisions. In principle, the scattering process among
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the hadrons during the collisions can be considered as the sum of 1 on 1 interactions 

among the many individual quarks and gluons th a t form the two hadrons. These 

constituent quarks and gluons are collectively called partons. D uring the hadron 

collisions, new quarks, antiquarks and gluons are created. In theory, the  cross section 

for heavy quark-antiquark production in hadron collisions can be w ritten as Equation 

(2 .1): [16]

d a h'M  = £ y  y" r f l i ( l i  P] , /:2, m , (i ) (2:2 , /j) (2.1)

In this equation,

•  h i t2 are the incoming hadrons

•  X\ t2 are the momentum fractions of partons in h \ i2

•  P lj2 are h ii2’s momenta

•  k i t2 are the momenta of the quark and antiquark

•  m  is the mass of the heavy quark

•  ji is the subtraction scale for removing divergences arising from QCD

• dtJij is the short distance parton-parton cross section for heavy quark produc­

tion and can be calculated w ith perturbative methods.

• The function /  is the wave function (structure function) of the incoming partons.

The strength of the strong interaction in the collision is characterized by a s, which 

can be w ritten as:

=  B  In (q2/ A2) ^

where B  is a constant, A is the param eter representing the scale a t which the coupling 

constant becomes strong, and q2 is the momentum transfer of the interactions. QCD 

is known to have the property of asym ptotic freedom: when q2 is very large then a s 

is small. In the asymptotic regime, the cross section can be expressed in term s 

of an expansion in a s. The next-to-leading order approximation calculation of the
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cross section for inclusive bb production was carried out by Nason, Dawson and Ellis 

(NDE) [17]. The fully exclusive parton cross section for all heavy qq was calculated 

to  the order of 0(a%) by Mangano, Nason, and Ridolfi (MNR) [8 ].

In this analysis, we study the bb production cross section in pp collisions a t y /s  —

1.8 TeV (energy of the center of mass). This energy level is high enough for the 

heavy quark production cross section to  be well approximated with a power series 

expansion.

As indicated by the Feynman diagrams in Figures 2.1 and 2.2, there are three 

different types of heavy quark production mechanisms: gg , gq and qq. 1 At ju st 

above the bb production energy threshold, valance quarks which have the larger p a rt 

of the momentum fraction compared to the gluons produce the m ajority of the  bb 

pairs. However a t Fermilab pp collide at the energy of y/s  =  1.8 TeV which is much 

higher than  the bb production energy threshold. At this energy level, gluons which 

have the smaller part of the momentum fraction carry sufficiently high energy and 

produce the m ajority (95%) of bb pairs.

It is well known th a t a variety of measurements of the integrated cross section vs. 

b quark transverse momentum a t the Tevatron by both the CDF [18] [19] and DO [20] 

experiments yield results which are systematically larger, by a  factor of about two or 

more than the NLO QCD predictions.

These results hold for inclusive b quark cross sections for both central and more 

forward production and also hold for exclusive B  meson production. Results more 

recently published by CDF for the differential cross section for B + —> pro­

duction [21] from Run I data  quantify the discrepancy in the ratio of the observed to 

predicted cross section a s2 .9 ± 0 .2 ± 0 .4 . From this and other differential cross section 

measurements, it appears th a t the discrepancy between data  and theory appears to 

largely in normalization; the spectral shapes are generally in good agreement.

The observed discrepancy is not restricted to  hadroproduction experiments at 1800 

GeV. The early measurements made by the  UA1 Collaboration of b quark production 

a t y/s = 630 GeV [2 2 ] [23] [24] gave results th a t did not seem to  show a marked

xThe figures do not show all of the production modes. There could be internal loops in the b 
production in the collisions but they are not shown here.
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departure from theoretical predictions a t the time. [25] [26] In order to  compare with 

the UAl results more directly, the Fermilab Tevatron ran a t an energy of y/s  =  630 

GeV for 9 days and CDF measured [27] the ratio of the bottom  quark production cross 

sections a t y/s = 630 GeV and y/s  =  1800 GeV. The ratio o’(630)/o'(1800) =  0.171 ±  

.024 ±  .012, is in good agreement with NLO QCD predictions. The bottom  quark 

production cross section obtained by CDF is still above, but in m arginal agreement 

with the UAl results. Both U A l and CDF results are above the NLO QCD prediction 

for 630 GeV, using modern structure functions, though the U A l results are within 

their uncertainty of the central value for the predictions.

The discrepancy between data  and theory for b production in hadronic interactions 

is in contrast to  the good agreement for the case of top quark production a t the Teva­

tron  (note however tha t the production of t t  pairs a t the Tevatron receives im portant 

contributions from the annihilation of valence quark-antiquark pairs). The nominal 

expectation was tha t the mass of the  b quark (4.5 to 5 G eV /c2) is large enough th a t 

the  intrinsic momentum scale for the interactions leading to production would be 

such th a t pQCD would give converging results. However, quantitatively large uncer­

tainties are present in the calculation for bottom  (as well as charm) hadroproduction 

cross sections. [28] [29] The main issue appears to  be neglected higher order term s in 

the  perturbative expansion. The QCD order calculations for b quark hadropro­

duction are above 100% of the Born term , and it is possible th a t higher order term s 

could give comparable contributions. It is also necessary to consider possible non- 

perturbative effects. Large uncertainties can arise from scale dependence for the 

perturbative expansion of the various parton subprocesses when trying to account for 

both renormalization and factorization scale variations.

An im portant source of uncertainty may reside in the proper understanding of 

the  non-perturbative fragm entation (QCD) process by which B  hadrons are formed 

from b quarks. The effect of fram entation is to modify (reduce) the momentum 

carried by the B  hadron orginating from a b quark. The effect is intrinsically not 

large, being of order of the hadronic scale (few hundred MeV) divided by the b quark 

mass. Nevertheless, since the b quark cross section has a steeply falling spectrum 

in transverse momentum, and almost all measurements need to impose a minimum
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transverse momentum requirement, the effects must be carefully considered. Recent 

work [30] suggests th a t leading-log calculations of the observable B  hadron spectrum  

may not be sufficient when comparing to  next to leading-log calculations. Specifically 

it is believed th a t the fragamentation functions determined largely in e+e~ -» Z°  -»  bb 

reactions may need to be re-evaluated using a next to leading-log formalism in order 

to be properly incorporated in a comparison of da ta  and theory in hadroproduction. 

The authors find th a t they are able to reduce the discrepancy from 2.9 to 1.7 for the 

B + CDF results mentioned above.

The measurement reported in this thesis is of importance in this discussion, be­

cause it provides a measurement of the bb cross section. It is expected th a t this 

measurement, because of the kinematic selections imposed, should be less sensitive 

to higher order term s.[31] We will compare our measured bb production cross section 

w ith theoretical results and previous CDF measurements.

2.3 B B  M ixing P aram eter

2.3.1 CKM  M atrix

In the studies of weak interactions in B  physics, it is very im portant to understand the 

quark mixing matrix. It is found th a t the strong (flavor) eigenstates are not the same 

as the weak interaction eigenstates. Weak interactions can violate flavor quantum  

number such as strangeness (S). For example, changes in strangeness (A S  =  1) due 

to the weak interactions have been observed in experiments. The supressed decay 

ra te  for A S  =  1 decays compared to A S  =  0 decays is explained by the Cabbibo 

angle 9C =  0.2205 ±  0.0018 [32]. In general, to  account for all flavor changes, we need 

to apply a unitary transform ation m atrix  to ro tate the set of the strong eigenstates 

into the weak eigenstates.

f d ' \

\ » J

= ( u c t ^ U

f d \
s

U J
(2.3)
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The unitary m atrix for this transformation is called the Cabbibo-Kobayashi- 

Maskawa (CKM) m atrix [33]:

( d > \

s'

\ »  /

(  Vud Vus 

Vcd vC5 
\  Vtd vts

Vu b ^

Kf, 
Vtb )

( d\
s (2.4)

where (d, s, b) are the strong eigenstates and (d1, s', b') are the weak eigenstates.

Respecting unitarity and adjusting arbitrary phases, without losing generality, we 

can reparam etrize the CKM m atrix with 4 variables [34]: A, A, p, rj.

(  Vvd K , VU \/ ud 'u s  v ub

Vcd Vcs Vcb

Vtd Vts Vtb J

( A AA3(p -  irj) ^ 

1 -  772/2  AA2

-A A 2 1

(2.5)
1 -  A2/2  

-A

 ̂ AA3 (1  — p — irj)

This reparam eterization is correct to the order of A4 where A =  sin#c.

Figure 2.3 is a geometric representation of the relationships (Equation 2.6) among 

the CKM m atrix elements due to  the unitarity of the CKM matrix. In this represen­

tation on the complex plane, VcdV*b is rescaled to 1 so th a t the apex of the triangle is 

located at (p, rj).

vUdV*b + vcdv;b + vtdv;b = o (2.6)

The complex phase in the CKM m atrix caused by 77 leads to CP violation in 

the Standard Model because the Lagrangian of weak interations between quarks is 

not Hermitian. The angles of the CKM triangle a, 13 and 7  are related to the phase 

and can be measured in CP violating B-decays. Furthermore, the non-closure of this 

triangle i.e. a  +  (3 +  7  ^  7T would suggest th a t our understanding of CP violation 

within the Standard Model is incomplete. Physics beyond the Standard Model can be 

further investigated, for example, by measuring CP asymmetries in several B decays 

th a t depend on the same unitarity angle or studying decays where zero asymmetries 

are expected in the Standard Model.

The determ ination of CKM m atrix is crucial for a full definition of the Standard 

Model and may reveal a underlying structure of new physics.
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Figure 2.3: The CKM triangle is a  geometric representation of the unitarity  of CKM 
matrix.
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2.3.2 B°B° M ixing

The fact th a t the electroweak eigenstates are different from the flavor eigenstates 

results in the possibility th a t particles created under the strong interaction will mix 

under the electroweak interactions. B 0,s created in the pp collision are flavor eigen­

states (Figure 2.1 and 2.2). After leaving the center of collisions, they will transform 

under the weak interaction according to  the CKM m atrix  elements. Figure 2.4 shows 

the two possible ways for a B°  to mix with a  B°  through second order W-exchanges. 

The weak eigenstates of the neutral B  mesons, B \  and B 2 , are linear combinations of 

B °  and B°  as follows:
> =  ^ (|B °  > +|B» >)

|B2 > =  ^ (|B °  > - |B °  >)

W hen a flavor eigenstate \B° >  is created, it evolves under electroweak interactions. 

From equation 2.7, we obtain:

|B° > =  JjdB , > + |B2 >) (2.8)

Since \Bi > and |i?2 >  evolve over tim e in the following manner:

|B , ( « ) > = e iM' ‘- r ' ‘|B ,(0 )>

|B 2(«) > =  e<M!‘- r >‘ |B2(0) >

where M i  and M 2 are the characteristic mass of the eigenstates. The probability of 

transform ation a t tim e t is given by:

P (B °  B»)(i) =  (2.10)

Here the A m  is the difference between the masses of the weak eigenstates (Am =

\M\ — M 2 1) and T is the average decay width of the two states ( r  =  ^ - a). The time

integrated probability (also called the mixing param eter) is:

X(*») =  / d tP (B \u )  -► B ^ ( t )  =  (2.11)
1 X ( _

\ d , s )

Here x  — A m /r  is the dimensionless mixing param eter. Both B°  and B° can mix, 

bu t with different mixing param eters, because A m  is different for the two species.
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The A m  for B°B °  and B^B® mixing can be w ritten respectively as:

A m d =  Cd\V*bVtd\* ^

A m s = Cs \Vt*bVts\2

Here Cd and Cs are constants derived from QCD corrections, meson decay constants, 

the top quark mass, and the weak coupling constant. The V ’s are the CKM m atrix 

elements. Since Cd and Cs involve hadronic factors th a t are hard to  obtain experi­

mentally while the ratio of them  is easier to  predict [35], it is advantageous to exploit 

the relation:
Al77Tc C*g i be .o ,  . 5. =  _L 2 ( 2  13x
Am , Cd'vJ V '

In fact, Cd/Cs «  1.19 ±  0.10 and roughly cancel out each other [35], therefore by 

measuring the ratio of mixing param eters for B° and B s, we will be able to put 

constraints on the CKM elements.

Several experiments have measured A m ,. [36] [37] [38] [39] [40] [41] with consistent 

results. Combining all published measurements, [42] [43] [44] [45] [46], and accounting 

for all identified correlations yields m , =  0.478 ±  0.012(stat) ±  0.013(sysfjp s-1 .

B SB S oscillation has also been the subject of many recent studies from ALEPH 

[47], CDF [48], DELPHI [49], OPAL [50] and SLD [51]. No oscillation signal has

been found so far. The most sensitive analyses appear to be the ones based on

inclusive lepton samples, and on samples where a lepton and a D s meson have been 

reconstructed in the same jet. The combined results of limits on A m s is m s > 13.1ps-1 

a t 95% CL [32],

The average time-integrated B  mixing param eter we measure is the weighted 

average of X d  and X s  as indicated in Equation 2.14.

X = f d *  X d  + f s  x Xs (2.14)
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Chapter 3 

Apparatus

3.1 O verview  o f th e  A pparatus

Fermilab, whose full name is Fermi National Accelerator Laboratory (FNAL), [52] 

is located in the western suburbs of Chicago, Illinois, covering about 6,800 acres of 

land. The m ajor component of Fermilab is its accelerator, the Tevatron. Protons and 

antiprotons circulate in opposite directions a t an energy of 900 GeV in the Tevatron 

and collide a t two sites, CDF (Collider Detector a t Fermilab) and DO, where particle 

detectors were built to study the collision results. Due to the richness of the pp 

collision products, several physics groups specializing in Top, QCD, Electroweak, 

Exotic, and Bottom  are formed to make full use of the collision data. Our analysis is 

one of the projects of the Bottom  Physics Group of CDF.

The last run of Tevatron from year 1992 to 1996 is called Run I, which is divided 

into three periods, Run IA (8/92-8/93), Run IB (8/93-8/95) and Run IC (8/95-2/96). 

There have been many im portant results in Run I, among which the most prominent 

one was the discovery of the top quark in 1994. Our analysis is based on data  collected 

from CDF during Run IB.

In this chapter, we provide general features and capabilities of our apparatus as 

well as details of the detector components relevant to our analysis.

17
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Figure 3.1: The Online Luminosity of CDF Run I Experiment

3.2 A ccelerator

The Fermilab Tevatron, depicted in Figure 3.2, consists of five accelerators and a pair 

of rings. To achieve the head-on pp collisions at high energy, we start with ionizing 

Hydrogen atoms. Then these ions are pu t through a series of accelerations before 

electrons are stripped off. The resulting high energy protons are on one hand used 

as the p  source of pp collision in Tevatron and, on the other hand, used to produce 

antiprotons by colliding them against nickel targets. The antiprotons are collected 

and accelerated to 900 GeV to collide with the high-energy protons in Tevatron.

The first accelerator is called the preaccelerator. It consists of a negative hydrogen 

ion source, a Cockcroft-Walton generator, an eletrostatic accelerating column, and a 

transport line. In the negative hydrogen ion source, hydrogen from a gas bottle is 

injected into a magnetron surface-plasma H~  source comprised of a central cathode 

surrounded by an anode with a magnetic field passing through the apparatus. Hydro­

gen atom s are absorbed into this 1 mm-wide dense plasma gap and pick up electrons 

th a t are confined by strong electromagnetic fields in this gap. Free H~  ions are pro­

duced by colliding energetic particles, such as protons, against the cathode surface
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Figure 3.2: The Fermilab accelerator has five parts th a t produce protons and antipro­
tons and accelerate them to 900 GeV
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into which the H  atoms are absorbed. H  atoms leaving the cathode surface have a 

small chance of acquiring an electron from the cathode and become H ~  ions. The 

energetic protons also have a chance to  pick up two electrons and become H~  ions. 

There is an aperture in the anode through which H ~  ions and other particles can 

escape. These particles are then accelerated by an extraction plate before a magnetic 

bend is used to sift out H~  ions. A commercial Cockcroft-Walton generator is then 

used in this preaccelerator to accelerate the H~  ions to  750 keV.

The second accelerator is called the Linac. It is an Alvarez drift-tube accelerator 

of 150 m in length and produces pulsed 200 MeV beams of H ~  ions. It includes 

9 electrically resonant, cylindrical, oxygen free, high conductivity, copper clad steel 

tanks, each of which is driven by a R F system resonating a t 201.24 MHz and delivering 

5 MW in 400^s pulses. [53] There are drift tubes suspended in the center of the 

tanks with gaps between the tubes for acceleration of the H ~  ions. W ithin the tube, 

focusing-defocussing quadrapole m agnets are built to  reduce space charge and other 

disruptive effects. An RF debuncher is used to reduce the H ~ ’s momentum spread 

at the end of the Linac.

The third accelerator is the Booster, which is an 8  GeV fast cycling proton syn­

chrotron of 75.5 m in radius. Here, the H ~  beam from Linac is stripped of all electrons 

while merging with the proton beam already circulating in the Booster. The H ~  beam 

first goes through a dogleg, which is actually 2  dipoles of opposite polarity displacing 

the H ~  and proton beams into a common path . Then, the beam goes through a 

stripping foil before being pu t through another dogleg (orbital bum p magnet) where 

protons are captured and H ~  and H  are directed to  a  beam dump. About 3 x 1012 

protons are collected in 6  tu rns of the 15 Hz synchrontron before the orbital bump 

m agnets turn  off and the R F turns on to  accelerate them  to 8  GeV.

The fourth accelerator is the Main Ring. It is a 400 GeV proton synchrotron of 

radius 1 km . In the Main Ring, the protons are used for two purposes: 150 GeV 

protons for injection to the Tevatron and 120 GeV protons for antiproton production. 

Protons from the Booster are captured and injected into the Main Ring for accelera­

tion. Here, several bunches of protons or antiprotons are coalesced by counterphasing 

the R F stations and then restoring the normal RF, capturing the bunch. 15 proton
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bunches and 11  antiproton bunches are coalesced before injecting to the Tevatron.

The antiproton stacking is achieved by capturing protons from the Booster and 

accelerating them  to 120 GeV in the Main Ring before extraction to  the p source. The 

p  source consists of a  target station, Debuncher ring, Accumulator ring and transport 

lines. (Figure 3.4) First the Main Ring protons are directed edge-on to a disk target 

made of nickel. The result of the reactions of the 120 GeV proton beam with the 

nickel target includes antiprotons of about 8  GeV. (The 8 GeV energy was chosen to 

m atch the Booster proton energy before going into the Main Ring and a 120 GeV 

proton beam is the most efficient way to  generate 8  GeV antiprotons.) The secondary 

particles from p and nickel reactions then pass through a cylindrical lithium lens 

th a t carries a  longitudinal 0.5 MA pulsed current. The current produces azimuthal 

magnetic fields th a t focus the antiprotons in space. After th a t, a  pulsed dipole magnet 

selects 8  GeV p  into a transport line to the Debuncher. The Debuncher reduces the 

p  m om entum  spread through RF bunch rotations and adiabatic debunching. It also 

reduces the transverse profile of the beam through betatron stochastic cooling. [54] 

The Accumulator is in the same tunnel as the Debuncher b u t slightly smaller. Its 

shape is close to  a triangle with 6  short straight sections a t the vertices. These sections 

give alternating high and low dispersion regions and cool the particles into small 

orbits. The Accum ulator’s R F adiabatically captures particles from the Debuncher, 

cools them  to 60 MeV and puts them  into the tail of the “stack” . Then the beam 

bunches are debunched adiabatically before momentum stochastic cooling decelerates 

the p's into the stack over a period of about an hour. In the stack core, the p ’s are 

controlled by momentum cooling and betatron  cooling. W hen enough antiprotons 

are collected, a  portion (about 1/2) of them  are injected into the Main Ring to be 

accelerated to 150 GeV.

The last and most im portant accelerator is the Tevatron. Bunches injected from 

the Main Ring are boosted to  900 GeV here, making it the highest-energy accelerator 

in the world. The Tevatron is of the same size as the Main Ring (r =  1 km) and lies 

approximately 65 cm under it. W hen it was built, the Tevatron was the first large 

scale superconducting synchrontron in the world. Six proton bunches and six antipro­

ton bunches circulate in the Tevatron and collide in two luminous regions: CDF and
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DO, where low-/? quadrapoles squeeze the beam cross section into a two-dimensional 

Gaussian distribution with a standard  deviation of 35/zm. In the longitudinal direc­

tion, the bunches have a standard deviation of about 30 cm. The luminosity a t CDF 

continued to increase over tim e during the whole Run I period. (Figure 3.1)

In order to study the physics of the high energy collisions of protons and antipro­

tons, large detectors are built around the collision spot.

3.3 C ollider D etec to r  at Ferm ilab (C D F )

The Collider Detector a t Fermilab is a general purpose detector designed to study the 

energy, momentum, and the identity of particles produced in pp interactions a t the 

Tevatron. It is approximately 27 meters long, 10 meters high, and weighs about 5000 

tons. Figure 3.5 shows a  3-d diagram  of CDF. The longitudinal axis of CDF is usually 

chosen to be the z axis in our research. The transverse plane perpendicular to  z is 

the x  — y  plane or r  — 0 plane if polar coordinates are chosen. The m ajor part of CDF 

consists of the following parts (starting from the center): the Silicon Vertex Detector 

(SVX), the Vertex Time Projection Chamber (VTX), the Central Tracking Chamber 

(CTC), a super conducting solenoid, electromagnetic and hadronic calorimeters, and 

muon chambers. Farther forward, there are the plug and forward calorimeters, the 

beam -beam  counters, and the Forward Muon System (FM U). There are also trigger 

and da ta  acquisition systems th a t process the signals from all detector subsystems.

Particles th a t can be individually identified in CDF are prim arily photons, elec­

trons, and muons. We can therefore classify the detector subsystems into tracking 

(to measure m om entum ), calorimetry (to measure energy), and the muon system (to 

identify muons). The combination of tracking and calorimetry identifies the electrons 

and photons. W ith muon system we can identify muons.

The tracking systems consist of the SVX, VTX, CTC and the superconductive 

solenoid. It measures the momentum of charged particles. The solenoid coil [55] 

creates a 1.41 T  magnetic field in the beam direction to bend the charged particles’ 

tracks for measurements. It is cooled by forced flow of 2-phase helium. The Central 

Tracking Chamber (CTC) is an 84-layer cylindrical drift chamber which provides 3-d
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tracking for charged particles. The Vertex Time Projection Chamber (VTX) has 28 

modules and covers the radial region from radius 8  cm to 50 cm surrounding the SVX 

region. It determines the interaction vertex z position with 1 mm resolution. (The 

spread of z in the interactions is a Gaussian distribution with o =  26.65 cm [56].) The 

Silicon Vertex Detector (SVX) consists of 4 layers of silicon vertex strip detectors and 

provides precision tracking in the r — 4> plane. It has very good resolution (~  20/xm) 

and can measure displaced secondary B  decay vertices. The accurate measurement 

of this displacement is very im portant to our analysis.

The calorimeter systems consist of electromagnetic and hadronic calorimeters. 

They include the Central ElectroMagnetic calorimeter (CEM), the Central Strip  

Chambers (CES) and the Central Hadron Calorimeter (CHA). These calorimeters 

consist of projective towers uniformly segmented in the 77 — <f> space, i.e. pseudora­

pidity - azimuth angle space. Each tower points at the interaction region and has 

a segmentation of 0 .1 (77) x 15°((/>) in the central region. The particles generated at 

the collision region interact with these calorimeters and have their energies measured 

here.

The CEM towers provide longitudinal energy samples where lead sheets are in­

terleaved with scintillator layers. The lead sheets are the absorbers and scintillators 

are the active medium. Light signals from the scintillators are collected using acrylic 

light guides a t the corner of the tower and measured by photomultiplier tubes. The 

electromagnetic energy measured here has resolution oe / E  =  0.135 /y /E sin0 where 

9 is the polar angle from the z axis.

The CES is a proportional strip chamber used to determine the position and 

transverse development of electromagnetic shower. [57] Its chambers are located a t 

6  radiation lengths depth within the electromagnetic calorimeter volume in order to 

be sensitive to maximum shower development.

The CHA is composed of 32 layers of interlaced steel plates and scintillators. It 

is 4.7 absorption lengths in depth and absorbs 95% of hadronic showers a t 50 GeV. 

The energy resolution of the CHA is 0.35/{ V E  +  0.04).

The muon systems consist of the Central Muon Detector (CMU), the Central
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Muon Upgrade (CMP), and the Central Muon Extension (CMX). CMU is a 4- 

layer drift chamber detector th a t identifies muons and determines muon momentum. 

Muons surviving the calorimeters can be detected by the CMU and be identified here. 

CMP has similar functions but because of the steel absorber (~  3 interaction lengths) 

between CMU and CMP tha t absorbs most of the hadronic punchthroughs, CMP has 

purer signals of muons. CMX covers rapidity areas th a t is not covered by CMU and 

CMP. (CMU-P covers \rj\ < 0.7 and CMX covers |t7| €  (0.7,1.0)). In the transverse 

plane, both  CMU and CMP cover most of the azimuthal regions except some blank 

areas th a t are reserved for technical reasons. (See Figure 3.10)

The plug and forward calorimeters, beam-beam counters and the FMU are also 

im portant component of CDF. However, we do not use their information in our anal­

ysis except th a t the integrated luminosity of our experiment needs to be measured 

with the help of the beam-beam counter.

The trigger and data  acquisition system of CDF has three levels. The first two 

of them  consist of FASTBUS based trigger hardware and the th ird  one consists of a 

software processor farm. They serve as da ta  filters and converters so th a t the data 

w ritten to  the storage are valuable data  worthy of further offline studies.

The detailed information on the detector CDF is available in various sources [1]. In 

the following sections, we will discuss the CDF components th a t are most im portant 

to  our analysis.

3.4 C entral Tracking C ham ber (C T C )

In our analysis, we need to precisely measure the mom enta of the muons and other 

charged particles. The measurement is carried out by the tracking detectors. The 

CTC is the main tracking device in the CDF detector and is the only one th a t provides 

3-d tracking information. The CTC is an 84-layered cylindrical drift chamber with 

an outer diameter of 2760.0 mm and a length of 3201.3 mm including the endplates. 

The inner diam eter of the chamber is 554.0 mm, leaving space for SVX and VTX. 

The whole CTC is immersed in an 1.41 T  axial magnetic field from a superconducting 

solenoid. The nonuniformity in the strength of the magnetic field is up to 10- 4  in

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



27

CEN TRA L D ETECTO R

CEN TRA L MUON UPGRADE

CEN TRA L MUON E X T E N S IO N

BACKWARD M A G N ETIZ ED  
S T E E L  T O R O ID S

FORWARD M A G N ETIZED  
S T E E L  T O R O ID S BACKWARD EL EC TR O M A G N ETIC  AND 

H AD RO NIC C A L O R IM E TER S

SVX

FORWARD ELECTROM AGNET AND 
H AD RO NIC CA LO R IM E TER SLOW BETA  QUADS

Figure 3.5: The CDF detector (3 Dimensions)

!

i

I

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



28

S t e e l

Central  Muon 
System

S ol en o id  
Coil

In terac t ion
Point

Central Muon 
Upgrade

\

C e n t r a l
Hadron
C a l o r i m e t e r

C e n t r a l
T r a c k i n g
C h a m b e r

y \ C e n t r a l  
\ \  Muon

Extension

Forward
EM

C a l o r i m e t e r

Forward Muon

Plug EM 
Ca lor ime ter

Plug
Hadron

Calorimeter

T

F o r w a r d
Hadron
C a l o r i m e t e r

S i l i c o n
Vertex

Detector

Vertex 
TPCs

\
Low Beta Quad

Beryl l ium 
beam pipe

C o r r u g a t e d  
s t a in les s  steel  
beam pipe

B e a m - B e a m
I n t e r a c t i o n
C o u n t e r s

System

T e v a t r o n

Figure 3.6: The CDF detector (Q uardrant View)

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



29

time, 3 x 10- 3  along the axis and 8  x 10- 3  radially. The precision of the CTC 

momentum measurement is S p r /p r  ~  10~zPt  a t 90° to the z axis. The CTC uses 5 

axial superlayers of sense wires interlaced with 4 small angle (±3°) stereo superlayers. 

Small angle stereo layers provide the desired 2  pointing resolution of 3 -  4 mm to 

match the Electromagnetic calorimeter resolution.

The superlayers are large drift cells with 12 sense wires per axial superlayer and 6 

sense wires per stereo superlayer. The drift cell segmentations in the tracking volume 

has a maximum drift time of about 800 ns (compared to the 3.5/xs crossing time 

between the pp interactions) and allows relatively large number of measurements per 

track. Using multiple sense wires in one cell enables the identification of ambiguous 

or corrupted information via the observations of the correlated information among 

neighboring sense wires.

The drift cells are tilted by 45°. (Figure 3.7) This is an im portant feature of the 

CTC because it reduces the the dead space and allows the time-to-distance relation­

ship to be linear a t the end of the cells. Since we chose a 1.41 T  magnetic field, a 

relatively low electric field (just high enough to saturate the drift velocity) in the 

chamber operation, and a gas mixture of A rgon/E thane/E thanol 49.6/49.6/0.8% , we 

end up with a large Lorentz angle, /3, for the drift trajectories ((3 =  0 when B  = 0). 

The tilt of drift cells makes the drift trajectories approximately azimuthal. The over­

lap of the drift cells makes radial tracks passing close to  a t least one sense wire in 

every superlayer, sampling the whole range of drift times in each superlayer.

3.5 Silicon V ertex  D etector  (S V X ’)

The SVX’ is a silicon microstrip vertex detector providing high precision r — (j> plane 

tracking for CDF Run IB. (Figure 3.8) It is very im portant to  our analysis because 

our Im pact Param eter F itting Method is built on the fact th a t B  mesons have a long 

life tim e and produce particles with large impact parameters and therefore stand out 

in the secondary vertices distribution.

As an improved version of an earlier incarnation of Silicon Vertex Detector used 

in Run IA, SVX’ has many advantages. The SVX’ replaced the older SVX after a
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Figure 3.7: End view of the CTC showing the wire slots. The tilt and overlap of the 
cells is shown by these slots. Every second slot contains sense wires.
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year’s run. This newer version was radiation hardened and AC coupled with lower 

noise. In our analysis, SVX’ will be referred to as SVX for convenience.

The SVX lies within VTX and the overall mechanical stability of it relies on VTX 

support. It is also immersed in the VTX gas volume of A rgon/E thane and they share 

a common cabling flange between two of the VTX modules a t z — 0. The SVX is 

made up of two independent identical barrels each of about 25.5 cm in length with 

a gap of 2.15 cm between them. The length of the SVX is made to  cover as much 

the pp  collision area (of oz =  30 cm) as practical. Each SVX barrel is covered with 

an external conductive cylindrical skin th a t isolates it from electromagnetic noise, 

external high voltage breakdown and adds rigidity to  the system. Each SVX barrel 

is also made up of 4 concentric cylindrical layers of single sided, AC couple silicon 

detectors. (Figure 3.8) The layers are numbered 0 to 3 from inside to  outside. Layers 

0 and 3 have the microstrips facing towards the beam, while layers 1 and 2 are 

mounted with the microstrips facing outside. The distance between the surface of 

layer 0 and the  exterior of the 3.8 cm-diameter Beryllium beam pipe is less than  1 

cm. The radius of the layers are listed in Table 3.1. The ladders are installed between 

support bulkheads made of Beryllium. The whole SVX is held a t a tem perature of 

2 0 ° through the use of a water cooling system and a series of tem perature sensors 

to  avoid therm al expansion, relative detector motion, increased leakage current and 

chip failure due to  therm al heating.

Layer Radius (cm)
0 2.9
1 4.3
2 5.7
3 7.9

Table 3.1: The SVX layers’ Radius

Each SVX layer has 12 equal-sized ladders as shown in Figure 3.9. They are all 

aligned to form 12  wedges. The pitch of the strips is 60^m  for layers 0-2 and 55/nm 

for layer 3. The silicon detectors are 8.5cm long and 300/um thick with different

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



32

Layer Number Readout Active Area Crystal
of Chips Strips W idth (/un) W idth (/un)

0 2 256 15360 16040
1 3 384 23040 23720
2 4 512 30720 31400
3 6 768 42240 42930

Table 3.2: Some SVX Param eters

widths for each layer (Table 3.2). On the face of each barrel, each ladder is rotated 

3° about its m ajor axis to allow some overlap between neighboring wedges except in 

layer 0. Since the strips are along the z axis, SVX can only provide r — cj> information 

of the tracks. The accuracy of SVX measurement is 13/un in spatial hit resolution 

and crr)(pr) =  13 +  40/pr(Atm) in impact param eter resolution. The am ount of 

m aterial of SVX is made to be as small as possible to minimize the radiation lengths 

and multiple scattering in SVX. Most particle tracks traverse about 0.05 radiation 

lengths of m aterial when passing through the SVX.

The SVX readout and data  acquisition electronics has 46080 channels and da ta  is 

recorded for those signals passing sparsification thresholds. There are altogether 360 

readout chips which are bonded to the silicon strips and each chip has 128 channels. 

Each chip consists of circuitry for charge integration, voltage amplification, sample 

and hold, a  comparison and latching, and control. The chips read out the analog 

voltage level and send it together with the channel address to the electronics crates 

mounted outside the CDF detector where the signals are digitized. The signal to 

noise in the SVX is about 9 : 1 .

SVX needs very precise alignment to achieve optimum performance. The SVX 

components are very carefully aligned during construction and closely monitored dur­

ing the run. The strips are aligned to 2.5/un. The ladder substrates are typically flat 

to  about 75/un and the detectors on a ladder are aligned to close to 4.5/un. The 

average bow in an SVX ladder is 23/un. The maximum misalignment of the barrels 

is less than 10/un. The wedge to  wedge residual misalignment is less than 10/un.
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Radiation damage to the SVX CMOS electronics and silicon itself had been a con­

cern since Run IA. Even after radiation hard techniques were used in SVX’, radiation 

monitoring and protection systems to ensure normal functioning of the SVX’ were 

still im portan t components of the experiment.

SVX is crucial to  our im pact param eter measurements and improved our charged 

particle momentum determ ination.

3.6 B eam -B eam  C ounters

The Beam-Beam Counters (BBC) are mounted on the front of the forward calorime­

ters. It is also our prim ary luminosity monitor and provides a minimum bias trigger.

The BBC is composed of a  set of scintillator paddles with photom ultiplier readout. 

The paddles cover the angular region 0.32° to 4.47° from the beamline (3.24 <  rj <  

5.90) in both  forward and backward directions. The tim ing resolution for the BBC 

is about 200 ps. W hen there is a t least one hit in each plane of the BBC at opposite 

ends of th e  detector w ithin a 15 ns coincidence window around the  beam crossing, 

BBC fires a  trigger.

The luminosity of the experiment is obtained by counting the number of interac­

tions w ith BBC triggers and dividing this number by the known cross section for pp 

collisions to  trigger the  BBC. The instantaneous luminosity dependence of this cross 

section and detector deadtim e needs to  be accounted for during the calculation of the 

luminosity.

3.7 C entral M uon System s

Our analysis relies on the muon systems to  identify our dimuon events. The muon 

systems include the Central Muon Chambers (CMU), the Central Muon Upgrade 

(CMP), and the Central Muon Extension (CMX). (Figure 3.5) They are all located 

outside the calorimeters and identify the muons by looking a t their penetration in the 

muon chambers. These muon tracks are also called stubs and are matched to tracks 

found in the CTC.
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Figure 3.10: Central muon coverage in azimuth(</>) and pseudorapidity(77)
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The CMU chambers are located a t a radius of 3470 mm from the beam line. The 

chambers consist of 4 layers of drift chambers attached externally to the calorim eter 

wedges. It is segmented in 15° wedges in </> and each wedge is further segmented in 

(f> into 3 modules. The detectors in each wedge are 12.6° wide, thus leaving 2.4° gaps 

between neighbouring wedges. Each layer of drift chambers has 4 drift cells w ith a 

steel resistive sense wire of radius of 50/mi through the middle of each cell. The sense 

wire is held a t 3150 V and the maximum drift tim e is about 1.2/xs. The chambers 

use a 50/50 mix of A rgon/E thane bubble through ethanol a t —5°C. The chambers 

are operated in limited steamer mode. The z coordinate is determ ined from charge 

division. The position resolution in the (j) direction is approximately 250/um and the 

z resolution is about 1.2 mm. At the end of the chambers the signals are picked up 

from the sense wires by preamps and sent to  electronics crates outside the detector 

where they are shaped, amplified and discriminated. Discriminated signals are sent 

out of the collision hall to the Time to Digital Converters (TDCs).

The CMU chambers use a 2 mm offset of two pairs of sense wires from the center 

of the detector to resolve the left-right ambiguity (as shown in Figure 3.13). The 

difference in the drift times between the aligned wires gives a rough estim ation of the 

Pt  of the muons. Large p r  tracks have small drift tim e while small p r  tracks tend to 

have large drift time. The measured p? is used in the first level muon trigger.

The Central Muon Upgrade (CM P) consists of rectangular drift chambers of 4 

layers. The chambers are about 6.4 m in z direction and form a 4-sided open box 

around the CMU. A 60 cm thick layer of steel absorber lies between the CMU and 

CMP to absorb the hadronic punchthroughs. Before arriving a t the steel absorber, 

the hadrons usually traverse 5 absorption lengths of m aterial and about 0.5% of 

them survive and become fake muons in the CMU. The steel absorber is about 3 

absorption lengths and reduces the hadronic punchthroughs by an additional factor 

of 20, thus achieves a higher purity in the muon reconstruction. On the other hand, 

the additional multiple scattering and energy losses in the steel absorber raises the 

observable threshold of the muon p r  to be 2.2 GeV in the CMP detector.

Figure 3.10 shows the tj — <f> coverage of CMU-CMP-CMX. We will focus on the 

central rapidity region and make use of the differential purity in CMU and CMP.
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Figure 3.13: This is an example of a track through the CMU wedge. The dashed line 
shows the offset of the first and th ird  layers. \U — ^1 provides a rough measurement 
of p t ■ Same thing happens for layers 1 and 3.
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CMX is not used in our analysis.

In CDF, muon stubs from CMU-CMP is m atched to  the CTC tracks by extrapo­

lating the CTC track to the muon chambers and associating them  using requirements 

in r — 4> — z space. Thus we are able to identify muons and obtain muon momentum 

from the CTC for our analysis.

3.8 Trigger S ystem  and D ata  A cq u isition  S ystem

The Trigger and D ata Acquisition system of CDF is the system th a t selects interesting 

events, reads them  from the detectors, and writes the experiment da ta  to  mass storage 

for our analysis.

During a run a t CDF, the pp beams cross each other at the rate  of 300 KHz. At 

Run IB ’s luminosity, such a crossing rate means a pp  interaction rate  of the order 

of 105 Hz. However, most of the interactions produce noise or “junk events” or 

uninteresting events th a t are not worth saving for offline processing. The am ount of 

da ta  w ritten to the mass storage is kept a t the rate of a few Hz due to the lim it on 

hardware bandwidth. The rejection rate of the online events is 1 out of 5 x 104.

Three levels of triggering are employed in CDF to  realize such rejections. The 

trigger levels, as well as the d a ta  acquisition system, are controlled by the Trigger 

Supervisor (TS), the Buffer M anager (BM), and Tim ing Control (TC) (shown in 

Figure 3.14).

The following subsections describe the 3 trigger levels and the DAQ.

3.8.1 Level 1 Trigger

The Level 1 trigger is implemented entirely in hardware to make quick decisions based 

on primitive signatures of interesting events. It makes the decisions within 3.5/zs 

between beam crossings so th a t the detector will catch up with the beam crossing 

frequency w ithout causing a deadtime. The signatures the Level 1 trigger looks 

for include leptons with transverse energy exceeding a certain threshold, calorimeter 

energy clusters corresponding to  je ts  above set thresholds, imbalance in the the energy
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Figure 3.14: The DAQ (left hand side) and Trigger Systems (right hand side). Bold 
arrows show da ta  flow, thin ones control lines and fast outputs. The Scanner Manager 
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Level 1 and Level 2 decisions. The Trigger Supervisor is the control system for the 
trigger logic through Level 2.
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flow observed in the calorimeter, and beam-beam crossings, etc.

There are two categories of lepton triggers in Level 1: single lepton triggers with 

higher p r  thresholds and dilepton triggers with lower p r  thresholds. Muons are 

triggered upon muon system chamber signals with the requirement of the particle 

track passing close to the beam line. Electrons are triggered upon the observation of 

energy in the EM calorimeters and not in the hadronic calorimeters.

The calorimeter triggers in Level 1 are determined based on the fast analog outputs 

from the calorimeter towers. Fast algorithms are implemented in a series of hardware 

modules to process these signals. The m ajority of the events are required to exceed 

a 10 GeV total energy threshold to trigger.

The Level 1 rejection rate is about 1 out of 100, so after Level filtering, the event 

rate is of the order of 103 Hz.

3.8.2 Level 2 Trigger

The Level 2 trigger has two general purpose processors and triggers on the com­

bined information from the fast outputs shared with Level 1, energy clusters in the 

calorimeters, stiff tracks in the CTC associated with muon stubs, and transverse 

energy imbalance integrated over the detector, etc.

The C FT [58] is a hardware track processor tha t uses the hit d a ta  in the CTC 

and performs 2-d track construction in the r — <f> plane. It starts w ith the outerm ost 

CTC layer and searches for hits on layers further-in along helical wedges calculated 

in advance. More than 95% of all tracks th a t would coincide with the prom pt hit 

found in the outm ost layer are thereby included. These tracks are sorted into 16 bins 

in transverse momentum and 144 bins in azimuthal angle.

The Level 2 trigger looks a t the fast outputs (analog signals split from the front 

end cards of DAQ) in more detail than the Level 1 and adds the Central Fast Tracker 

(CFT) track list. I t construct jets, missing transverse energy, photon candidates, 

and part of electron candidates using carlorimeter information. However, due to  the 

limited information available and the C FT ’s low resolution, the Level 2 trigger does 

not perform detailed kinematic calculations.
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The trigger has a rejection factor of 10:1, reducing the to tal bandwidth of event 

rate from 1 kHz to about 100 Hz. Typical trigger rate is usually of the order of tens 

of Hz.

3.8.3 DAQ

The data  acquisition system read out data  from the subsystems of the detector and 

pass it to the Level 3 when L2A (Level 2 Accept) is issued. It consists hierachy of 

electronic modules th a t read, repack the detector data  and pass them  on to  the Level 

3 computers. At the very front end of the DAQ, the analog outputs of the subsystems 

are amplified and digitized. Then custom readout boards read out these signals and 

send them to the Fastbus based modules to be concentrated. After the concentration, 

the Fastbus Readout Controllers (FRCs) read out these modules and passes the data  

on to a distribution hub where d a ta  are redistributed to the individual computers in 

the Level 3 computing farm.

3.8.4 Level 3 Trigger

The Level 3 trigger system uses 64 SGI (Silicon Graphics Challenge) processors to 

do the event rejection and reconstruction. These computers altogether are called the 

farm. Events are reconstructed in these processors with fast algorithms and screened 

with a set of filters before being w ritten to the mass storage (tape drives). The 

rejection factor a t Level 3 is about 3 : 1 and the trigger rate is reduced to 40 Hz at 

this stage.

The data  written to the mass storage is later used for offline processing and de­

tailed analysis for better understanding of the elementary particle physics.
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Chapter 4

M ethod

4.1 G oals and D ata  Selection

The two purposes of our analysis are to determine the cross section for bb produc­

tions and to  calculate the tim e integrated mixing param eter x  f°r neutral B mesons 

produced a t yfs — 1.8 TeV. In CDF, the most suitable da ta  for our analysis is the 

high-mass fi/j, (dimuon) data  from B B  inclusive decays.

We choose to use the data  from semi-inclusive decay of B B  mesons instead of 

the exclusive B B  decays because the la tter requires events to be fully-reconstructed 

and therefore reduces the event yield dramatically. A fully-reconstructed event is 

a event with all its products identified by the detector. Such a requirement makes 

the measurements clean and accurate because it is much less likely to have fake 

events when all decay products are identified and kinematic information of the decay 

products are available. However the strict criteria on triggering events cause heavy 

penalties on detection efficiencies on the charged tracks. On the other hand, semi- 

inclusive B B  decays only require leptons in the decay product to be identified. It 

has much higher event yield because the branching ratio  of semileptonic decays are 

reasonable large and leptons are easier to  identify.

Considering the amount of da ta  and capabilities of the analyical tools available 

in CDF Run IB, we choose to use semi-inclusive decays of B B  to take advantage of 

rich statistics resulting from being able to lower the triggering threshold when two

45
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leptons are required. The disadvantages of having more background in the dimuon 

data  than  in the exclusive decays will be made up for by proper offline d a ta  selection 

criteria and our im pact param eter fitting method.

4.1.1 bb Production Cross Section

The bb production cross section in pp collisions is determined as follows:

N„ia(pp bbX) = — — ------- —^ ----    (4.1)
Br(b  —I p X ^  x L  x A  x £cdf

Here

•  N bi is the to tal number of bb dimuon events obtained in the experiment after 

applying all selection criteria.

•  Br(b  —> p) is the branching ratio for the semileptonic decay of B hadron.

•  L  is the integrated luminosity.

•  A  is the dimuon acceptance. It is the ratio of the dimuon events th a t can be 

observed within the geometrical and kinematic regions covered by the detector 

to  the overall number of dimuon events th a t was produced with the luminosity 

L.  Equation 6.1 shows the definition of A.

•  zcdf is the combined detector and d a ta  selection efficiency. It is the fraction of 

the final number of dimuon events, i.e. those actually observed in the detector 

and passing all the selection criteria, to  the dimuon events observed within the 

geometrical and kinematic regions covered by the detector.

We can obtain these numbers as follows:

•  The number of dimuon pairs N bb surviving all criteria are obtained w ith Impact 

Param eter F itting  m ethod decribed in the next section. The main idea is to 

distinguish muons from b quark from the other muons and background by taking 

advantage of the long lifetime property of B  mesons.

® The branching ratio Br(b  —>■ p = 0.1058 ±  0.0018) is available in Reference [2].
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• The quantity of luminosity L  can be obtained by running a standard procedure 

through the dimuon data set to sum up the indivisual luminosities of each file. 

Only the runs considered “Good” enter the calculations. (A “good” run  is 

determined a t the end of each run of Run IB. It requires a series of checks 

for each subsystem, such as whether actual pp collisions occured, whether the 

trigger system was working, etc., to make th a t determination.) Our calculation 

shows L  =  88.0 ±  3.5pb~l during the CDF Run IB period (8/93 - 8/95)

• The acceptance A  is obtained by running Monte Carlo Simulations of pp  col­

lisions. By letting the generated muons fly through a simulated CDF detector 

and counting the fraction of muons falling into the acceptance region, we are 

able to  calculate the value of A.

•  The efficiency €cdf is a product of a series of efficiencies due to the loss of 

events in different parts of the detector, such as the SVX, CTC, CMU, etc. The 

calculations of these factors will be carried out in the following chapters.

Once we are able to  obtain these numbers, we will be able to calculate a(pp —» bbX). 

Furthermore, in fact, in our analysis, we also calculated the cross sections in different 

b quark transverse momentum bins.

4.1.2 The Tim e Integrated M ixing Param eter x

In principle if a dimuon pair can only be generated by a bb pair through the process 

b —)■ B°  —> pT and b B°  -> pA, i.e. both quarks go through direct semileptonic 

decay, then the two muons should be of opposite charge 100% of the time. However, 

experimentally this is not the case. We see about one third of our dimuon events are 

with the muons of the same charge. Such events with same-charge muons are called 

Like-Sign events (LS). (We call the dimuon events with muons of opposite charges 

Opposite-Sign events (OS).) There are several sources of LS bb events. Here are some 

examples:

•  The mixing of B°  with B°. When a mixing happens in one leg of the dimuon 

event, for example, b —> B°  -»  B°  —> in one leg and b —>■ B°  —>■ p + in the
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other leg, we have a muon pair of the same positive charge (LS). If the mixing 

happens to both legs, then we have a OS which is indistinguishable from a OS 

event from two direct decays.

• Sequential semileptonic decays of the b  quark. For example, b  -»  B°  —)• D + —> 

H+ in one leg and direct decay in the other leg create a LS muon pair. If the 

other leg is not undergoing direct decay, (for instance when mixing or sequential 

decay happens), then we have an OS event again.

• The decay depicted in Figure 4.1 happening in one leg and a mixing or sequential 

decay happening in the other leg creates a LS event.

In fact, since each leg of the bb  event decays independently in one of the 4 modes:

•  Direct Decay

•  Mixing

•  Sequential Decay

• Special Case of Figure 4.1

we have a combination of 4 x 4 modes for a bb  dimuon pair. To simplify the problem, 

we define the ratio rws, called the Wrong-Sign cascade ratio, as rws — N ws/ N rs, where 

N ws is the number of muons th a t carry an opposite electric charge from its ancester b 

quark and N rs is the number of the muons th a t carry the same sign of electric charge 

as its ancester b quark. The source of N ws is normal sequential decays: b —> c —>■ fj, 

(including b —> c —>■ r  —>• n ) . The source of N rs includes:

•  Direct decay b  —> /j,

•  The case of b  —» r  —> jj, where muon comes from a r  from direct B  decay.

• The case of 6 —> c, c and c —)■ as depicted in Figure 4.1.
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d, s

d
_____________________________________  d

Figure 4.1: Feynman Diagram showing b —)■ c, c. This process produces a muon 
carrying the same sign of charge as its ancester b quark w ithout going through a 
direct decay.

We do not include the mixing effects in rws because it is what we are going to  measure.

We define the ratio of LS bb event to OS bb events as R  = R  is experimentally 

m easurable with our Im pact Param eter F itting  M ethod described in the next section. 

We could calculate R  if we knew the tim e integrated mixing param eter x  and the 

Wrong-Sign cascade muons ratio  rws. Since rws includes all the other effects except 

mixing, the probabilities of get a wrong-sign or right-sign b -»  ^  are described in 

Table 4.1.

Right Sign Wrong Sign
Probability 1 / ( 1  +  rws)

Table 4.1: Right Sign, Wrong Sign Probabilities

The probabilities of mixing and non-mixing are listed in Table 4.2. Since mixing 

happens independently of the decays, the  combined probabilities are listed in Table 

4.3. W ith two muons decaying and mixing independently, in Table 4.4, we can cal-
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Mix No Mix
Probability X 1 - x

Table 4.2: Mixing, No Mixing Probabilities

Probability
Mixing +  Wrong Sign 
No Mixing +  Wrong Sign 
Mixing +  Right Sign 
No Mixing +  Right Sign

Pmw =  Tws/( 1 4" Tws) X X 
Pnw =  7\ijs/(I T  Tws) X (1  X) 
Pmr ~  1/(1 T  f ws) X X 
Pnr = 1/(1 +  rws) x (1 -  x)

Table 4.3: Dimuon Charge Combination

culate the probabilities of each cell by multiplying the corresponding probabilities in 

Table 4.3. In Table 4.4, we add up the probabilities in all the LS cells and divide the 

sum by the sum of the OS cells to get the result in Equation 4.2).

o =  ^ i =  2rws{x2 +  (1 -  x )2) +  2 x ( l  -  x )( l  +  r l s)
N os ( x 2 +  (1 -  X ) 2) (1 + r 2ws) + 4rw,X(l " x )  1 ‘ j

Since rws can be obtained in Monte Carlo simulations, by putting R  and rws into 

equation 4.2, we can then determine x-

4.2 Im pact Param eter F ittin g  M ethod

In the last section, we described the approaches to calculate our bb production cross 

section and x • Both calculations need a very im portant input: the number of bb 

dimuon events in our data. However, despite the fact th a t our dimuon da ta  set has 

an abundance of bb events, there are many other sources of “dimuon” events co­

existing with these bb events. The many sources of “dimuon” events are described in 

Chapter 5 of this thesis. This hotchpotch of “dimuon” components should be studied 

carefully and the dimuons from bb’s should be separated from the other signals and 

counted.
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P  i

Mixingd- 
Wrong Sign

No Mixingd- 
Wrong Sign

Mixingd- 
Right Sign

No Mixingd- 
Right Sign

P2

Mixing-F 
Wrong Sign

P m w  X  Pm w
OS

Pm w  X  P qW
LS

Pm w  X  P m r  
OS

P m w  ^  P nr
LS

No Mixing+ 
Wrong Sign

P nw  X  Pinw
LS

Pnw  X  Pnw
OS

P nw  X  P m r
LS

P nw  *  P nr
OS

Mixingd- 
Right Sign

P m r  X  Pm w  
OS

P m r  X  Pnw  
LS

P m r  X  P m r
OS

P m r  X  P n r
LS

No Mixingd- 
Right Sign

Put X  Pmw
LS

P u r  X  Pnw
OS

P x P* nr ^  1 m r
LS

P n r  X  P nr
OS

Table 4.4: The independent decay and mixing in both of the dimuon legs result in 
LS and OS dimuon events. Summing up the LS cells and dividing it by the sum of 
the OS cells gives Equation 4.2.

The biggest difference between the bb dimuons and the other components is in 

their impact parameters. The im pact parameter, IP, of the track of a decay product 

is defined as the distance of the closest approach from the track to  the prim ary 

vertex (where the pp interactions happen) of the collision in the transverse plane. As 

indicated in Figure 4.2, the  im pact param eter depends on the decay length, i.e., the 

distance from the prim ary vertex to  the secondary vertex, of the parent particle. The 

decay length is equal to P'ycr where P'y is the Lorentz boost of the  parent particle 

and r  is its lifetime a t /3 =  0. Therefore:

I P  =  /?7 cr sin 5 (4.3)

The longer the parent particle lifetime is, the larger im pact param eters the tracks of 

its decay products tend to  have.

Theoretically, the IP distribution can be calculated as:

■“■~r = \  [ sin (2 tan -1  - ) - — <̂j r x - ^ —e~zdz  (4.4)
d I P  2 J  v z j I + ( Z ) 2 c z t  k ’

Here ^  is the differential distribution of I P ,  t  is the  proper decay time, r  is the 

lifetime of the parent particle, z =  i / r  and y =  I P / c r .  However, experimentally,
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Decay Product Path f

Secondary Vertex

Primary Vertex

Impact Parameter

Figure 4.2: The Im pact Param eter is defined as the shortest distance of the prim ary 
vertex to  the decay product track. The distance from the prim ary vertex to the 
secondary vertex is called the decay length and is proportional to the lifetime of the 
particle.
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the observed distribution is different because the geometric coverage of the detector 

is only for low rapidity and the tracking errors, the beam spot spread, etc. cause 

deviation of the IP distribution from the theoretical case. Therefore we will need to 

use Monte Carlo simulations to  estim ate the IP distribution relevant to  our analysis.

Classified by Impact Param eter, the components in the dimuon data  fall into 

three categories: bottom  muons (b), charm muons (c) and prom pt source tracks (j ). 

Bottom  muons are muons from B  hadron decay products. Charm muons are muons 

from D  hadron decays. The prom pt source tracks are usually background signals 

from different origins such as hadronic punchthroughs or decay-in-flight muons, etc. 

A large portion of the prom pt tracks are fake muons, i.e., particles passing all the 

muon criteria but are not muons.

Due to the long lifetime of bottom  hadrons, the Im pact Param eter of tracks from 

B ’s are much larger than  tracks from D  and the tracks from prom pt source. Therefore, 

it is natural to use statistical fitting to extract the fraction of bb dimuons from the rest 

of the components. Figures 4.3 4.4 and 4.5 show the im pact param eter distributions of 

these components. We produced the b and c components via Monte Carlo simulations 

and the j  component using d a ta  from the experiment.

The first step of the Im pact Param eter F itting  M ethod is to prepare the tem plates 

for the fitting. We will describe the details of how to prepare the im pact param eter 

distributions in Figures 4.3, 4.4 and 4.5 in the next Chapter. The Monte Carlo 

m ethod we use to get the b muon IP  distribution tem plate have default values for the B  

hadron species fractions and b decay branching ratios th a t are different from the world 

average numbers. We therefore need to reweight their fractions properly according 

to the correct B  fractions in the B  mixture. The weighting factors are obtained by 

running side-check Monte Carlo simulations which will be discussed in the following 

chapters. W ith these IP distribution tem plates ready, we need to  smooth them into 

curves because the tem plate histograms are based on limited number of observations. 

By smoothing the distributions we can eliminate the statistical fluctuations in the 

histograms and carry out more accurate fittings. The m ethod we use is an extension 

of Nadaraya-W atson kernel smoothing which is described in detail in Appendix A. 

The results of the smoothing are shown in Figure 4.6.
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Figure 4.3: The IP  distribution of muons of direct and sequential b decays (cm)
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Figure 4.4: The IP distribution of muons of direct c decays (cm)
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Figure 4.5: The IP distribution of tracks in Photon Je t D ata

The smoothed curves have incorporated knowledge of the IP distribution th a t are 

not available in the Monte Carlo simulations. For example, IP  distribution should 

have good monotonicity in the measured region and should not have large fluctuations. 

Therefore the smoothed curves are be tter approxim ation of the real IP distribution 

and will be used for the fittings in our analysis.

The next step is to create the 2-dimensional im pact param eter distribution tem­

plates. T hat is because we have 2 muon cadidates for each event and either candi­

date can be from on of the 3 possible sources: b, c and j .  Since each muon comes 

from an independent chain of decays, we assume there are no correlations in the IP 

distribution between the two muons, i.e., the im pact param eter of one muon does 

not depend on the impact param eter of the other muon. Therefore we can calcu­

late the 2-dimensional distribution by convoluting the 1-dimensional distributions. 

The smoothed and normalized one-dimensional im pact param eter distributions of b 

muons, c muons and tracks from prom pt sources are defined as /&(x), f c[x), and f j{x).
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Figure 4.6: Normalized and smoothed Impact Param eter Frequency Distributions for 
the three types of components and their comparison. As we can see, b muons have 
the longest impact parameters. (X axis are in cm)
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They are convoluted in the following way:

fbb =  fb(x) x fb(y)
f e e  = fe{x) x f c(y)

f j j  =  f j ( x )  x f j(y) (4.5)

/ t j  =  ifb(x) x /,-(y) +  f b{x) x / j ( y ) ) / 2  

f e j  =  ( / c ( z )  x /j-(y) +  / c(x) x f j ( y ) ) /2

Here x and y are the im pact parameters of each of the muons. There are actually 6 

possible combinations b u t ft,c is not used because it is not likely th a t an event can 

have direct b muons and c muons a t the same time. The fbj and f cj  are formulated in 

such a way as to obtain symmetry between x  and y because there is no preference in 

choosing the order of the two muons in our data. The factor of 1/2 in their formulas 

are used to keep f  f d x d y  =  1 .

Figure 4.7 shows the 5 convoluted templates: bb, cc, jj, bj and cj. They are the 

tem plates used in fitting the dimuon data.

Since the 5 tem plates (bb, cc, jj, bj, cj) have different im pact param eter (IP) 

distribution, we use a linear combination of these 5 tem plates to  fit the dimuon 

d a ta ’s im pact param eter frequency distribution as indicated in Equation 4.6.

Here is the dimuon da ta  IP distribution. The c f  s are the fractions of each com­

ponent.

The m ethod th a t we use for the fitting is Unbinned Maximum Log-Likelihood 

fitting. The log likelihood function we use is:

L  =  - 2  x T,Ln(c0 x f bb +  c: x f cc +  c2 x f a  +  c3 x f bj +  c4 x f cj) (4.7)

with the constraint co+Ci +C2 +C3 +C4 =  1. Here, the sum is taken over all the dimuon 

events. We minimize the likelihood function by changing the Cj’s while keeping the 

sum of them  to be 1 . The c;’s giving the minimum L  will be our best estim ation of 

the fractions of the 5 components in our dimuon da ta  sample. We use the software 

package MINUIT [59] from the CERN library to  calculate the optimum fractions

/« ! =  Co x f bb +  Cl X fee +  C2 X f j j  +  C3 X f bj  +  C4 X f cj (4.6)
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Figure 4.7: 2-d Im pact Param eter Frequency D istributions of the 5 tem plates, (x, y 
are in cm)
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and use the uncertainties returned by MINUIT as our statistical uncertainties for the 

fractions. Since we choose L  to be a the Log sum times 2, the uncertainties returned 

from the MINUIT corresponds to one sigma deviation.

To validate our method, we try  to fit a mock data sample which is composed of 

5000 bb events, 5000 cc events, and 5000 jj events. The fitter gives the result in Figure 

4.8. The result shows th a t the percentage of the bb and cc and jj are close to 1/3 

within errors. There are clearly nontrivial correlations in the low im pact param eter 

components: cc, jj, bj and cj. This results in inaccuracies in the fractions of those 

components. But for high impact param eter components, especially bb muons, the 

fraction is quite accurate.

W ith the Impact Param eter F itting  method, we are able to  obtain the  bb dimuons 

fraction in the Dimuon da ta  and carry out the calculations of bb generation cross 

section and the time integrated mixing param eter x-
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The TEST fitting results(5par): (Projected to one dim)

4 The Legend10
- REAL::15000.0 (100%)
- bb::4905.5+/-210.0 (32.7 +/- 1.4%) 
• cc::4815.6+/-365.3 (32.1 +/-2.4% )
■ jj::5782.0+/-191.2 (38.5 +/- 1.3%)
■ bj::573.6+/-300.3 (3.8 +/- 2.0%)
- cj::-1076.8+/-547.2 (-7.2 +/- 3.6%)

3
10
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1 0
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IP (cm)

Figure 4.8: F it of da ta  sample of m ixture of 5000 bb, 5000 cc and 5000 jj events
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Chapter 5

D ata

This chapter describes the data  set we use in our analysis. The first section describes 

the dimuon da ta  set measured in CDF Run IB. The second section describes the 

way in which we generate our Monte Carlo data  sets. The th ird  section describes a 

da ta  set obtained from CDF Run IB and used for generating our prom pt source IP 

tem plates.

5.1 D im uon D ata

5.1.1 The Sources of Dim uon Data.

The dimuon data  we use for this analysis is the d a ta  collected during CDF Run IB 

which lasted from 1993 to 1995 and had a total luminosity of 88.0 ±  3.5 pb-1 . We 

stripped our dimuon data  from the RUN-IB data  set B H M B J 5 B  (high-mass fj, — /i 

data) of stream  B. The Level 2 trigger for this part of da ta  is called 

TWO_CMU_TWO_CFT_2_2 and the Level-3 trigger for this da ta  is called 

PSIB_DIMUON_HIGHMASS_Vl. A ltogether 15549 files are listed in the B H M B J b B  

directory and the integrated luminosity is 88.0 ±  3.5 pb-1 .

The instantaneous luminosity is measured using the Beam-Beam Counters de­

scribed in Chapter 3. It is defined as:

B N  1V-
L  -- - p (5.1)

47TCT2
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Here B  is the bunch crossing rate  which is about one crossing per 3.5/xs. The two 

N ’s are the number of protons and antiprotons per bunch. B oth  iV’s are about the 

order of 1010. The param eter a  ~  35/wn is the standard deviation of the Gaussian 

distribution of the beam spot in the transverse plane.

The dimuon data  generated in pp collisions a t y/s =  1.8 GeV has the following 

origins:

9  Bottom  decays:

A large portion of the muon pairs in the dimuon events come from the bb pairs 

produced in the pp collisions. These include both direct and sequential b decays. 

In most cases each b quark in the bb pair produces one muon of the muon pair. 

However, there are decays in which b —> p \ c X  and then  c —> p 2 - This type of 

decay of a single quark produces two muons simultaneously. W hen the other 

quark did not produce a muon, we could have a “dimuon” event. We need to 

remove such events from our da ta  set. To remove them  we need simply to  apply 

a mass cut, i.e., to remove all the dimuon events with invariant mass less than  

th a t of a B  meson (~  5 G eV /c2).

•  Fake muons from Bottom  Decays:

W hen b —> p X ,  the by products in X  have a  probability of being mistaken as 

muons by the detectors. These fake muons have similar geometric and kinematic 

properties as real muons and are therefore difficult to  remove completely. In 

Section 6.3.6 we discuss in detail the m ethod of estim ating these fake muons.

•  Charm decays:

Dimuons can be produced by the semileptonic decays of cc pairs in the following 

way:

c -» p +, c —¥ p T  (5.2)

In pp collisions, large numbers of cc pairs are produced as well as bb pairs. The 

semileptonic decay c —> p u X  branching ratio is about 9% [32] and is close to 

th a t of semileptonic decay of Vs. Even though the p r  spectrum  of produced 

c quarks is much softer than  th a t of Vs, we could still have a considerable 

contribution of cc dimuons.
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• Decay in Flight (DIF) of 7r and K:

The pp collisions produce a significant number of pions and kaons. The pions 

and kaons decay into muons with very high branching ratios ( ~  99.99% and 

~  6 8 % respectively). These are called Decay-in-Flight muons. These muons 

should have very large im pact parameters due to the very long life time of the 

7r’s and K ’s (r^ =  2.6 x 10- 8 s, tk =  1.24 x 10~8). However, in our detector, 

if a  hadron decays in CTC, some of the trajectories will have large kinks and 

therefore be rejected by the CDF offline tracking selections th a t accepts only 

smooth helical trajectories. Therefore most of the DIF muons are removed and 

the remaining muons show an impact param eter distribution similar to th a t of 

prom pt tracks.

• Hadronic Punchthroughs:

The pions and kaons produced in the collisions can also be identified as muons 

themselves. They can punch through the calorimeters and reach the muons 

chambers. The secondary hadrons produced by particles interacting with the 

media could also be identified as muons. These are all called hadronic punchthroughs. 

There are 5 interaction lengths in calorimeter between the collision point and 

CMU and another 3 interaction lengths are added by the steel shield between 

CMU and CMP. Even with such shielding, we still expect a portion of our 

“dimuon” data  to be such punchthroughs. These punchthroughs have small 

impact parameters because they are generated from the pp collision spot.

» Electroweak Processes:

In pp collisions, qq can annihilate to produce a virtual photon or a  Z°, and then 

a muon pair are generated as a result of this annihilation.

9 T  Decay

A certain amount of bottom onia (T ’s) are created in the collisions. The bot- 

tomonium states T  (15), (25) and (35) can decay into muons by way of 

T  —> thus being eligible for entering our dimuon data  set. These muons

are close to prom pt because the T  states decay almost instantly after they are 

created in the collisions.
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•  Cosmic Rays

Cosmic rays pass uniformly in the detector. The track of a cosmic ray particle 

entering and then leaving the detector can be mistaken to  be two tracks of 

opposite charge, both leaving the detector. They can enter our dimuon d a ta  

set as well. However the number of the cosmic ray particles is small and the 

kinematic features of cosmic particles make them  easy to identify. For example, 

the two tracks share the same impact param eter (distance from the collision 

spot to  the track) because they are in fact different sections of the same track. 

Also, unlike the tracks generated in the collisions which concentrate around the 

beam spot, the cosmic tracks uniformly exist in the detector and are easy to  be 

separated from the rest part of the dimuon data.

•  Combinations of the Above

A dimuon event has two legs. Each leg could be from any one of the sources 

listed above. For example, one leg is from B  direct decay and the other leg is 

from 7r punchthrough, etc. These events should also be accounted for in our 

dimuon da ta  set.

In order to purify our dimuon data  set, we need to  apply both online and offline 

d a ta  selection criteria.

5.1.2 Online D ata Selection Criteria

As we have described in the Apparatus Chapter, the CDF trigger system has 3 levels. 

They each filter the dimuon data  with certain criteria. Higher levels of the trigger 

system require more constraints or more refined criteria and are alloted more time 

to do so. At each trigger level, there are different types of triggers designed to fit 

different research interests. The triggers th a t we need are called dimuon triggers.

•  The Level 1 dimuon trigger requires 2 muon segments to be found in CMU 

and each muon segment has px > 3 GeV/c. Here px  is measured via the drift 

tim e difference between CMU detector layers and is not the most accurate px  

we can achieve in our experiment. This type of px  measurement is chosen for
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the Level 1 trigger system because it is relatively more convenient and fast to 

calculate the drift time difference in CMU and thus avoids deadtime. Due to  

the crudeness in the px  measurement, there are inaccuracies in the Level 1 d a ta  

selections. The higher level triggers will make up for these inaccuracies.

•  The Level 2 dimuon trigger we use is called T W 0 - C M U J T W O jC F T _2_2. It 

requires both of the muon segments in CMU to m atch a track in CTC and px  of 

the muon segments to be greater than 2 GeV/c. The CTC tracks are m atched 

to  the muon segments by the Central Fast Tracker (CFT){60]. The CFT is a 

hardware track processor using fast h it information from the CTC to  calculate 

the particle pr  with a resolution of 5px/px  — 0.035pr- CFT matches a CTC 
track and a muon segment in CMU when the </> is within 15°. This match has an 

efficiency of close to  1, therefore the Level 2 trigger efficiency is solely dependent 

on CFT, which is about 92.5% for px~> 3 GeV/c.

•  The Level 3 trigger system is a  more elaborate system for event filtering. The 

D ata  Acuquisition System reads out the detector information for events passing 

the Level 1 and Level 2 trigger and passes it to  Level 3 trigger where a full 3- 

dimensional reconstruction of the  CTC tracks is made. At Level 3, the px  

resolution is refined to Spx/px  =  0 .02px- On the other hand, the CTC tracks 

are m atched to the muon segments in the  muon system using x 2- x 2 is defined

where A S  is the difference between the slopes of the muon segment and the 

CTC track. A /  is the difference of the intercepts of them. The param eter a  is 

the pr-dependent resolution which includes energy loss and multiple scattering.

follows a Gaussian distribution with a  — 1 and is independent of p x • Using x 2 

m atching is a more sophisticated m ethod of matching muon segments with the 

CTC tracks.

as:

(5.3)

The param eter 6 is the correlation between A S  and A I .  The value of
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Upon passing all three trigger levels, the data  are w ritten to mass storage (still 

magnetic tapes in Run IB) for offline reconstruction. Offline reconstruction uses a sim­

ilar method as Level 3 bu t does a  even more accurate calculation of all the information 

available. For example, in the offline reconstructions, raw information from the detec­

to r is converted into physical quantities, SVX tracking reconstruction is performed, 

and detector calibration and performance are taken into consideration. Many sets 

of offline reconstructions are performed for different physics interests. B H M B S B  

(high-mass p  — p  data) of stream  B, which we use for our analysis, is one of them .

5.1.3 Offline D ata Selection Criteria

The d a ta  sets produced in the offline reconstruction are kept in CDF data  silos. We 

need to apply finer criteria on relavent da ta  sets to obtain purer d a ta  for our analysis.

•  “Good” runs only. A “good” run is a run in which all the subsystems work 

normally and there are pp  collisions happening during the run. The goodness 

of a run is determ ined a t the end of each run.

•  Two muons, both with CMU-CMP muon segments, are required. If more than  

two muons exist, we choose the two muons with the highest px,  because bottom  

muon candidates are expected to come from a relatively “harder” p r  spectrum .

•  Both muons should have transverse momentum p r  > 3.0 GeV/c.

•  In order to avoid picking up muons from the same B, we require the dimuon 

invariant mass to  be M  > 5.0 GeV.

•  Quality cuts for SVX tracking:

-  Each muon is required to have at least 3 hits on SVX layers. Among them 

at least 2  good hits, i.e., hits not shared with another track and charge 

shared over 4 or less channels, are required.

-  x 2 ° f  the SVX tracking <  6 .
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•  Matching x 2 of muons in the CMU detector in the r — $  plane x 2-<i> should be 

less than 9.0.

• Matching x 2 ° f muons in the CMU detector x l  should be less than 12.0.

•  Matching x 2 of muons of the CMP detector in the r — <f) plane should be less 

than  9.0.

After all these criteria, we obtain 28323 events, among which 8697 events are LS (Like 

Sign) events and 19626 events are OS (Opposite Sign) events. Figure 5.1 shows the 

invariant mass spectrum of the LS and OS events.

5.1.4 Studies on Dimuon Data Offline Selection  

T’s in the Dimuon Data

We can easily see the three T  states in our LS dimuon mass spectrum. By fitting 

the dimuon mass spectrum with three Gaussians and one Exponential functions, we 

obtain the to tal number of T ’s which is 2455 ±  49. As a comparison to using 2-SVX- 

hit criteria, we performed the same fit to  count the number of T ’s in the dimuon data 

which are identical to the one in Figure 5.1 except th a t it has a 2-SVX-hit criteria. 

In Figure 5.2, we show the T  fittings. The first figure shows the fitting for number 

of upsilons in the dimuon data  with 2 SVX hits requirements. The second figure 

shows the ratio between the number of dimuon da ta  with a t least 2 SVX hits and the 

number of dimuon data  with a t least 3 SVX hits. We can see th a t we gain slightly 

in the upsilon mass regions. Table 5.1 shows the comparison of number of T ’s and 

background.

We have chosen a t least 3 SVX hits criteria for our analysis.

Cosmic Rays in Dimuon Data

Figure 5.3 is the 2-dimensional Im pact Param eter Distributions for dimuon. It shows 

th a t there exists a small cosmic ray component in the dimuon data. Cosmic rays 

appear only in the opposite sign data  because the track of a cosmic particle entering
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Figure 5.1: Mass Spectrum  of OS and LS dimuons from CDF Run IB dimuon D ata 
Set (after all selection criteria). We can see the existance of T ’s in the OS dimuon 
signals.
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Figure 5.2: We compare the number of T ’s under 2 or 3 SVX hits requirements. This 
figure shows th a t background signal reduces somewhat more than  the muon signals 
after applying 3 SVX hits criteria.
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T h e  D im u o n  im p a c t  p a r a m e te r  d is t r ib u t io n

I T h e  Dim u o n  L ik e -S ig n  im p a c t  p a r a m e te r  d is t r ib u t io n

TheDimuonOggosite îgnjmgac ĵaran^^

Figure 5.3: 2-dimensional Impact Param eter D istributions for dimuon data. Shown 
here are the distributions for Over All, Like-Sign (LS) and Opposite-Sign (OS) 
Dimuon Im pact Param eter Distributions
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T ’s BACKGROUND
2 SVX hits
3 SVX hits

2582 ±  51 
2456 ±  49

3549 ±  60 
3276 ±  57

Reduced By (4.8 ±  .2)% (8.7 ± . 3)%

Table 5.1: By requiring 3 SVX hits, the background reduces more than  the T  signals 
do.

and then leaving the detector can be mistaken to be two tracks of opposite charge, 

both leaving the detector. Simple counting shows th a t the cosmic ray component 

takes up less than 0.5% of the to tal number of events and we choose to  ignore them  

in later calculations.

Refinement of Impact Parameter

We use DO_SVX_PAD and VXPRIM in our software code. DO-SVXJPAD is a  module 

th a t does SVX tracking reconstruction. VXPRIM is a vertex finder module. In order 

to  avoid bias, during the reconstruction, we refine the coordinates of the prim ary 

vertex by removing all muon tracks and then recalculating the im pact param eters 

w ith respect to  the newly found vertex. Comparison of the second column and th ird  

column in Figure 5.4 shows th a t refining of the im pact parameters removes the spike 

a t the low values of impact-parameter.

By default, VXPRIM uses only tracks th a t have im pact param eter significance 

less than 3.5<j from the current prim ary vertex. Some b-hadron decay tracks may be 

used in the prim ary vertex finding when the track multiplicity is low (not unexpected 

in bb events). This can cause a bias, pulling the calculated primary vertex closer to the 

b-hadron vertex than it actually is. Figure 5.4 shows th a t after explicitly requiring 

the “max_residual” to be 2.0 in VXPRIM, this bias is reduced. W hen we exclude 

muons, the bias disappears. [61]

We will do the same refinement for Im pact Param eter tem plates from the Monte 

Carlo data  and data  from the prom pt source as well.
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Figure 5.4: Dimuon D ata  Im pact Param eter D istribution changes with reducing the 
max_residual and removing muons. We use the last one for the Im pact Param eter 
D istribution in our analysis.
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5.2 M onte Carlo D ata

We need to do a few kinds of Monte Carlo simulations for different purposes in 

this analysis. First, to  calculate the acceptance A  in equation 4.1, we need to run a 

generator level Monte Carlo simulation of pp collisions and calculate the geometric and 

kinematic acceptance of the detector for dimuons. Since we only need the detector 

coverage and do not study the detector efficiency at this step, we do not need an 

explict detector simulation. By leaving out the detector simulation, we can run the 

programs faster and have much more statistics for our calculation. Second, we need 

to  run Monte Carlo simulations of pp collision th a t generates bb muons, cc muons 

and prom pt tracks respectively and measure the im pact param eters with a simulated 

detector. These im pact param eters are used for generating IP tem plates to be used in 

the Im pact Param eter F itting  m ethod or as a comparison to  IP tem plates obtained in 

other ways. Here we need to run the complete simulation of both the generator level 

and the detector level because the detector efficiency accounts for much of the shape 

of the IP distribution. Third, some small generator level Monte Carlo simulations 

are run to calculate the reweighting factors th a t recalibrates the m ain Monte Carlo’s 

results. These are very simple Monte Carlo simulations w ith many restraints removed. 

They therefore can finish in a short tim e with high statistics for the sole purpose of 

recalibration. In this section we describe how these Monte Carlos are run and how 

we extract the results.

5.2.1 Software Packages and Param eters Selection

The software we use for the Monte Carlo Generation has three components which 

simulates different stages of the experiment. The program  Pyth ia simulates the pp 

collisions a t V S  =  1.8 TeV and generates all the products of the collisions. The 

software QQ (also called CLEO.M C or CLEO) is a  software th a t redecays some 

im portant particles such as B  mesons and D  mesons, etc. The reason we use QQ 

is th a t Py th ia  is not a specialized decay software and many im portant and detailed 

decays are not treated with sufficient sophistication and have to  be redone by QQ. 

The Q FL’ program takes all the products from P yth ia  and QQ, simulates the CDF
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detector and writes down the detected d a ta  in the same form at as used for the real 

CDF data. Our reconstruction code can read the resultant da ta  in the same way as 

reading the real dimuon data  and extract necessary information. Not all of the Monte 

Carlo programs are necessarily used in each simulation. For instance, a generator level 

Monte Carlo simulation uses only Pythia and QQ.

Pythia

P yth ia  is a full-fledged Monte Carlo program intended for the study of hadronic 

processes emphasized in high-pr physics in high-energy particle collisions. It includes 

hard scattering m atrix  elements, structure functions and in titial and final state parton 

showers. It uses the ordinary Lund fragmentation model for fragmentation and does 

a  detailed job in setting up the string configuration, especially for the low-pr target 

rem nants.

•  Py th ia  for Acceptance Calculation

Pyth ia  v5_7 is used to calculate the acceptances of dimuons in the CDF detector. 

The minimum quark px  is chosen to  be 4 G eV/c to  accelerate computing while 

causing little bias (Figure 5.5). The pseudorapidity 77 of the b quark is lim ited 

between ( - 1 , 1 ) to  include all the possible particles th a t could fall into the 

detector coverage while keeping the com putation efficient.

•  Py th ia  for IP  Templates

We use Py th ia  v5_6 to generate muons from b quark pairs and c quark pairs 

separately. Minimum px  for b quark is 0 GeV and minimum px  for c quark 

is 4.0 GeV. The choice of quark px  lower bound is set for technical reasons. 

The second plot in Figure 5.5 shows the px  distribution of the c quarks th a t 

produces muons surviving all cuts when no explicit cuts on c quark pr  are put 

in the Monte Carlo. We find out th a t cutting away low px  quarks (px <  4 GeV) 

will not affect our result significantly because this only cuts away less than 0.5% 

of the events. However this does accelerate our Monte-Carlo simulation to  a 

large extent.
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Figure 5.5: p r  spectrum  of b, c quarks th a t produce muons in our IP  templates. Since 
our tem plates requires pr{p) > 3 GeV, most of the quarks have a relative high p?.
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At the Pythia level, we could apply no explicit rapidity criteria on quarks so 

th a t it can simulates the reality as close as possible. The pseudorapidity of 

quarks at this level can go as far as ±10. However, since alm ost 100% of the 

events tha t we are interested in are from quarks of rapidity \y\ < 1, m ost of the 

tim e we use \y\ <  1 constraints in the Monte Carlo simulations to accelerate 

the calculations.

Like what we have done with our dimuon data, we choose “max_residual” to 

be 2.0 in VXPRIM to reduce the bias. Figure 5.6 shows the difference of IP 

distribution shapes under different requirements.

•  Reweighting Particle Species Generated by Pyth ia The world average values for 

B u, Bd B s, and b — bar yon  production fractions are given in Reference [2]. The

I b s (9.4 ±  2.2)%
f b—baryon (10.1 ±  1.8)%
f  B d ) f  B + (40.3 ± 1 .2 )%

Table 5.2: The world average fractions of b-hadrons determined from Reference [2] 
as direct measurements.

relative production rates coming from Pyth ia  do not completely m atch those 

values. We need to reweight the b-hadron species produced by Py th ia  in order 

to  agree with Reference [2]. Also, we need to reweight the c-hadrons accordingly. 

By running a generator level Py th ia  and QQ Monte Carlo job, we are able to 

determine those reweighting factors. We can use these reweighting factors to 

recalculate the  central values of all results based on Pythia. [2] also gave the 

uncertainties of these fractions. These uncertainties can propagate to all the 

calculations based on Pythia. We retoss the species ratios away from their 

central value with Gaussian distributions multiple times and use the standard 

deviation of the outcomes as the systematic uncertainties.
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Figure 5.6: Monte Carlo bb D ata  Im pact Param eter D istribution changes with re­
ducing the max_residual and removing muons. We use the last one for the impact 
param eter distribution in our analysis.
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Q Q  M o n te  C arlo  P ack ag e  (C L E O )

We use QQ version 9_1 in our analysis. To generate muons from b-hadron decays, we 

tu rn  on all the b decays. To generate muons from c-hadron decays, we turned on the 

prompt_charm_decay. In both cases we turn on “lowest.only” . We do not allow B B  

mixing in QQ.

In order to gain more statistics, we let QQ do a fixed number of retossing of the 

Py th ia  events (100 times). Every Pythia event is treated equally and therefore no 

bias is introduced by this retossing.

R ig h t-S ig n  an d  W ro n g -S ig n  C ascad e  b S e m ile p to n ic  D ecay  R a te

Reference [2] gives the world average information for semileptonic Branching Ratio 

for b-hadrons.

Direct b-hadron si. BR 
Cascade b si. decay (r.s.) 
Cascade b si. decay (w.s.)

BR{b  -> l~uiX) 
BR (b  -> c -* 1-vtX)  
BR(b  -» c l+utX )

0.1058 ±0.0018 
0.0162 ±  0.0044 
0.0807 ±  0.0025

Table 5.3: World average cascade b semileptonic decay rates from Reference [2]

The relative B.R. obtained with Pythia and QQ do not completely m atch Table 

5.3. Therefore we need to  reweight the products of the cascade decays (compared 

to the direct decays). The reweighting factors are again found by running a Pythia 

and QQ job requiring a t least one muon to be produced. Any subsequent result 

depending on Pythia and QQ are recalculated using the reweighting factors. The 

systematic uncertainty caused by the uncertainties in the r.s. and w.s. are calculated 

by retossing r.s. and w.s. away from the central value in a Gaussian distribution and 

calculating the standard deviation of the outcomes from such retossing.

Q F L ’

We use Q FL’ to perform detector simulation. In Q FL’, beam spot is set a t (X , Y )  = 

(0,0) and beam slope is set (0,0) and beam sigmas are set to a x  — a y  =  -0025cm.
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B°,B ° B ± B s A b
Factors 1 0.995 1.161 1.293

D ± D°,D° D s Ac
r.s. Factors 
w.s. Factors

0.929
0.929

0.931
0.930

0.944
1.066

1.023
1.069

Table 5.4: The central vaules of combined reweighting factors for P y th ia  and QQ 
outputs.

D ata  banks w ritten to  the harddrives are in the same format as those in the Run IB 

silo and therefore can be retrieved w ith the same reconstruction code.

5.2.2 The Selection Criteria for the M onte-Carlo D ata

Since we save the Monte-Carlo d a ta  in the same format, we can use similar reconstruc­

tion code to strip  our data. Similar selection criteria are applied in the reconstruction.

•  At least one muon with CMU-CMP muon segment is required. If more than 

one muon is found, the two muons with highest p r  are pu t into the tem plate as

if they were generated separately. Events with more than  one muon count for

less than  0.1% of the to ta l num ber of Monte-Carlo events.

•  Muon transverse momentum p r  >  3.0 GeV.

•  Q uality criteria for SVX tracking:

-  Each muon is required to  have at least 3 hits on SVX layers. Among them  

a t least 2 Good hits, i.e., hits not shared with another track and charge 

shared over 4 or less channels, are required.

-  x 2 of the SVX tracking/degree of freedom < 6.

•  Event vertices have \z\ < 30.0 cm.

• M atching x 2 of muons in the  CMU detector in the r — $  plane xl-<t> should be

less than  9.0.
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•  M atching x 2 of muons in the CMU detector x 2 should be less than 12.0.

•  M atching x 2 of muons of the CMP detector in the r — <j> plane should be less 

than  9.0.

5.2.3 Dimuon Trigger (DIM UTG)

DIM UTG is a routine written by Steve Pappas [62] which is used to  correct the data  

for the dimuon trigger efficiency. It checks geometric and kinematic properties of 

individual muon pairs for passing the trigger requirements. Muons falling into regions 

of phase space for which the trigger is not designed to be efficient are removed to  avoid 

strong dependencies on luminosity and event structure. Events in these regions could 

pass the physical trigger due to  background effects such as m atching incorrect CFT 

tracks to  a  h it muon chamber. Muons th a t pass the physical trigger may be removed 

by the DIMUTG code to  avoid these effects in the efficiencies. Losses above the 

trigger thresholds are low.

DIM UTG is used in our cross section measurements because trigger efficiencies 

are an im portant factor in the calculations. We do not use DIM UTG in our x  mea­

surem ent to gain more statistics. (We have checked x  is not sensitive to DIMUTG.)

5.3 Track D a ta  from  P rom pt Source

As discussed in the M ethod Chapter, we need an im pact param eter tem plate tha t 

has the shape of prom pt source tracks in our fitting. We use tracks from photon jet 

events of Run IB d a ta  with E t > 23 GeV (isolated) for this purpose. The da ta  is 

extracted from data  set GHIB-5P. The selection criteria for prom pt tracks are:

•  A vertex with class >  10 is required. The highest class vertex is used. The class 

of the a vertex reflexes the quality of the vertex reconstruction. The higher 

quality a  vertex reconstruction is, the higher class it has.

® “Good” runs only.

•  All candidate tracks of the events are used.
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•  Candidate tracks are required to have p r  > 3.0 GeV.

• Candidate tracks are required to be CMP fiducial. (We use CMUSWM to 

determine the fiduciality.)

•  Z component of the candidate tracks are required to be within 5 cm of the 

vertex from which the im pact param eter is measured. This is because if a track 

has a z component th a t is far away from a vertex, it is not likely the track is an 

offspring of th a t vertex.

• Q uality cuts on SVX tracking:

— Each track should have a t least 3 hits on SVX layers. Among them at least 

2 good hits, i.e., hits not shared with another track and charge shared over 

4 or less channels, are required.

— x 2 ° f  the SVX tracking/degree of freedom <  6.

• Event vertices have \z\ < 30.0 cm.

Figure 5.7 validates the 5 cm Z cut and CMP fiducial cut. Z0 in the Figure is defined 

as the z component of the track. The first figure is the distribution of the z component 

of the prim ary vertex. The second figure is the distribution of the z component of the 

tracks. The third one shows after the 5 cm requirement, the z component of the tracks 

shrink to similar regions as the prim ary vertex. The last figure shows the difference 

between the IP  distributions before and after the Z 0 <  5 cm and CMP fiducial 

requirements. We can see th a t these two requirements are helpful for removing some 

badly measured tracks.
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Figure 5.7: Validation of some cuts on prom pt d a ta  (cm)
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Chapter 6

The M easurem ent o f bb Production  
Cross Section in pp Collision at
V S  = 1.8 TeV

6.1 In trod u ction

In C hapter 4, we discussed briefly the method for measuring the bb cross section. 

Equation 4.1 gives the formula determining the to ta l bb cross section. Given the 

am ount of statistics we have, we are able to divide the dimuon events into 3 distinct 

kinematic da ta  subsets and calculate the cross sections in those kinematic bins. The 

three data  sets we have chosen are defined by the transverse momenta, pr,  of the 

muons as given in Table 6.1:

Bins 1 2 3
Pt M > 3 GeV/c > 3 GeV/c > 3 GeV/c
Pt M G (3,5) GeV/c € (5,7) GeV/c €  (7,oo) GeV/c

Table 6.1: Three bins chosen for bb cross section measurements. The order of the 
muons are determined randomly w ithout preference.

The order for choosing pi  and p 2 in each dimuon pair is randomly chosen so th a t

84
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there will be no systematic uncertainties caused by ordering the muons according to 

their pr's  or other characteristics. Besides the criteria for the dimuon d a ta  mentioned 

in Section 5.1.3, we also apply DIMUTG to the da ta  set because triggering efficiency 

is accounted for in our CDF effciency measurement (Section 6.3).

Figure 6.1 shows the ancester quark p r { b )  spectra of the second muon in these 

three data  subsets. The data  used in the figures are obtained by running a generator 

level Monte Carlo simulation of Pythia and QQ with no quark p r  criteria applied. A 

generator level Monte Carlo simulation is a process th a t simulates pp collisions and 

decays of the particles produced in the collisions, but it does not simulate a particle 

detector in the process. Since we produce Figure 6.1 only to show the relationship 

between the muon p r  and quark p t , we do not need a full simulation. Also by using a 

simple generator level simulation, we can accelerate our computation to a large extent 

and obtain richer statistical data.

We can see in Figure 6.1 th a t the muons in different p r  bins have different quark 

P t  spectra. Muons with higher p r  tend to originate from ancestor quarks with higher 

P r  because in the process of b —» B  —> p ,  the daughter particles are boosted in the 

same direction as the parent particles. We define pT{b)min to be the quark momentum 

such th a t 90% of the muons in th a t specific p t{p )  bin originate from a b quark with a 

P r ( b )  greater than  p T ( b ) m in • Table 6.2 shows the p r ( b ) m in  calculated from the Monte 

Carlo results. As we can see p r { b ) m in  increases as Pt{p)  increases.

Bins 1 2 3

P t {p  2) € (3,5) GeV/c e  (5,7) G eV/c G (7 ,0 0 ) GeV/c
P T { b 2 ) m in 6.5 GeV/c 8.75 G eV/c 12.25 GeV/c

Table 6.2: pr(5)min for the three p r ( p )  bins.

Since Pt{Pi) > 3 G eV/c is the same criteria for all three bins, we always have 

P r { b i ) m i n  =  6-5 GeV/c.
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Figure 6.1: Quark p r  distribution given different muon pr- The dashed line in the 
figure indicates the minimum quark momentum pr{b)mm- 90% of the muons in th a t 
specific p r iv )  bin originate from a b quark with a  pr{b) greater than pr{b)m.in-

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



87

6.2 T he A ccep tan ce

In our analysis, the dimuon acceptance of the CDF detector is defined as:

Here N i  is the number of events th a t pass the following requirements:

• At least 2 muons are produced in each event; muons from both  direct and 

cascade decays are counted.

•  The muons’ p r  are in the muon p r  bins specfied above.

•  The dimuon invariant mass is required to be >  5 G eV /c2.

•  Both muons are required to  be CMU and CMP fiducial. We use a module 

called CMUSWM in the CDF library to  determine the fiduciality of the muons. 

The CMUSWM takes the mom enta of the tracks as inputs and determines 

whether the tracks fall into the geometric coverage of the CMU and CMP. The 

CMUSWM is employed w ith energy loss and multiple scattering turned off.

Here N 2 requires:

•  A bb pair is produced and each of them  decays into a muon.

•  Pr{bi) > PT{bi)min and pr(b2) > PT(b2)min

•  |y(&i)l <  1 and \y{b2)\ <  1 where y  is the rapidity of the particle.

•  Both muons are products of direct semileptonic decay of b-hadrons. This is 

required because according to  Equation 4.1, Br(b  —> p)2 used in the cross section 

calculation is taken to be th a t for direct semileptonic decays of b-hadrons.

The acceptance for each p r  bin is obtained through a generator level Monte Carlo 

simulation (Pythia and QQ). Since the geometric and kinematic acceptance of the 

tracks does not rely on the detector efficiency or its m aterial components, we do not 

need to simulate a detector in the process. We calculate the acceptance by counting 

the N i  and N 2 in the simulation.
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6.2.1 M onte Carlo W eights for the Accepatance

Pythia, as a package th a t simulates the pp collisions, uses default relative B  species 

fractions th a t are different from the world average numbers shown in Table 5.2. QQ, 

as a decay simulation package, uses a set of B  semileptonic branching ratios different 

from the world average values shown in Table 5.3. In order for the Monte Carlo 

simulation results to  correctly reflect our best knowledge of the B  species fractions 

and B  semileptonic branching ratios, we need to  reweight the hadrons generated in 

most of the simulations in our analysis.

The reweighting factors are again found by running a few generator level Pyth ia 

and QQ simulations. The factors for the B  hadron species reweighting are obtained 

by running a simple Py th ia  Monte Carlo simulation with no constraints and count 

the number of S ’s generated in the simulation. By comparing these number to the 

world averages in Table 5.2, we can calculate the numbers in Table 6.3.

The D  hadrons’ reweighting are due to both the B  species reweighting and the 

semileptonic branching ratio reweighting. By counting the numbers of D  hadrons with 

different B  ancestries in the products of the Pyth ia simulation with no constraints, 

we can change the £>’s fractions according to the B  species reweighting. Also using 

the same Monte Carlo simulation, we can adjust the D ’s fractions according to the 

branching ratios in Table 5.3.

D  hadron reweightings are carried out for two different cases: Right-Sign (RS) 

and Wrong-Sign (WS). RS D  hadrons are D  hadrons th a t decay into leptons carrying 

the same electric charge as the ancester b quarks. WS D  hadrons are D  hadrons 

th a t decay into leptons carrying opposite electric charge to the ancester b quarks. We 

need to  trea t these two cases separately because the reweightings are different for RS 

D  hadrons’ ratio  and WS D  hadrons’ ratio and thereby can affect our subsequent 

calculations such as wrong-sign sequential (r^s) estimations mentioned in Chapter 4.

All our subsequent analysis depending on Pyth ia and QQ simulations are recalcu­

lated using these reweighting factors. The central values for the combined reweighting 

factors accounting for the effects due to the both the species fractions and branching 

ratios are listed in Tables 6.3 and 6.4. The systematic uncertainties caused by the 

uncertainties in the  reweighting factors are calculated by retossing the reweighting
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factors away from their central value in a Gaussian distribution and measuring the 

standard deviation of the outcomes from such retossing.

B + B s A 6
Factors 1 1.001 1.120 1.273

Table 6.3: The central values of the combined reweighting factors for B  hadrons from 
Pyth ia and QQ outputs.

D + D° D s Ac
RS Factors 
WS Factors

0.970
0.975

0.971
0.976

0.985
1.082

1.099
1.111

Table 6.4: The central values of the combined reweighting factors for D  hadrons from 
Pyth ia and QQ outputs.

6.2.2 Rapidity Constraints in Our M onte Carlo Simulations

In our Monte Carlo simulations, the rapidities for the generated quarks are restricted 

such th a t |y| <  1. This restriction is valid as dem onstrated in Figure 6.2. The first 

figure shows the rapidity distribution of the b quarks in a  generator level Monte Carlo 

simulation w ith P y th ia  and QQ where rapidities are constrainted in \y\ <  2. Each b 

quark here generates a t least one muon. After applying p r (/-0 > 3 and CMU-CMP 

fiduciality criteria on the same data  set, almost all the b quarks are with rapidity 

\y\ <  1. Since in our analysis pr(p)  >  3 and CMU-CMP fiduciality are a basic 

requirement on the dimuon data  and Monte Carlo templates, the restriction of \y\ <  1 

is applied on most of the Monte Carlo simulations except when explicitly mentioned. 

This restriction accelerates the computing and therefore provides richer statistics for 

our analysis.
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Figure 6.2: Quark rapidity distributions before (above) after (below) the CMU-P 
Fiducial requirements and 3 G eV /c p? requirement. The rapidity distribution shrinks 
to (—1,1) afther the requirements.
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6.2.3 The Results for the D etector Acceptances

W ith the reweighting tool available, we are able to  calculate the acceptances by- 

dividing the reweighted Ni by the reweighted /V2. We can estim ate the acceptance 

uncertainties based on the following factors:

•  The Monte Carlo statistics: We can only sim ulate lim ited number of collisions.

•  The uncertainties of the world-average B  species fractions in Table 5.2.

• The uncertainties of the world-average B  branching ratios shown in Table 5.3.

The results and uncertainties for the acceptances in the three Pt (m) bins are given in 

Table 6.5.

Pt M >  3 G eV /c >  3 GeV/c > 3 G eV/c
Pt {v  2) 3 - 5  G eV /c 5 - 7  GeV/c > 7 GeV/c
Acceptance 0.0155 0.0078 0.0113
Uncertainty 0.0008 0.0005 0.0008
Monte Carlo Statistical Uncertainty 0.0007 0.0003 0.0005
Uncertainty from b-hadron 
Species Fraction

0.0003 0.0003 0.0006

Uncertainty from B  branching ratios 0.0002 0.0001 0.0001

Table 6.5: Acceptances and uncertainties in different muon p r  bins determined from 
Pyth ia +  QQ generator level dimuon Monte Carlo

6.2.4 A Comparison to BG enerator

As a cross check we also used BGenerator and obtained the results given in Table 6.6. 

BGenerator [63] is another Monte Carlo sim ulation software program used widely in 

the CDF Run I experiment. Compared to the general purpose simulation package 

Pythia, BGenerator is a special purpose sim ulation package th a t only generates b 

quarks according to the inclusive transverse m om entum  spectrum  from the NDE [17] 

or MNR [8] calculations.
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Pr{p  1) >  3 GeV/c >  3 GeV/c >  3 G eV /c
Pt {p  2) 3 - 5  G eV/c 5 - 7  GeV/c >  7 GeV/c
Acceptance 0.0150 0.0075 0.0128
Uncertainty 0.0008 0.0006 0.0005
M onte Carlo Statistical Uncertainty 0.0005 0.0003 0.0005
U ncertainty from b-hadron 
Species Fraction

0.0006 0.0005 0.0001

U ncertainty from Cascades 0.0002 0.0001 0.0002

Table 6.6: Acceptances and assigned uncertainties in different p r  bins as determined 
from BGenerator +  QQ generator level dimuon Monte Carlo.

The BGenerator products undergo the same QQ processes as Pyth ia’s. We also 

count the N \  and in the same way as in our calculations using Pythia. The 

acceptances and their uncertainties are calculated in identical ways as well.

Table 6.5 and 6.6 show th a t Py th ia  and BGenerator give similar results for the 

CDF detector acceptances for all three kinematic bins of muons.

Since BGenerator generates b quarks only, and does not take into account other 

interactions in pp collisions like Py th ia  does, BGenerator is a  much faster algorithm 

than  Pythia. On the other hand, Pyth ia treats the pp collisions more sophisticatedly 

and generates events closer to the reality. Therefore, we prefer to use the Pyth ia 

results for our final results.

6.3 D etector  Efficiency 6cdf

The CDF detector efficiency is defined as the efficiency of observing the muons th a t 

are accepted into the geometric and kinematic criteria of the detector. Different 

subsystems of the detector have different efficiencies for muons. We write the to ta l 

detector efficiency for dimuons ccdf &s a product of a series of subsystem efficiencies 

as shown in Equation 6.2:

SC D F  ^svx  * * t-norm * ^ctc * ^em u  * ^link  * ^match * ^cmp * ^£3 (®-2)
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Here, csvx is the SVX efficiency, etr ,-9 is the trigger efficiency, enorm is the norm al­

ization correction efficiency, ectc is the CTC efficiency, ecmu is the CMU efficiency, ennk 

and ematch are the muon linking and matching efficiencies, ecmp is the CMP efficiency 

and is the Level 3 trigger efficiency.

We will need to calculate each one of these subsystem efficiencies to get the to ta l 

detector efficiency. According to References [1] and [64], as long as pr(fj) is greater 

than  3 GeV/c, the subsystem efficiencies have little  dependency on Pt {^)- Therefore 

we use the same efficiencies for all three muon transverse momentum bins. Most of 

the efficiencies in Equation 6.2 are independent from each other and their orders can 

be permuted. However, some of them cannot be permuted. For example, the order 

of the SVX efficiency, esvx, and the Level 3 efficiency, 6^3 should not be exchanged 

because Level 3 trigger effectively requires a prim ary vertex criteria \z\ <  35cm  while 

the SVX efficiency relies on the z coverage of the  SVX. Applying Level 3 trigger 

before or after the SVX requirements will mean different conditional probability for 

a muon to  pass the SVX requirements, i.e., the SVX efficiency will be different in the 

two situations. We therefore should be very careful and emulate similar geometric 

and kinematic situations when calculating these efficiencies individually.

6.3.1 Using Upsilons in the Efficiency Calculations

Some of the subsystem efficiencies are calculated using the upsilon signals in our 

dimuon data. The reason for choosing upsilons is th a t dimuons from upsilon decays 

have a unique mass spectrum  (three peaks in the (15) (25) and (35) states of upsilon) 

and are easily identified and separated from the background.

The other reason for using upsilons is th a t these dimuons share similar kinematic 

properties with dimuons from B B  hadrons. Figure 6.3 shows the distributions of the 

opening angle between the two tracks in the transverse plane in different da ta  sets. 

The opening angle between the two muons is concentrated in the back-to-back region. 

For the upsilon data, We simply take the mass region between 9.3 GeV/c2 and 10.5 

G eV /c2 in the dimuon da ta  for the upsilons w ithout background subtraction because 

this region is dom inated by the upsilons. The similarity of kinematics between the
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upsilons in the dimuon da ta  and the rest of the dimuon data  shows th a t we can use 

the upsilons as the sample for determ ining many subsystem efficiencies for the dimuon 

data  with little bias.

6.3.2 esvx

We study the upsilons in the dimuon da ta  before and after these SVX requirements:

•  Each muon should have a t least 3 hits on the SVX layers. Among them  at least 

2 good hits, i.e., hits not shared with another track and charge shared over 4 or 

less channels, are required.

•  x 2 of the SVX tracking/degree of freedom are <  6.

We define esv x  as a efficiency with the Level 3 trigger implicitly required.

In Figure 6.4, the first figure shows the dimuon mass distribution in the upsilons 

region with all other requirements except the SVX requirement. The second figure 

is the dimuon mass spectrum  with all requirements. We fit the mass spectrum  with 

three Gaussians (upsilons) and one exponential (background) and count the number 

of upsilons in the dimuon data. By counting the number of the upsilons before and 

after the SVX requirements, we are able to  obtain the SVX efficiency for the dimuon 

data.

There are 3632 ±  60 upsilons before the SVX and 2457 ±  50 after the SVX require­

ment. So, esvx  =  0.68 ±  0.02. (Figure 6.4)

According the Figure 6.3, the kinematics of the upsilons are similar to  those of 

the rest of the data, so we can use esv x  for the whole data  set.

6.3.3 ecMP

We can determine ccmp by counting the number of upsilons before and after the 

CMP requirement as indicated in Figure 6.5. In our dimuon data, a t least one muon 

has been required to have CMP confirmation in the Level 3 trigger selection. We 

define N icm p  to be the number of events th a t has a t least one muon passing CMP
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Figure 6.3: Transverse opening angle of dimuon events from different sources. 
We can see they have very similar kinematics.
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The Opposite-Sign Upsilons Before SVX
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Figure 6.4: The figures for calculating the SVX efficiencies. We obtain the efficiencies 
by counting the number of upsilons in the mass spectrum  before and after the criteria.
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and N 2c m p  to  be the number of events having two muon passing CMP. A simple 

calculation shows that:
N i c m p  _  ccmp 2 ^

N \ c m p  2 —  ccm p

The number of upsilons decreased from 2088 ±  45 to 1836 ±  42 before and after the 

CMP requirements according to  the fit in Figure 6.5. Solving the equation 6.3, we 

obtain (.cm p  =  0.936 ±  0.016. This result is consistent with the result obtained by 

Intae Yu, ccmp =  0.94 ±  0.01 ([1]), for Run la.

6.3.4 The Level 3 Efficiency clz

The Level 3 trigger we use, PSIB_DIMUON_HIGHMASS_Vl, requires:

•  Each event has a t least 1 muon tha t is CMP confirmed.

•  The dimuon invariant mass is between 2.7 G eV /c2 and 150 G eV /c2.

•  Both muons are from \z\ <  35.0cm  region.

•  Both muons have p r  > 1.4 GeV/c

During the Level 3 reconstruction of the dimuon data, besides removing low p r  events 

and matching the CTC tracks with the muon segments, the trigger system also apply 

an explicit criteria on 2  component of the muon tracks before writing the d a ta  into the 

mass storage. The requirement for both  muons to be from \z\ <  35.0 cm is effectively 

equivalent to  requiring the prim ary vertex to  have \z\ <  35.0 cm. In Run IB, the 2  

of the prim ary vertex of a pp  has a Gaussian distribution w ith a  ~  29 cm. However, 

the length of the SVX detector active region is 51.1 cm around the interaction spot. 

Therefore the SVX only covers about 60% of the decays. Decays with prim ary vertices 

of large 2 component have relatively small probabilities of having SVX tracks. Events 

w ithout SVX information are usually of little interest for detailed studies, bu t they 

take up a considerable am ount of processing tim e and storage space. Therefore, in 

Level 3, only events w ith both muons from \z\ < 35 cm region are saved for offline 

processing.
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Figure 6.5: Upsilons before and after requring the second CMP
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The efficiency for passing our Level 3 trigger are measured using the upsilon 

dimuon data  set from PSIB_DIMUON_UPSILON_Vl trigger. This Level 3 trigger 

is similar to our dimuon L3 trigger but it does not need CMP confirmation and 

uses opposite-sign dimuons in the upsilon mass region (8.5,11,4) GeV/c2 only. Also, 

this trigger does not require |z| < 35 cm and thus provides a  basis for measuring z 

efficiency for our dimuon trigger.

The tracking efficiency of Level 3 (eLz-tracUng) was measured in previous CDF 

analysis [65] [64] to be 0.97 ±  0 .0 2 . As for the efficiency for \z\ < 35 cm requirement 

in Level 3, c l3~z, we apply the z requirement to the upsilon dimuon set and count 

the number of upsilons before and after the requirement. The data  set before the 

|z| <  35 cm requirement has the following criteria in addition to the upsilon Level 3 

trigger:

•  Both muons have pr  > 3 GeV/c

•  Both muons have CMP confirmation

•  Trigger bits are set

•  Passing the track quality requirements

Since we have defined epsilonsvx  to  be after 6^3 , no SVX requirement is applied here 

and we use the beam constraint instead of the SVX information in this calculation.

We count 3900 ±  62 upsilons before the z requirement and 2907 ±  54 after it. 

Therefore the efficiency c l3- z =  0.745 ±  0.018.

The combined Level 3 efficiency e£3 =  eiz-tracking 'x ^lz- z is therefore 0.722±0.031.

6.3.5 Other Efficiencies

The other efficiencies can be obtained from the upsilon cross section analysis [64]. We 

list all the CDF detector efficiencies in Table 6.7.
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Source Name Efficiency
SVX Efficiency 
Trigger Efficiency 
Normalization Correction 
CTC Tracking Efficiency 
Muon Stub Efficiency 
CTC Muon Linking Efficiency 
Muon Matching Efficiency 
CMP Efficiency
L3 Tracking and \z\ <  35cm  Efficiency

£svx 
etrig 
t-norm.
f2etc
e2^emu 
e2Qlink
f 2 match
eCMP
£lz

0.68 ±  0.02 
0.75 ±  0.04 [64]
0.88 ±  0.04 [66][64] 
0.98 ± 0 .0 2  [67][64] 
0.966 ±  0.006 [68][64] 
0.996 ± 0 .004  [69] [64] 
0.974 ± 0 .004  [70] [64] 
0.876 ±  0.030 
0.722 ±  0.031

The Combined Efficiency CCDF 0.261 ±  0.025

Table 6.7: The list of (di-)muon event efficiencies and their sources.

6.3.6 Accounting for Fake Tracks

Despite the selection criteria, some of the selected muons may be fakes. The so-called 

fakes are tracks th a t pass all the muon criteria but are not muons. We need to have 

an estimation of the fake muon content of the bb events because we are interested in 

only the real b-muon fraction in the dimuon data.

According to  Chapter 5, most of the fake muons come from prom pt sources and 

can be easily separated from the b-muons with our im pact param eter fitting method. 

However, in addition to prom pt fake muons the da ta  may contain b-like fake muons, 

th a t is fake muons with tracks th a t have large im pact param eters. Such tracks nat­

urally arise as byproducts of b-hadron decay. We defined P (p)  as the probability 

of a  b-like track with p r  >  3 GeV/c, satisfying CMU, CMP fiduciality criteria and 

having CMU, CMP hits, to be a muon. Assuming the probability of finding fakes in 

either leg of a dimuon event are independent, we can use the events with 1 or 2 CMP 

confirmed muons to  determine P (p ) as indicated in Table 6.8.

Here, N bb_1CMP is the number of bb dimuon events with both legs CMP fiducial 

and both have CMU hits but only one has a CMP hit. N bb_2cMP is the number of bb 

dimuon events with both legs CMP fiducial and both have CMU and CMP hits. The 

efficiency of a fake muon (with p r  > 3 G eV /c and being CMP fiducial) to be found
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2 Fakes 1 Fake and 1 Muon 2 Muons
Nbb-lCMP 2£<i(1—e«)
Nbb-2CMP £/
Weight for J - 1CMP°  ™bb—2CMP (i -  f M ) 2 2(1 -  P (p ))P (p ) P 2(fi)

Table 6.8: N bb_iCMp/^bb~2CMP under different circumstances.

with a m atched CMP stub is e/ =  0.42 ±  .02 according to Colin Gay et al. [71] The 

efficiency of a muon (with p r  > 3 G eV/c and being CM P fiducial) to  be found w ith 

a m atched CMP stub  is =  0.936 ±  0.016 (Section 6.3.3).

The weighted mean of is w hat we can measure. Equation 6.4 shows how™bb—2CMP
we are able to  calculate P(/j,) with the weights in Table 6.8.

Nbb-1CMP _  2 e / ( l -£ / )  /..
p 2 * ( i -  p ( » ) r

-P P  * P 2(ax)

Simplifying it, we obtain:

N ^ c m p . =  2 (1 ~  P{lj) + P M _ 1) ( 6 _5 )

Nbb-2CMP ef

We obtain N bb_lCMP and N bb_2cMP by fitting the im pact param eter distribution 

of two sets of data:

•  The dimuon da ta  set with both legs being w ithin the CM P fiducial region and 

having m atched CMU stubs, but only one has a CM P hit.

•  The dimuon da ta  set with both legs being w ithin the CMP fiducial region and 

both  having CMU and CMP hits.

Here we explicitly require both tracks of the dimuon events to be CMU-CMP 

fiducial in all the fits. P u tting  the results into equation 6.5, we are able to calculate 

the P ^  In fact, we divide the dimuon d a ta  into two parts: LS (Figures 6.6 and 6.7) 

and OS (Figures 6.8 and 6.9) case and calculate P (y )  separately. This is because
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The Like_Sign fitting results(5par): (Projected to one dim)

10 The Legend
- REAL has even ts 9410.0 fraction 100%

- bb h a s  events 1006.8+/-107.7 fraction 0.107 +/- 0.011

• cc  h a s  events 2828.1+/-236.0 fraction 0.301 +/- 0.025

• jj h a s  events 2371 .2+/-153.3 fraction 0.252 +/- 0.016

• bj h a s  events 0.0+/-69.7 fraction 0.000 +/- 0.007

-  cj h a s  events 3203.9+/-290.2 fraction 0.340 +/- 0.031
10

1 0

1 0

1 0

0 0.02 0.04  0.06 0.08 0.1 0.12 0.14  0.16 0.18 0.2
IP (cm)

Figure 6.6: Im pact param eter fit for the like-sign dimuon d a ta  with both legs CMP 
fiducial and having CMU hits, we fit the subset of only 1 CMP hit (this plot) and the 
subset of 2 CMP hits (next plot) to obtain the b-muon fractions and calculate P(/x).
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The Like_Sign fitting results(5par): (Projected to one dim)

The Legend
REAL h as events 6301.0 fraction 100% 

bb has events 4120.8+/-27.6 fraction 0.654 +/- 0.004 

cc  h a s  events 620.0+/-27.7 fraction 0.098 +/- 0.004 

jj h a s  events 494.8+/-26.3 fraction 0.079 +/- 0.004 

bj h a s  events 3.8+/-398.6 fraction 0.001 +/- 0.063 

cj h a s  events 1061.7+/-28.0 fraction 0.168 +/- 0.004

3
10

2
1 0

10

1

1
10

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 
IP (cm)

Figure 6.7: Im pact param eter fit for the like-sign dimuon da ta  with both legs CMP 
fiducial and having CMU hits, we fit the subset of only 1 CMP hit (last plot) and the 
subset of 2 CMP hits (this plot) to  obtain the b-muon fractions and calculate P (^) .
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The Opposite-Sign fitting results(5par): (Projected to one dim)

10 T h e L egend

- REAL h a s  events 10371.0 fraction 100%

- bb has events 1531.3+/-103.3 fraction 0.148 +/- 0 .010

• cc  h as  events 3248.8+/-357.2 fraction 0.313 +/- 0 .0 3 4

• jj h a s  even ts 2676.6+/-230.5 fraction 0.258 +/- 0.022

• bj has events 16.8+/-1623.1 fraction 0.002 +/- 0.157

- cj h as  events 2897.S+/-578.2 fraction 0.279 +/- 0 .056
10

10

10

10
0 0.02 0.04  0.06 0.08 0.1 0.12 0.14  0.16  0.18 0.2 

IP (cm)
Figure 6.8: Im pact param eter fit for the opposite-sign dimuon d a ta  with both legs 
CMP fiducial and having CMU hits, we fit the subset of only 1 CMP hit (this plot) 
and the subset of 2 CMP hits (next plot) to obtain the b-muon fractions and calculate
P ( A -
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The O pposite-Sign fitting results(5par): (Projected to one dim)

10
T he L egend

REAL has events 12422.0 fraction 100% 

bb has events 7053.8+/-235.5 fraction 0.568 +/- 0.019 

cc has events 2904.2+/-726.1 fraction 0.234 +/- 0 .058 

jj has events 1612.9+/-313.5 fraction 0.130 +/- 0.025 

bj has events 0.0+/-43.8 fraction 0.000 +/- 0.004 

cj has events 851.2+/-837.1 fraction 0.069 +/- 0.067
10

1 0

10

10
0 0.02 0.04  0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

IP (cm)
Figure 6.9: Im pact param eter fit for the opposite-sign dimuon d a ta  set with both legs 
CMP fiducial and having CMU hits, we fit the subset of only 1 CMP h it (last plot) 
and the subset of 2 CMP hits (this plot) to obtain the b-muon fractions and calculate
P(y)-
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P{p)  is different for these two cases. Since there are more dimuon events from bb in 

the OS case than in LS case, while the number of fake events should be the same in 

LS and OS, we should expect P (p)  to  be higher in OS events. In other words, the 

chance for a b-like track in the OS events to be a b-muon is larger than  the chance 

for a b-like track in the LS events to be a b-muon.

LS OS
Number of bb events from the fitting (Nbb)

Number of real dimuon events N bb 
Number of fake dimuon events

4805 ±  151 
0.956 ±0.015 
4389 ±  196 
416 ± 1 9 6

8396 ±  203 
0.966 ±  0.012 
7836 ±  271 
540 ±  271

Table 6.9: The number of real bb dimuon events (N )  is the number of bb events from 
the im pact param eter fit (N)  times P 2(p). We can see th a t the number and fraction 
of fake dimuon events for LS and OS are equal within the uncertainties.

We expect to have the same number of fake dimuon events (i.e. dimuon events 

with a t least one fake muon) in LS and OS under the assumption th a t fake muons are 

randomly distributed in charge. The results obtained in Figure 6.9 are consistent with 

this expectation. LS and OS have a similar number of fake events within uncertainties. 

The combined P 2{p) for both LS and OS is 0.926 ±  0.030 according to  Table 6.9.

6.3.T Calculating the Cross Sections

The actual numbers of dimuons from bb in the three dimuon da ta  subsets are obtained 

by fitting the impact param eter distributions of each subset with a linear combination 

of bb, cc, j j ,  bj and cj signals described in Chapter 4.

Since the impact param eter distributions are slightly different for muons at dif­

ferent p r  bins, we use a convolution of b muons IP distributions in different bins as 

our tem plate. (Equation 6.6)

f t 5) =  (/6(*)(3-5) X M y )  +  M * )  x  f » ( y ) {3- 5)) / 2
fbb~7) = (/6 (z)(5~7) x M y )  + M x ) x f b ( y ) {5~7)) / z  (6-6)

fb l~00) =  ( M x ) {7~°°] x M v )  +  h ( s )  x M y ) {7~co)) / 2
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The 3-5 GeV fitting results(5par): (Projected to one dim)

10 The Legend

- REAL has events 16326.0 (100%)

- bb has events 8139.4+/-205.2 (0.499 +/- 0.013)

• cc has events 4792.3+/-383.8 (0.294 +/- 0.024)

• jj has events 2167.8+/-173.0 (0.133 +/- 0.011)

• bj has events 0.0+/-38.6 (0.000 +/- 0.002)

- cj has events 1226.6+A392.4 (0.075 +/- 0.024)10

10

10
0 0.02 0.04 0.06 0.08 0.1 0.12  0.14  0.16 0.18 0.2 

BP (cm)
Figure 6.10: Im pact Param eter F itting  in the F irst Subset. We use the convoluted bb 
muon im pact param eter tem plate in the fitting.
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The 5-7 GeV fitting results(5par): (Projected to one dim)

The Legend

  REAL has events 5154.0 (100%)

  bb has events 2505.7+/-137.8 (0.486 +/- 0.027)
- - - • cc has events 1458.3+/-433.5 (0.283 +/- 0.084)

  jj has events 1026.6+/-211.4 (0.199 +/- 0.041)

  bj has events 0.0+/-19.7 (0.000 +/- 0.004)
  cj has events 163.5+/-508.4 (0.032 +/- 0.099)

3
10

2
10

10

1

1
10

0 0.02  0.04 0.06  0.08  0.1 0.12  0.14  0.16  0.18  0.2 
IP (cm)

Figure 6.11: Im pact Param eter F itting  in the Second Subset. We use the covoluted 
bb muon im pact param eter tem plate in the fitting.
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The 7- GeV fitting results(5par): (Projected to one dim)

The Legend
-  REAL has events 3052.0 (100%)

-  bb has events 1670.5+/-106.5 (0.547 +/- 0.035) 

-• cc has events 462.4+/-263.0 (0.152 +/- 0.086)

••• jj has events 772.6+/-129.3 (0.253 +/- 0.042)

bj has events 0.0+/-24.2 (0 .000+/-0 .008)

-  cj has events 146.5+/-298.4 (0.048 +/- 0.098)

3
10

2
10

10

1

1
10

0 0.02  0.04  0.06 0.08  0.1 0.12  0.14  0.16  0.18  0.2
IP (cm)

Figure 6.12: Im pact Param eter F itting  in the Third Subset. We use the covoluted bb 
muon im pact param eter tem plate in the fitting.
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Here /;,(*) is the overall IP distribution of b muons and fb{*Y3~5̂  is the IP distribution 

of b muons in the (3,5) G eV/c momentum bin. Similar rule holds for /&(*)^5-7  ̂ and 

f b ( * Y 7~°°^ The f lb~5  ̂ is our 2-d IP tem plate for pr(p i)  >  3 and pr{p 2) £ (3,5). 

Similar for / 6̂ _7) and / 6(67_oo).

By fitting these tem plates into the three subsets. We obtain the Figures 6.10, 6.11 

and 6.12. The number of bb muon pairs are listed in Table 6.10.

Second Muon p r  Criteria Value Uncertainty
3 - 5  GeV/c 8139 205
5 - 7  GeV/c 2506 138
7 — oo GeV/c 1671 107

Table 6.10: N bb from the fittings in Figures 6.10, 6.11 and 6.12

We can use the P 2(p) for the whole dimuon data  set to calculate the actual number 

of bb muons in each of these bins (Table 6.11) because in pr  > 3 GeV/c region, the 

detector efficiencies (eA and e/) are not sensitive to  pr- Nbb the actual number of bb

Second Muon p r  Criteria Value Uncertainty
3 - 5  G eV/c 7537 314
5 - 7  GeV/c 2321 149
7 — oo GeV/c 1547 111

Table 6.11: N bb is from N bb after accounting for the fakes.

muons in our dimuon data. Using Equation 4.1 and propagating all the uncertainties, 

we obtain the results displayed in Table 6.12.

In Table 6.12, the systematic uncertainties are presented separately:

•  Luminosity Uncertainty: the systematic uncertainty from uncertainty of lumi­

nosity measurement.

• Branching Ratio Uncertainty: the systematic uncertainty from uncertainty of 

branching ratios listed in Table 5.3.
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P r (b ) > 6.5 GeV/c >  6.5 G eV /c >  6.5 G eV /c
Pr{b) > 6.5 GeV/c > 8.75 GeV/c >  12.25 G eV /c
Cross Section (pb) 1.876 1.154 0.533
Statistical Uncertainty 0.047 0.064 0.034
Total Systematic Uncertainty 0.235 0.147 0.071
Luminosity Uncertainty 0.075 0.046 0.021
Branching Ratio Uncertainty 0.064 0.039 0.018
Efficiency Uncertainty 0.181 0.111 0.051
Acceptance Statistical Uncertainty 0.084 0.047 0.024
Uncertainty from b-hadron Species 0.041 0.044 0.026
U ncertainty from Cascades 0.019 0.013 0.005
Uncertainty Due to Fake Muons 0.061 0.037 0.017

Table 6.12: The bb cross sections and assigned uncertainties in the three indpendent 
Pt  bins.

•  Efficiency Uncertainty: the systematic uncertainty from uncertainty of Efficien­

cies measurements.

•  Acceptance Statistical Uncertainty: the systematic uncertainty due to the Monte 

Carlo statistical uncertainty in the acceptance calculations.

•  Uncertainty from b-hadron Species Fractions: the system atic uncertainty from 

the uncertainties of the world average b-hadron Species Fractions.

•  Uncertainty Due to  Fake Muons: the systematic uncertainty from the uncer­

ta in ty  of P{p) estimation.

Figure 6.1 shows the comparison of our measured cross sections, Run IA measure­

m ents and NLO QCD predictions. Both Run IA and Run IB results are higher than 

the NLO QCD predictions.
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C ross Section

10
Run IB 
Run IA 
NLO QCD

610

■7
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6 7 8 9 10 11 12
GeV/c

Figure 6.13: The Cross Sections Measured in Run IB compared to Run IA and the 
NLO QCD prediction. The x axis is the lower boundary of the b quark pT. The y 
axis is the cross section.
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Chapter 7

T he Tim e-Integrated B B  M ixing  

Param eter x

In C hapter 4, we discussed the m ethod for calculating the B B  mixing parameter. 

According to Equation 7.1, we need to know the wrong-sign cascade muons ratio r ws, 

the number of like-sign bb muons Nis and the number of opposite-sign bb muons N os 

to  calculate X-

t?  _  N is  _  2rws{x2 +  (1 -  x ) 2) +  2 x ( l  ~  x ) ( l  +  r 2ws)
Nos (x2 + (1 -  x)2)(1 + r l s ) + 4r^sx(l -  x)

7.1 W rong-Sign C ascade M uons R atio  rws

The definition of the wrong-sign cascade muons ration rws is

rws = N ws/ N rs (7.2)

where N ws is the number of muons th a t carry an opposite electric charge from its 

ancester b quark and N rs is the number of the muons th a t carry  the same sign of 

electric charge as its ancester b quark.

We calculate the rws using a similar generator level Monte Carlo simulation as 

C hapter 6. We use Pyth ia and QQ to generate bb events. We choose a low b quark 

p r  threshold (4.0 GeV) and a rapidity constraint \y(b)\  < 1 in Pyth ia. We use the 

dimuons passing the selection criteria:

113
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•  At least 2 muons are produced in each event; muons from direct and cascade 

decays are all counted.

•  Both muon’s p r  > 3 GeV/c

•  The dimuon mass is required to be >  5 GeV/ c2

•  Both muons are required to be CMU and CMP fiducial (CMUSWM is employed 

with energy loss and multiple scattering turned off).

The muons’ lineage information is recorded during the simulations, therefore we are 

able to count N ws and N rs separately in the Monte Carlo results. However, due to 

the  difference between the most updated B  semileptonic branching ratios and relative 

B  species fractions and P y th ia /Q Q ’s default values, we again have to  reweight the 

hadrons in the simulations to get a more accurate N ws and N rs. The reweighting is 

done in the same way as described in Section 6.2.1 using the recorded muon lineage 

information. The systematic uncertainties are calculated by retossing the B  semilep­

tonic branching ratios and relative B  species fractions away from their central values 

w ith Gaussian distributions set by their uncertainties. The result for rws is given 

in Table 7.1. For reference we can determine the sequential (or cascade) fraction,

Tws 0.135
Uncertainty 0.007
Uncertainty due to Monte Carlo statistical uncertainty 
Systematic uncertainty: from b-hadron Species Fractions 
Systematic uncertainty: from Cascades Branching Ratio

0.005
0.003
0.004

Table 7.1: The result for rws and its uncertainties 

norm ally defined as:
r   ^ c a s c a d e s  f y  o\

q ~  N all { ' }
in which ^cascades is the number of cascade decays (right-sign and wrong-sign) and 

N au includes all of the direct and cascade decays. Using the same Monte Carlo sample 

as we have used in the rws calculation, the result for f seq is given in Table 7.2.
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f s e q 0.154
Uncertainty 0.008
Uncertainty due to  Monte Carlo statistical uncertainty 
Systematic uncertainty: from b-hadron Species Fractions 
Systematic uncertainty: from cascades

0.006
0.003
0.005

Table 7.2: The value for f seq and its uncertainties

In fact rws and f seq are similar in their definitions and sometimes confusing. W hen 

we have a sequential decay, in most cases it generates a wrong-sign muon (6 —» c —> 

jjiX). However, there exist many special cases such as the one in Figure 4.1 or 

b -»  r  —» fi. Since sometimes a sequential decay could generate a right-sign muon, 

we have to  use rws when dealing w ith Like-Sign and Opposite-Sign dimuon analysis.

7.2 Nis and Nos

Equation 4.2 also needs another input: R.  We have defined R  to  be the  ratio of num ­

ber of like-sign bb muon (Nis) to opposite-sign bb muon pairs (N os). To obtain Nis and 

N os, we do the same impact param eter fitting to  the like-sign part and the opposite- 

sign p art of the dimuon da ta  set. We do not require dimuon trigger (DIM UTG) in the 

dimuon da ta  set to reduce the statistical uncertainties. The purpose of the dimuon 

trigger is to  apply measured triggering efficiency curves to  data. Since triggering effi­

ciency are almost the same for LS and OS events, the ratio  R  = Nis/ N os is insensitive 

to  w hether DIMUTG is applied. We also remove the upsilon mass regions in the 

dimuon data  sets because these regions are dominated by dimuons from T  decays 

which are considered a background to  our bb muons. Removing these signals helps 

reducing the uncertainties in the fittings.

The Figures 7.1 7.2 and 7.3 show the IP fittings with the whole dimuon da ta  set, 

LS dimuon da ta  set and OS dimuon d a ta  set. The fitting results are shown in the 

upper-right corners of the figures. We are only interested in the bb fractions.

Although the fittings for the whole dimuon d a ta  set is not necessary for deriving
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R, we do Figure 7.1 as a double check of our method. Table 7.3 shows the consistency 

of the fittings. The sum of the LS and OS dimuon numbers are close to  the dimuon 

number from the fitting for the whole data  set.

Value Uncertainty
bb dimuons from LS fitting Nis 4505 150
bb dimuons from OS fitting N os 8396 203
Sum of bb dimuons from LS and OS fitting Nis + N os 12901 252
bb dimuons from fitting of the whole data set N^u 13215 250

Table 7.3: Results of the fittings accounting for fakes.

The LS and OS dimuon pair numbers are adjusted by P 2(n)  to account for fake 

muons. N  is the number of bb dimuon events correcting for fakes. (iV;s =  N[s * P 2s(fj) 

and N os = N os * P 2s(fj); refer to  Table 6.9, Figure 7.2 and7.3)

The value found for R  is given in Table 7.4.

R 0.563
Over-All Uncertainty 0.036
Statistical Uncertainty 
Systematic: All

0.024
0.027

Systematic: from b-hadron Species 
Systematic: from Cascades 
Systematic: from P(fj;)

0.014
0.014
0.019

Table 7.4: The value for R  and the assigned uncertainties.

Here, the systematic uncertainty are due to the uncertainties of the world av­

erage b-hadron species and cascade branching ratios. Also the uncertainty of P ( / j)  

measurement causes part of the systematic uncertainty.

W ith R  and rws available, solving Equation 4.2, we obtain the result for x  given 

in Table 7.5.
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The All fitting results(5par): (Projected to one dim)

The Legend
10 - REAL::22568.0 (100%)

- bb::13216.6+/-250.7 (58.6 +/-1.1 %)
• cc::4324.1+7-443.8 (19.2 +/- 2.0%)
• jj::2508.7+/-193.0 (11.1 +/-0.9% )
• bj:: 0.0+/-60.2 (0.0 +/- 0.3%)
- cj::2518.7+7-437.8 (11.2 +/- 1.9%)10

10

10

10
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

IP (cm)
Figure 7.1: The impact param eter fit for all events (LS +  OS)
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The Like_Sign fitting results(5par): (Projected to one dim)

The Legend
-  REAL::7657.0 (100%)
-  bb::4804-5+/-150.6 (62.7 +/- 2.0%)
-  cc::786.7+/-274.9 (10.3 +/- 3.6%)
••• jj::597.7+/-115.8 (7.8 +/- 1.5%)
■ • bj:: 0.0+/-162.7 (0.0 +/- 2.1%)
-  cj::1468.1+/-271.0 (19.2 -t-/- 3.5%)

10

10

10

10
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16  0.18 0.2

IP (cm)
Figure 7.2: The like-sign impact param eter fit
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The Opposite-Sign fitting results(5par): (Projected to one dim)

10 The Legend
- REAL:: 14911.0 (100%)
- bb::8396.0+/-203.8 (56 .3+ /- 1.4%)
• cc::3562.7+/-377.8 (23.9 +/- 2.5%)
• jj::1910.9+/-164.1 (12 .8+ /-1 .1% )
• bj:: 0.0+/-44.9 (0.0 +/- 0.3% )
- cj::1041.6+/-378.7 (7.0 +/- 2.5%)10

10

10

10
0 0.02 0.04 0.06  0.08 0.1 0.12 0.14  0.16  0.18 0.2

IP (cm)
Figure 7.3: The opposite-sign im pact param eter fit
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X 0.153
Uncertainty 0.019
Statistical Uncertainty 0.012
Systematic: All 0.015
Systematic: from Monte Carlo Tossing 0.004
Systematic: from b-hadron Species Fractions 0.007
Systematic: from Cascades 0.008
Systematic: from Fakes 0.010

Table 7.5: The value for x  and the assigned uncertainties.

7.3 C om parisons w ith  O ther A nalysis

Intae Yu obtained a result for x  using Run IA dimuon data: x  = 0.131 ±0.022(s£a£) ±  

0.016(sys). This result was consistent with the world average value of x  ~  0.133 

of th a t time. The world average has so far changed to  x  ~  0.118 ±  0.005 [72]. 

O ur measurement of x  =  0.153 ±  0.019 is w ithin two standard deviations of the 

world average. Paolo Giromini et al. [73] made an independent measurement of x  

using a similar Run I dataset bu t a different m ethod and obtain the result: x  —

0.152 ±  0.007(s£at) ±  O.Oll(sys), which is consistent w ith our measurement.
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Chapter 8

Conclusion

We have measured the the bb production cross section in pp collisions at y/s =  1.8 TeV 

and the tim e-integrated average mixing param eter (x) of B°  and 13° using Fermilab 

Run IB dimuon data  in this analysis. These results sit between the Fermilab Run IA 

dimuon analysis done by Intae Yu [1] and the upcoming Run II dimuon analysis. The 

luminosity obtained in Run IB is about 88.0p6-1 . Compared to  the 20pb~l luminosity 

in Run IA, it has about 4 times the data. The enhancements in the hardware, such as 

the im plem entation of SVX’ and faster electronics, and the use of improved software 

and methodology in Run IB also help produce results with higher precision.

O ur results give bb production cross sections consistent w ith those obtained in 

the R un IA analysis[74], but both results are consistently higher than  the NLO QCD 

theory. The relative ratios between the cross sections with different quark pT lower 

bounds, in both Run IA and Run IB, however, agrees with the NLO QCD theory 

well, th a t is the shape of the distribution is in good agreement with the predictions.

The other measurement, x, taking into account of the uncertainties, agrees with 

the world average within two standard deviations. It should be noted th a t the world 

average is dom inated by measurements a t LEP operating a t the Z°  as is the value for 

the B s fraction f s. A larger value for x  as found in the dimuon result presented in 

this thesis is not inconsistent with the known value for Xd and the limits on Xs and a 

somewhat larger fraction of B s hadrons as has been measured in an analysis of CDF 

data. [75]
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In Fermilab Run II, we expect to have an increase of an addition 20 tim es of 

luminosity and even more advanced hardware and software. Therefore, we expect 

th a t the next version of b production cross section and x  measurement using Run 

II data  will reveal more about the perturbative QCD as well as the whole Standard 

Model. In particular, the upgraded detector will have the capability to  trigger on 

and fully reconstruct hadronic decay modes for both charm and bottom  hadrons, so 

th a t measurements with a completely different set of systematics can be employed in 

understanding the mystery of the discrepancy between da ta  and theory for hadronic 

production of charm and bottom . Additional statisitics for measurements such as the 

one reported in this thesis and other related methods should also allow for tests of 

the QCD predictions for correlations in bb production (e.g. transverse opening angle) 

which can be helpful in understanding the relative im portance of specific parton 

interactions[31].
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A ppendix A

The M axim um  Likelihood F itting  
M ethod and Sm oothing Technique 
used in the Impact Param eter  
F itting M ethod

A .l  T he C hoice o f Im pact P aram eter F ittin g  M eth od

In our im pact param eter fitting method, we need to  find the optim um  fractions, c /s, 

in the model:

fnii =  Co x fbb -f- C\ x f cc +  C2 x f j j  *f- C3 x fbj +  C4 x f cj (A .l)

where is the dimuon data  IP distribution and the other /* ’s are the IP  distributions 

of each of the components in the model (bb, cc, j j ,  bj, and cj). All the / ’s are 

normalized and the constraint on the optim ization is

co +  Ci +  C2 +  C3 +  C4 =  1 (A.2)

To do the optimization, we have several m ethods to  choose from:

1. Divide the data  into bins and do a simple linear regression to obtain the Cj’s.
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2. Divide the data  into bins and do a x 2 fit.

3. Divide the data  into bins and do a  maximum likelihood fit with the likelihood

function:

L = Ui{li x e - li/rn\) (A.3)

where

U =  coNbb +  ciNcc +  c^Njj +  czNbj + c$NCj (A.4)

iV**’s are the number of events of each component in the ith  bin and n* is the 

actual number of dimuon events in the ith  bin.

4. Do an unbinned likelihood fit as described in Chapter 4.

The first two methods would work well if our impact param eter distribution did

not change dram atically in the measured range. However, the actual dimuon impact 

param eter distribution density has a difference of 104 times between the low IP region 

and high IP  region. In this case, by using the first two methods, we underestim ate

the influence of the high IP region. Only by using the maximum likelihood fitting

m ethod can we account fully for the high IP region and have an unbiased estimation 

of the Cj’s .

The th ird  m ethod, like the first two methods, is based on dividing the impact 

param eter distribution region into equal or unequal-sized bins and using histograms 

based on the number of events falling in each bin to approximate the IP distributions. 

This m ethod relies heavily on the a rt of binning. W ith too wide bins, we lose im­

portan t statistical information within each bin. W ith too narrow bins, we encounter 

large statistical fluctuations which lead to large uncertainties in the final results. We 

also lose geometric correlation information by using narrow bins in the fit.

The unbinned likelihood fitting method does not rely on binning. It uses the 

full statistical information provided by the dimuon data. Also its likelihood function 

accounts fully for both  the low IP region and the high IP region. Therefore we 

have chosen the unbinned likelihood fitting method as our im pact param eter fitting 

method.
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A .2 M otivation  for Sm ooth ing

In our unbinned likelihood im pact param eter fitting, there is a  very im portant step: 

we need to  get a smooth distribution function from the Monte Carlo results.

The Monte Carlo results for a one-dimensional IP distribution, due to the low 

statistics in the high-IP area, is not smooth and has statistical fluctuations, especially 

around bins with only a few events (high IP region). If we were to use the binned 

likelihood fit w ithout smoothing the IP distribution as the previous analysis (Run 

IA) did [1], we would have to generate the IP distribution histogram  by creating 

equal-sized IP bins and count the number of events in each bin. The disadvantage of 

doing this is th a t the distribution becomes a step function with nontrivial fluctuations 

over the IP spectrum  as shown in Figure A .l. These non-physical effects in the IP 

distribution can cause systematic uncertainties to the IP  fitting m ethod and our final 

calculations. Also, the im portant statistical information within the  IP bins is wasted. 

We therefore need to find a better way to fully use the Monte Carlo da ta  and have a 

a more physical estimation of the distributions in the high-IP area.

A .3 T he Sm ooth ing Technique

To estim ate a  given function y = f {x) ,  we make N  measurements and have N  pairs 

of d a ta  (X i,Y i)  with i  =  1 ...n. Assume the uncertainty in the zth measurement is e*. 

We have:

Yi = f ( X i) + ei ,( i = l . . .N )  (A.5)

There are many ways to derive an estim ation f ( x ) .  We can express the function f ( x )  

as a simple histogram (step function) or a linear interpolation between the neigh­

bouring points. Or, based on a theoretical model, we can assume a m ulti-param eter 

function and fit the da ta  to the model to estimate these param eters. [76] However, 

when we know no adequate param etric model to which f ( x )  belongs, nonparam etric 

methods can provide reliable estimation tools. Although we could calculate the IP 

distribution of muons from B  mesons in the ideal environment (shown in Equation
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A small section of b muon IP Distribution

1

0.065 0.07 0.075 0.085 0.09 0.0950.08
cm

Figure A .l: This is a small section of our bb dimuon histogram sample (magnified). 
We can see there are statistical fluctuations in the bins. These fluctuations are more 
obvious when we go to  higher IP or smaller bins. The smoothing technique makes 
bette r use of our knowledge of the physical distribution and provides a be tte r approx­
im ation of the IP  distribution.
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4.4), the Monte Carlo results we obtain can not be approximated with a simple an­

alytic function. T hat is due to the nonuniformity in the geometric coverage of the 

detector, non-linearity in the subsystem efficiencies and other experimental factors. 

We therefore choose to use a non-parametric estimator.

There are several non-parametric models to choose from: Nadaraya-W atson, k- 

th  Nearest Neighbour, Spline Estim ators, Gasser-Miiller, Local Polynomial, Local 

Param etric, etc. Our smoothing technique is derived from the Nadaraya-W atson 

Kernal Smoothing method. The basic idea of kernal smoothing method is to  use a 

weighted average of the Yj’s close to the  estimation point x:

/ »  =  (A.6)

Here K( x )  is called the Kernel Function, b is called the Kernel W idth, which is in fact 

the variation of K( x) .  Which kernel function to choose depends on the application. 

Some literature suggests th a t the choice of kernel function shapes do not affect the 

final results significantly. We use a normal distribution as our Kernel Function.

The other factor, b, is more im portant. Around regions where the second derivative 

f " ( x )  is large, the estimation has non-trivial systematic uncertainties due to the 

sym m etric properties of the kernel functions. We need to  choose small 6’s in such 

regions. In our analysis, the 6’s are manually chosen.

A nother technique we used in the sm oothing is to  use log(Y) instead of Y  in the 

estim ations. As metioned earlier in this chapter, the difference in /  between the high 

IP  region and low IP  region could be up to  104 times. By taking the logorithm of / ,  

we obtain a distribution th a t is closer to  a linear distribution. This new distribution 

has relatively small second order derivative and causes less systematic uncertainties 

for the smoothing.

Figure A.2 is a diagram of the sm oothing process. The result of the process is the 

curve shown in Figure A .l. The curve is later used in the unbinned likelihood fitting 

m ethod.
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|A small section of b muon IP Distribution
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Figure A.2: The way we do the smoothing is to take a weighted average of the 
neighbouring Yi s. The weights are chosen to be of a Gaussian shape.
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A ppendix B

M y participation in the CDF  

experim ent

1

I started  working for the  CDF experiment during the summer of 1998. It was a 

tim e when Run I had finished two years before while Run II was still under construc­

tion. Although my thesis is based on the CDF Run I data, I also had the opportunity 

to participate in the construction and a part of the run of the Run II experiment. My 

contribution to  the CDF Run II experiment, besides running shifts before and during 

the run, focuses on a software package named Trigger Manager (TM).

The Trigger Manager is a software module th a t lies between the Trigger Supervisor 

and the Scanner Manager in the trigger system. Figure 3.14 shows the Run I trigger 

system but has a  similar structure as Run II. We can see from Figure 3.14 the position 

of TM in the whole trigger system. The main purpose of the Trigger Manager is to 

pass trigger information between 8 Trigger Supervisors and 1 Scanner Manager. The 

other purposes of Trigger M anager include monitoring of the events and performing 

certain run-control functions.

Figures B .l and B.2 are the dem onstration of the communication protocol between 

the Trigger M anager and the Scanner Manager. D uring a norm al run, the Trigger

1This chapter is not related to our analysis and was added per the request of the thesis defense 
committee.
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(1) Normal case
TM SM SCPU

Event has  L2 accep t and  has reached  VRBs

T he m e ssa g e  isn 't in terpreted  or replied to 
until it g e ts  out of the SM 's in ternal queue .

Event is no longer in VRBs

Event ready

Event loaded

enqueue , dequeue

Load event

Event loaded

(2) DONE timeout

Event h a s  L2 accep t but som e DONE 
signals never com e. Each VRB still gets 
som eth ing , at le a s t a  dum m y fragm ent. 
Sending  of "Event ready" to SM c e a se s .

T he even t with the  DONE tim eout is no 
longer in the VRBs. S ince "Event ready" 
sending had cea sed , the  VRBs now contain 
no ev e n ts  a t  all. Sending  of "Event ready" 
may resum e.

DONE timeout

All clear

enqueue , dequeue

Load event

Event loaded

Figure B .l: The protocol between the Trigger Manager and the Scanner Manager.

(1)
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(3) SCPU loading error TM SM SCPU

Event d a ta  is corrupted  o r m issing, stop the 
L2 trigger. Until "Flow s to p p ed ’ arrives, the 
SM d iscards any pending TM m essag e s  and 
ignores any  which arrive.

Now that the  VRBs a re  no longer being 
filled, w e can  flush th e  d a ta  ou t of them .

Event ready

Stop flow

Flow stopped

enqueue, dequeue

Load event

Loading error or SCPU timeout

Purge queue,
Wait for ’Flow s to p p e d ’

Flush partition

Partition flushed

Now tha t the  partition 's VRBs a re  em pty, 
the  run m ay b e  resum ed  a fte r th e  problem  
has been  fixed.

Partition flushed

Figure B.2: The protocol between the Trigger Manager and the Scanner Manlager.
(2 )
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Manager collects “Event Ready” information from the 8 Trigger Supervisors and 

parses the information to a readable format before sending it to the Scanner Manager. 

The Scanner Manager receives the “Event Ready” information, processes it, and 

replies with a “Event Loaded” to  the TM and finishes the cycle. However, when 

there are abnormalties in the run such as a tim eout or a scanner CPU loading error, 

the Trigger Manager and the Scanner Manager needs to respond to such cases and 

make certain comminications with other parts of the system.

The other im portant functions of the TM are its monitoring of the trigger system 

and usage in run-control. The TM keeps records of the numbers of normal events, 

events with timeout, and events with SCPU errors, etc. These numbers are readable 

through a Java interface or through a run-control interface. W hen the operator of 

the experiment sees abnormalties in the events, he can decide to  pause or stop the 

current run. In such situations, the TM can be controlled from the run-control panel 

and haults or resumes the data  flow.

The Trigger Manager is an im portant part of the trigger system and is currently 

running in the CDF Run II experiment when this thesis is being written.
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