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Abstract

Data collected by the Fermilab CDF detector are used to measure the in-
clusive bb jet production cross section in proton-antiproton collisions at a
centre-of-mass energy of 1.96 TeV. Vertices displaced from the primary in-
teraction point (secondary vertices) are a signature for long-lived decay and
are used to identify jets originating from b quarks. An event sample contain-
ing two jets, each having an identified secondary vertex, is used. The jets are
required to be within the pseudo-rapidity region |n| < 1.2. One of the jets
is required to have a transverse energy greater than 30 GeV and the other
jet is required to have a transverse energy greater than 20 GeV. The results
are compared to Leading Order (Pythia and Herwig) and Next to Leading
Order (MC@NLO) predictions.
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Chapter 1

Introduction

The Standard Model of particle physics was developed in the 1960s and de-
scribes the fundamental particles and their interactions in nature. The model
consists of a set of gauge theories and is described in chapter 2. It has been
extremely successful since its development and many experimental measure-
ment have been found to be consistent with Standard Model predictions.

The analysis described in this thesis measures the cross section for b quark
production, one of the fundamental particles within the Standard Model, in
proton-antiproton (pp) collisions. Data are collected using the CDF detector,
which is described in chapter 3. The measurement is made by identifying jets
associated to b quarks through secondary vertex tagging. Chapter 4 describes
the algorithm used to find jets and secondary vertex tagging is explained in
chapter 5. The data samples used in the measurement and event selection
procedure are described in chapter 6. Finally the cross section calculations
and the conclusions are detailed in chapters 7 and 8, respectively.

Previous measurements of the inclusive b quark cross section, discussed

in section 2.6, have shown a discrepancy between data and Next to Leading



Order predictions. Although this has since been reduced, a confirmation
of the measured discrepancy could signal “new” physics. The analysis also
provides a good insight into b quark production mechanisms and is a strong
test for the Standard Model. By using jets rather than a hadronic decay
channel for the measurement there is no dependence on branching fractions
that often need to be measured experimentally. The requirement of two b
jets within the pseudo-rapidity region || < 1.2 picks out Leading Order

production mechanisms and allows a specific part of QCD to be tested.



Chapter 2

b Quark Physics in pp Collisions

2.1 The Standard Model

The Standard Model consists of a set of gauge theories describing the strong,
weak and electromagnetic interactions which are mediated by integral spin
gauge bosons. The model predicts all matter is made up of spin % fermions
and anti-fermions which are listed in table 2.1. The leptons only interact
via the electromagnetic and weak interactions, mediated by the photon and
W /Z bosons. Quarks can also interact via the strong interaction, which is
mediated by the gluons. The Higgs Mechanism [1] is responsible for the
masses of the particles, which results in the addition of the scalar Higgs
boson.

Within the Standard Model the electromagnetic and weak interactions
are united in electroweak theory [2], this is briefly described in section 2.2.
The theory of Quantum Chromodynamics (QCD) is used to describe the
strong interaction [3, 4, 5] and is used to calculate cross sections for the pro-

duction of b quarks. QCD is described in detail in section 2.3 and the various

3



Type Electric Charge
Quarks
u et +2/3
d|s|b -1/3
Fermions
Leptons
R T -1
Ve | ¥y | V2 0
0
Z 0
Bosons W +1
Gluon 0
Higgs 0

Table 2.1: The fundamental particles within the Standard Model.

Fach

fermion has an associated antiparticle which has opposite electric charge.



production mechanisms for b quarks are discussed in section 2.4. Section 2.5
describes Monte Carlo event generators which incorporate QCD calculations
for scattering processes with models for hadronisation and simulate particle

decays in order to simulate pp collisions.

2.2 Electroweak Theory

Electroweak theory is a gauge theory for the SU(2) x U(1)y group, where
SU(2) is the gauge group for the weak interaction. The U(1)y group, how-
ever, is not the gauge group of the electromagnetic interactions but of hy-
percharge, this is denoted by the subscript Y. The weak interaction only
interacts with left handed quarks and leptons. These form doublets which
are represented by the columns in table 2.1. The right handed components
are singlets which are unaffected by the weak interaction.

The gauge bosons of the group’ (B, W', W? and W?) are all massless. The
masses of the physically observed W* and Z bosons are generated through
the Higgs mechanism. A scalar Higgs field is introduced in order to break
the symmetry of the group spontaneously. The coupling of the gauge bosons
with the Higgs field results in the massive W* bosons and the Z boson. It
also results in the entangling of the SU(2) and U(1) groups as the Z boson
and the photon are linear combinations of the massless B and W* bosons.

This is shown in equations 2.1 and 2.2, where 6y is the weak mixing angle.

IThe U(1)y group has one generator and the SU(2) group has three generators.



Z = cosOyW? — sinfw B (2.1)

v = cosby B + sinfy W? (2.2)

The weak eigenstates of the quarks are superpositions of the mass eigen-
states of the physical quarks. This means quark transitions across genera-
tions are possible via the weak interaction. The mixing of the mass and weak
eigenstates is described by the Cabibbo-Kobyashi-Maskawa (CKM) matrix
[6].

2.3 Quantum Chromodynamics

QCD is a non-abelian gauge theory of the SU(3) group. The non-abelian
nature means the gauge mediators interact with each other at three-point and
four point vertices. Eight gauge mediators (bosons) have to be introduced
in order to preserve local gauge invariance, these are the gluons. The quarks
are described by the gauge fields 1);, where i runs from 1 to 3 and represents
the colour quantum number.

For each quark flavour the basic QCD Lagrangian is given by:

1 e
L= MZF;,F““" + ip(v*D, — mI)y (2.3)
F2, = 0,A5 — 8,A% — g, f ALA (2.4)
D, = 9,1 +ig,T°A% (2.5)

where ¢ and A® are the quark and gluon fields. I is the unit matrix and

T? are the generator matrices. f% define the Lie algebra [7] of the group
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and are known as “structure constants”. g is the gauge coupling constant
and m is the mass of the quark. The indices a, b and ¢ run from 1 to 8 and
represent the eight mediators. The Lagrangian defines the quark and gluon
interactions and their propagators.

The Feynman rules for the propagators and interaction vertices are de-
termined directly from the Lagrangian. The rules are only useful within the
context of perturbation theory, which requires the strength of the coupling
to be small. This however is not a problem since the coupling constant varies

as a function of four-momentum scale (distance).

2.3.1 Asymptotic Freedom

The coupling constant is more commonly represented as «; where:

_%

& (2.6)

Qs

Loop corrections made to the gluon propagator introduce integrals that
diverge to infinity, these are known as “UV” divergences. These are renor-
malised by subtracting at some renormalisation scale y, which appears in-
side a logarithm for the renormalised quantities. For interactions at a four-
momentum scale Q, where @ >> pu, this results in the coupling constant
depending on a logarithmic term of Q?/u* which obeys the differential equa-
tion:

9as(Q?)

W = 5(%(@ )) (2-7)

[ has a perturbative expansion given by equation 2.8 and [, is calculated

using the number of colours, /.., and number of flavours whose mass threshold



is below the four-momentum scale, ny.

B(e) = —Boa® + O(a®) + ... (2.8)
A 11N, — 2n;y
Bo = TR (2.9)

The negative sign of 3 results in the coupling strength falling as a function
of four-momentum scale, this is known as “asymptotic freedom”. This means
that at large four-momentum scales it is possible to calculate the scattering
cross sections of quarks and gluons using perturbation theory. The converse
argument explains why free quarks and gluons are not observed in nature.
A small four-momentum scale is equivalent to a large distance where the
coupling strength gets stronger. So as quarks are pulled further from each
other more and more energy is required to overcome the binding. This results
in quarks and gluons being bound inside hadrons, this phenomenon is known
as “confinement”.

As quarks and gluons involved in scattering processes move apart they
form themselves into hadrons through a process called “hadronisation”. This
happens at a distance where the coupling constant is strong, therefore it is not
possible to use perturbation theory to describe it. Instead models are used
to represent hadronisation and are implemented in Monte Carlo generators,
these models are discussed in section 2.5.2. Hadronisation often results in
multiple hadrons being produced, all moving in the original quark direction.
These are known as “jets” and are the experimental signature of quarks and

gluons.



2.4 b Quark Production Mechanisms

The Leading Order and Next to Leading Order production mechanisms in
pp collisions can be categorised into three classes: flavour creation; flavour
excitation; and gluon splitting. Figure 2.1 shows Feynman diagrams for
each class. In the flavour creation category the bb pair are produced via
the Leading order processes of gluon-gluon fusion or ¢g annihilation. During
flavour excitation gluon fragmentation to a bb pair occurs in the initial state
and results in one of the b quarks being scattered from the initial state to
the final state by a gluon or light quark. The final category contains events
where the bb pair are produced in the final state during the fragmentation
process of a gluon or light quark. The flavour excitation and gluon splitting

processes are only possible at Next to Leading Order.

(a) Flavour Creation (b) Flavour Excitation (c) Gluon Splitting

Figure 2.1: Ezample Feynman diagrams for: a) flavour creation; b) flavour

excitation; ¢) gluon splitting.

Although events from the various categories cannot be fully separated,
there are various kinematic characteristics which allow some distinction to

be made [8]. Figure 2.2 is taken from reference [8], it shows the differential



cross section as a function of the azimuthal angle, the angle in the plane
transverse to the beam direction, between the bb pair. Unlike flavour exci-
tation and gluon splitting which both tend to have a flat distribution, the
flavour creation process results in the bb pair coming out predominantly back
to back in the transverse plane. By requiring two b jets and measuring the
cross section as function of the angle between them it is possible to qualita-

tively predict which process is dominant in the sample.

[h-quark Correlations: Azimuthal Aj Dinrlhuunnl
0.100 !
3 1.8 TeV Pythia CTEQ4L
PT1>5 GeVie
PT2>0 GeVic
3 vil<1 Iv2l<1
§ 0.010 =
i - -—-‘--_--.
"Toward" ‘Away”
P SUETTETTRTTTREE ORI ErTREETERRTRIEEY 3B CRERTr v Rt e it AR ’
0.001 T T T T T
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|ad] (degrees)
[=———Pyihia Tatal —=—Flavor Creatian —8—Flavor Excitation = = § Fragmentation

Figure 2.2: Differential cross section predictions as a function of the az-
imuthal angle between the bb pair for the various categories, taken from ref-

erence [8].

2.5 Monte Carlo Event Generators

Monte Carlo event generators are used in a variety of ways in the analysis,
from finding characteristic spectra for variables associated with b quarks to

finding predictions for the cross section of bb jet production. Pythia [9] and
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Herwig [10] Monte Carlo generators incorporate the QCD scattering pro-
cesses at Leading Order, calculated using perturbation theory, radiation of
gluons from the incoming protons and outgoing partons after the scattering,
hadronisation and decay of heavy objects in order to simulate pp collisions
at Tevatron energies. The MC@NLO [11] Monte Carlo generator calculates
QCD scattering processes at Next to Leading Order using perturbation the-
ory and links to Herwig for the simulation of hadronisation and particle
decays.

In terms of the b quark production mechanisms discussed in section 2.4
Pythia and Herwig calculate the flavour creation processes explicitly using
perturbative QCD but the flavour excitation and gluon splitting processes are
only approximated from the initial state and final state radiation simulation.
MC@NLO instead calculates all the processes at Next to Leading Order using

perturbation theory.

2.5.1 Parton Distribution Functions (PDFs)

The quarks and gluons that form hadrons are known as “partons”. During
pp collisions it is the constituent partons that are involved in any hard-
scattering process. The parton distribution functions describe the fraction,
z, of longitudinal momentum carried by the various partons in the proton.
These are used by the Monte Carlo generators to calculate the scattering
cross sections and to simulate initial state gluon radiation.

The change in PDFs as a function of the momentum scale is described
by the DGLAP equations [12]. This allows PDFs found at one momentum

scale to be used for other momentum scales. PDFs are currently determined
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by a global fit to a wide range of experimental data that are sensitive to
different regions in z. These fits are made by the CTEQ [13] and MRST [14]
collaborations. The experiments used to calculate the PDFs include fixed
target experiments based at SLAC, CERN and FNAL and deep inelastic
scattering data from electron-proton collisions at HERA. In this analysis the
CTEQ 51 PDFs are used with both Pythia and Herwig and the MRST 1999
PDFs are used with MC@NLO.

2.5.2 Hadronisation

Hadronisation is not calculable using perturbation theory and models are
used by the Monte Carlos to simulate it. Pythia uses the Lund String Model
[15] and Herwig uses the Cluster Model [16].

The Lund String Model is based on confinement and is best explained us-
ing ¢g production. As the ¢ and § move apart from each other a colour string
connecting the two is stretched causing its potential energy to rise. Eventu-
ally the string has enough potential energy that it can break and produce a
new quark-antiquark pair, ¢'¢. Quantum mechanical tunnelling is used to
produce the quark-antiquark pairs. The tunnelling probability is given by
equation 2.10, where m is the mass of the quark, p; is its transverse momen-
tum and k is the energy density of the string. It results in a suppression
of heavy flavour quarks with theratiou: d:s: c~1: 1: 0.3: 1071L
When the string breaks the system splits into two colour-singlet subsystems
qq and ¢'q, where each subsystem is connected by a string. If the string has

a high enough invariant mass, further string fragmentation is possible, which
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continues until only on-mass-shell hadrons remain.

2 2
p(tunnelling) = exp(—%)e:cp(_w—?) (2.10)

The Cluster Model uses a process known as “preconfinement”. In the
period after the hard scatter, where a, is still small, perturbative QCD can
be used to generate a parton shower by radiating gluons. The gluons can
be considered as colour-anticolour pairs and are non-perturbatively split into
quark-antiquark (diquark-diantiquark) pairs after the parton shower. By fol-
lowing the colour structure of the parton shower the quarks and gluons can
be organised into colour-singlet clusters, this is defined as preconfinement.
The process is shown schematically in figure 2.3. These clusters are then
fragmented into hadrons. If a cluster is too light to decay into hadrons it
is taken to represent the lightest single hadron of its flavour and its mass
is shifted to the appropriate value by exchanging four-momentum? with a
neighbouring cluster. Clusters able to decay to two hadrons do so isotropi-
cally, in the centre of mass frame of the cluster. A random flavour f is chosen
from u, d, s, ¢ and the six diquark combinations of u, d and s. Thus a cluster
f1f2 is split into f; f and fof and the hadrons corresponding to these flavours
are chosen at random from a list of available hadrons. The choice is only
accepted in accordance with the density of states for that channel, otherwise
[ is rejected and the procedure repeated. An iterative processes is used to

hadronise all the clusters.

2(E, pz, py, p-) where E is the energy and p,, Py, P- are the x, y, z components of the

momentum.
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Figure 2.3: Schematic diagram showing how clusters (Cy, Cs, ...) are formed
using preconfinement by following the colour flow. The dashed line represents

the point at which o, becomes large.

2.5.3 b quark decay

b quarks have an average lifetime of 1.564 + 0.014 ps [17], so they form
hadrons before decaying. The decay of the b quark within the hadron pro-
ceeds via the weak interaction, with the emission of a W boson. The quark
that the b decays to is combined with the remaining quark contents of the
hadron to form a new hadron. If the W boson decays to two quarks these
are combined to form a second hadron. To form higher multiplicity decays
the hadronisation model is used to form additional hadrons. The b quarks
predominantly decay to the ¢ quark, this also decays weakly and the same
procedure is used.

Since the decay of the b quarks occurs some time after the initial interac-
tion, the vertex at which the decay occurs is well separated. This allows jets
originating from b quark hadronisation to be identified and forms the basis

of this analysis.
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2.6 Previous Measurements of b Production

The first measurements of the b quark cross section in pp collisions were made
by the UA1 collaboration [18]. The centre-of-mass energy of the collisions
was 630 GeV. Samples containing muons were used to extract the b quark
cross section and the measurement showed agreement with Next to Leading
Order QCD predictions. Both the CDF [19] and DO [20] collaborations then
measured the cross section at a centre-of-mass energy of 1.8 TeV. The analy-
ses used muons and J/%s to identify b hadrons and showed an excess in the
measured rate of b quark production by a factor of two or more when com-
pared to Next to Leading Order calculations. The H1 [21] collaboration at
HERA also measured an excess in the rate of b quark production in electron-
proton scattering, again muon data samples were used to extract the cross

section. The results are summarised in table 2.2.

Collaboration | min p? (GeV/c) Ob Discrepancy
UA1 (1991) 6 19.3 £ 7(exp.) £ 9(th.)ub Agrees
CDF (1992) 8.5 10.5720ub + 1.70
CDF (1993) 21 295 £ 21 & 75nb + 210

DO (1995) 6 8.0 + 2ub + 150
DO (1996) 9.9 2.0+ 0.5ub +200
H1 (2000) = 206 + 19745 +260

Table 2.2: Summary of previous measurements of the inclusive b quark pro-

duction cross section.

One of the inherent problems with the analyses was that they had mea-

sured the cross section using b hadrons (hadrons containing b quarks) and
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quoted the results in terms of the quark kinematics rather than those of the
hadron. The fraction of the b quarks momentum carried by the b hadron is
parametrised using fragmentation functions, such as those produced by Pe-
terson et al. [22]. Using fragmentation functions the measured hadron cross
sections are deconvoluted to extract a b quark cross section ie. going from

the hadron level to the quark level where:

e The hadron level is where the kinematics are described in terms of the

hadrons that are measured by the experiment.

e The quark level is where the hadron kinematics are adjusted in order to

quote results in terms of the quarks from which the hadrons originated.

Cacciari and Nason reevaluated the deconvolution of data from the hadron
level to the quark level [23]. They also improved theoretical calculations [24]
and showed the discrepancy could be reduced. They conclude that mea-
surements made should not be deconvoluted to the quark level but should
be kept at the hadron level, ie. the b jet cross section should be measured
rather than the b quark cross section. Taking this into consideration, in this
analysis b jets are identified and the results are quoted with respect to the
the jet kinematics, rather than the b hadrons within them or the b quarks

that produced them.
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Chapter 3

The Tevatron and the Collider
Detector at Fermilab (CDF)

The Tevatron is a circular pp accelerator with a radius of 1 km. CDF is one
of two multipurpose detectors located at the pp collision points and is used
to detect the particles produced during the pp interactions.

Tevatron operations began in October 1985 at a centre-of-mass energy
of 1.8 TeV (Run I). Over 100 pb~! of data had been collected and analysed
when Run I finished in 1996, resulting in over 100 published papers and the
discovery of the top quark [25]. After the end of Run I major upgrades were
performed on the Tevatron in order to increase the centre-of-mass energy
to 1.96 TeV and provide a higher instantaneous luminosity; CDF was also
upgraded to improve the detector and accommodate the new running condi-
tions. The new data-taking period, Run II, started in June 2001 and so far
over 500 pb™! of data have been collected; 65 pb~! of Run II data are used
for this analysis.

The remainder of this chapter describes the accelerator and the CDF
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detector in more detail.

3.1 Accelerating the Protons and Antipro-
tons

A series of accelerators are required to accelerate the protons and antiprotons
to 980 GeV. The system used contains: a Cockcroft-Walton accelerator; a
linear accelerator (the Linac); five synchrotrons (the Booster, the Main Injec-
tor, the Tevatron, the Debuncher and the Accumulator); and a storage ring
(the Recycler). Figure 3.1 is a schematic diagram of the accelerator system

showing how the various accelerators are connected.
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Figure 3.1: Schematic diagram of the accelerator system.

18



3.1.1 Protons

Electrons are added to hydrogen atoms to produce H™ ions which are accel-
erated to 750 KeV in the Cockeroft-Walton accelerator - a multistage voltage
multiplier providing a DC voltage of 750 kV for acceleration. The Linac is
used to accelerate the ions to an energy of 400 MeV at which point they are
passed through to the Booster. In the Booster the H™ ions are stripped of
their electrons by passing them through a thin carbon foil and the resulting
protons are accelerated to energies of 8 GeV. The protons are boosted up to
energies of 150 GeV in the Main injector and then injected into the Tevatron

where they are accelerated to 980 GeV.

3.1.2 Antiprotons

Every 1.5 seconds protons from the Main Injector are directed to a Nickel
fixed target. The collisions produce bunches of antiprotons with a wide
spread in energies, which are refined in the Debuncher. The refining process
also results in the bunches being converted into a steady stream. The an-
tiprotons come from the target with random positions and angles resulting
in a “wide” beam and so are also stochastically cooled [26] in the Debuncher.
The process is a feedback system designed to collimate the beam.

The antiprotons are passed through to the Accumulator where they are
cooled further. As the name suggests the Accumulator accumulates succes-
sive pulses from the Debuncher and can store them for many hours. The
8 GeV antiprotons in the Accumulator are passed to the Main Injector for
acceleration to 150 GeV. Finally in the Tevatron they are accelerated to 980

GeV ready for collisions.
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