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Abstract

The dominant b production mechanism at the Tevatron is pair production through
strong interactions. The lowest order QCD diagrams contain only b and b̄ quarks in
the final state, for which momentum conservation requires the quarks to be produced
back-to-back in azimuthal opening angle. When higher order QCD processes are con-
sidered, the presence of additional light quarks and gluons in the final state allows the
azimuthal angle difference, Δφ, to spread. The next to leading order QCD calculation
includes diagrams up to O(α3

s) some of which, commonly known as flavor excitation
and gluon splitting, provide a contribution of approximately the same magnitude as
the lowest order diagrams.

The study of bb̄ angular correlation gives predictions on the effective b quark
production mechanisms and on the different contributions of the leading order and
next-to-leading order terms.

The first experimental results on inclusive bottom production at the Tevatron
were strongly underestimated by the exact NLO QCD prediction. Later on this
disagreement had been explained and reduced by theoretical and experimental im-
provements: new QCD calculations that implement the Fixed Order with Next-to-
Leading-Logarithms calculation (FONLL); updated parton distribution functions and
fragmentation functions; and more precise measurements. Previous measurements of
bb̄ azimuthal angle correlation have, instead, reached various level of agreement with
parton shower Monte Carlo and NLO predictions.

Here we present a measurement of the bb̄ jet cross section and azimuthal angle
correlation performed on about 260 pb−1 of data collected by the CDF II detector
at Fermilab from March 2002 to September 2004. This study extends the energy
range investigated by previous analyses, measuring jet transverse energies (ET ) up
to values of about 220 GeV. It relies on the good tracking capabilities of the CDF
detector both at the trigger level and offline. Events with heavy quarks are selected
online using the Secondary Vertex Trigger (SVT), which can measure in real time
the impact parameter of the tracks, in particular those originated from the decay
of long-lived particles. The SVT represents the key element for all the heavy flavor
measurement performed by CDF, and this analysis describes one of the first cases in
which the SVT trigger is used to study high pT physics.
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The total cross section is mesured together with the di-jet differential cross sections
as a function of the highest energy jet ET and the di-jet invariant mass. The azimuthal
angular correlation (Δφ) between the two jets is also measured. As expected this
distribution proves that the largest contribution to bb̄ production is due to lowest
order QCD diagrams, corresponding to a back to back configuration of the two b-jets
(large Δφ values).

The most interesting fact is, however, that the low Δφ region also results highly
populated, suggesting an important role played by higher order production terms.

To verify this conclusion, results are compared to Monte Carlo predictions at
leading order and next to leading order QCD. When technical details are correctly
taken into account, as the contribution of the underlying event for example, it is
possible to conclude that the data are in agreement with a next to leading order
model. Nevertheless the agreement is not perfect and the data present some excess
with respect to theoretical predictions.

This thesis describes the analysis steps in details as support to the PRL paper
forseen to be published soon.



Résumé

Ce travail de thèse décrit les mesures de section efficace de production d’un paire
de quarks bb̄ dans des collisions pp̄ de

√
s = 1.96 TeV dans le centre de masse,

réalisées par l’expérience CDF. Après une brève introduction théorique, le détecteur
CDF et ses divers composants sont présentés, puis la stratégie d’analyse utilisée est
expliquée en détail. L’analyse utilise des jets dans la région de pseudo-rapidité centrale
(|η| < 1.2) reconstruits avec l’algorithme ‘JetClu’ pour des énergies transverses Ejet

T

allant jusqu’à 220 GeV . Les bonnes performances du système de declenchement SVT
sont exploitées ainsi que la bonne capacité de reconstruction de traces du détecteur
CDF pour identifier les jets b en reconstruisant le vertex secondaire avec l’algorithme
‘SecVtx’. Les résultats obtenus sont comparés avec les prédictions théoriques.

Introduction théorique

Le Modèle Standard (SM) des interactions électrofaibles et fortes décrit les interac-
tions entre les particules élémentaires en utilisant la théorie quantique des champs.
Jusqu’à présent, le Modèle Standard a connu un succès remarquable par ces prédictions,
qui ont été vérifiées expérimentalement.

Les interactions sont basées sur le groupe de symétrie de jauges SU(3)C⊗SU(2)L⊗
U(1)Y , qui décrit les interactions électromagnétiques, faibles et fortes, par l’échange
de champs de jauge. En particulier, la Chromodynamique Quantique est la théorie
de jauge des interactions fortes: le groupe de couleur SU(3)C sur lequel cette théorie
se fonde, implique l’existence de 8 gluons, médiateurs de l’interaction. La portée de
l’interaction forte est caractérisée par la constante de couplage forte αs,qui décrôıt
lorqsue le module carré du quadri-moment d’impulsion |Q2| transférée lors de la col-
lision augmente. Les sections efficaces de la QCD peuvent être approximées par des
développements en série de αs: si αs est suffisamment petit, la théorie des pertur-
bations est justifiée. L’énergie dans le centre de mass au Tevatron est déjà suffisam-
ment élevée pour permettre des mesures de précision des prédictions de la QCD, et
spécialment pour la production de quarks bottom. Les mesures de la section efficace
de production des jets b fournissent ainsi un important test quantitatif de la QCD.

v
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Chapter 1

Theoretical introduction

Bottom production cross section measurements represent an important test of pertur-
bative QCD and also, a valuable source of information to study and test its state of
the art modeling using Monte Carlo methods. This is even more so for the bb̄ jet cross
section measurement where some observables can be found that are sensitive to pro-
duction mechanisms and to the relative contribution of the Leading Order (LO) and
Next to Leading Order (NLO) terms. This chapter represents a brief introduction to
different theoretical and phenomenological aspects of bottom production at a hadron
collider. After a few words on perturbative QCD in section 1.2, a short description
of the Monte Carlo approach to QCD calculations is given, paying special attention
to the different methods of Parton Showers and Matrix Elements and to the problem
of a correct combination between the two (section 1.3). The last part of the chapter
is dedicated to the theoretical prediction and phenomenology of b production at the
Tevatron. Previous bottom production measurements are described in section 1.5.
Section 1.6 focuses on the importance of a bb̄ angular correlation study to improve
the present understanding on the production mechanisms: in fact, a NLO prediction
of the full kinematics of bottom pair production has not yet been calculated in a
closed form.

1.1 Standard Model

The Standard Model of particle physics is the current theory of the interactions of
fundamental particles. The model has been extremely successful and almost all ex-
perimental measurements are consistent with the model, within measurement uncer-
tainties. Within the Standard Model, matter consists of fermions with spin �/2 and
the strong, weak and electro-magnetic forces are mediated by spin � gauge bosons.
Gravity remains to be incorporated in the Standard Model as a quantized theory. It
is assumed to be mediated by a massless particle of spin 2�, called the graviton. For
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2 CHAPTER 1. THEORETICAL INTRODUCTION

each fundamental particle, an antiparticle exists with opposite electrical charge and
parity.

Two types of fundamental fermions exist in the Standard Model, leptons and
quarks. There are three generations of leptons, each of which consists of charged
particle (electron, muon or tau) and a neutral partner (electron, muon and tau neu-
trinos). The generations are arranged in a mass hierarchy, whose source is so far
unknown. Leptons are only sensitive to the electroweak and gravitational forces. In
an analogous manner, three generations of quarks exist. Each generation consists of a
charge +2/3 quark (up, charm and top) and a charge −1/3 quark (down, strange and
bottom). Quarks carry strong interaction charge, ‘color’, as well as the electromag-
netic charge and therefore can interact via the strong force as well as the electroweak
and gravitational forces. Tables 1.1 and 1.2 summarize the characteristics of the
fundamental fermions in the Standard Model.

Leptons
Flavor Mass (GeV) Charge

Electron (e) 0.000511 (est.) -1
Neutrino νe < 225 eV @95% C.L. 0
Muon (μ) 0.106 -1

Neutrino νμ < 0.19 MeV @90% C.L. 0
Tau (τ) 1.777 -1

Neutrino ντ < 18.2 MeV @95% C.L. 0

Table 1.1: Fundamental fermions in the Standard Model: leptons

Quarks
Flavor Mass (GeV) Charge

Up (u) 0.003 2/3
Down (d) 0.006 −1/3
Charm (c) 1.3 2/3
Strange (s) 0.1 −1/3

Top (t) 175 2/3
Bottom (b) 4.3 −1/3

Table 1.2: Fundamental fermions in the Standard Model: quarks

The photon is the spin 1� gauge boson which mediates the electro-magnetic force.
The weak force is carried by 3 massive spin 1� bosons, W+,W− and Z0. The strong
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Bosons
Mass (GeV) Charge Force Affected particles

Graviton 0 0 Gravitation All
Photon (γ) 0 0 Electromagnetic All charged

W+ 80.4 +1 Weak Quarks, Leptons
W− 80.4 -1 Weak Quarks, Leptons
Z0 91.2 0 Weak Quarks, Leptons

Gluon (g) 0 0 Strong Quarks, Gluons
Higgs (H0) > 114 0 Massive particles

Table 1.3: Fundamental bosons in the Standard Model

interaction is transmitted by 8 ‘colored’ spin 1� gluons. Finally, the Higgs Boson (H0)
is believed to be the source of electroweak symmetry breaking and mass. It has not
yet been observed. Table 1.3 summarizes the fundamental bosons in the Standard
Model.

1.2 The Strong Interaction (QCD)

Quantum Chromodynamics (QCD), the theory of the strong interaction within the
Standard Model, was developed [1] as a non-Abelian SU(3) gauge theory, following
the way opened by QED and Yang-Mills theories. The charge within QCD is the
‘color’; each quark has 3 possible colors and gluons, the force carrier in QCD, have
the 8 different possible combinations of the 3 fundamental colors. As gluons carry
color, gluons can self-couple, unlike photons in QED. The Lagrangian is given by:

LQCD =
∑

flavors

q̄a(iγ
μDμ −mq)abqb − 1

4
FA

αβF
αβ
A

where the sum runs over the six different flavors of the quarks. FA
αβ is the field strength

tensor derived for the gluon field AA
α as

FA
αβ = [∂αA

A
β − ∂βA

A
α − gfABCAB

αA
C
β ]

and the indexes A,B,C run over the eight color degrees of freedom of gluon field. g
is the coupling constant, which determines the strength of the interaction between
quarks and gluons. The third term shows the non-abelian nature of of QCD. This
term describes the property of the interaction among gluons. Interaction between two,
three, or more gluons can occur, resulting to a very different behavior compared to



4 CHAPTER 1. THEORETICAL INTRODUCTION

the electromagnetic interaction. Self-coupling of gluons is the reason why the strong
coupling constant , αs = g2

4π
, is large at small momentum transfer (large distances)

and decreases at high momentum transfer (small distance) as shown in figure 1.1.

Figure 1.1: Left: Summary of the values of αs. The lines show the central value and
the ±1σ of the PDG average. The data are, in increasing order of μ: τ width, Υ
decays, deep inelastic scattering, e+e− event shapes from the JADE data at 22 GeV
and TRISTAN at 58 GeV, Z width, and e+e− event shapes at 135 GeV and 189 GeV.
Right: Summary of the values of αs(MZ) from various processes extrapolated at
μ = MZ . It is shown the total error including theorethical uncertainties. The PDG
average αs = 0.1176 ± 0.002 is also shown. [2].

This behaviour, known as running coupling constant explains two observed phe-
nomena in QCD: asymptotic freedom and color confinement. Asymptotic freedom
refers to the weakening of strong coupling at small distances (high momentum trans-
fer). Quarks are surrounded by a ‘cloud’ with virtual gluons and quarks. Because
gluons can split into gluon pairs, the color charge of the cloud is preferentially the
color of the quark. Thus as the quark is probed at smaller distances, less of the color
charge of the virtual particles is seen, eventually leaving only the bare color charge
of the quark. Therefore the theory has a small coupling at small distance scales.

The coupling of the strong force becomes large at a scale ΛQCD ≈ 300 MeV.
ΛQCD is approximately the scale where QCD is non-perturbative, because the strong
coupling constant αs → 1. As the force between the colored objects increases with
distance, eventually enough potential energy is present to create a qq̄ pair out of the
vacuum. This process continues until the quark hadronizes into a color singlet object.
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The simplest color singlet is the meson, the pairing of a quark and anti-quark of the
same color. The next simplest color singlet is a baryon, which is the combination of
three quarks or three anti-quarks, each with a different color. Color confinement is a
non-perturbative process and it explains the lack of free quarks in nature; only color
singlet objects have been seen.

1.2.1 Factorization Theorem

The description of bottom production at proton-antiproton colliders using QCD in-
cludes two processes which involve the transfer of soft (low) momentum gluons.
Within QCD theory, the proton is a complex multi-body object which consists of
three valence quarks and a sea of virtual gluons and quark-antiquark pairs. The ex-
change of soft gluons within the proton prevents a first principles calculation of the
internal structure of the proton in perturbative QCD. Thus, the partons involved in
the hard scatter (high momentum) process are not well defined in perturbative QCD.
Additionally, color confinement requires the produced bottom quarks be hadronized,
which also involves soft interactions that are not calculable in perturbative QCD.
Thanks to the Factorization Theorem [3], the short distance parton scattering which
produces the bottom quarks is separable from the long distance parton evolution
within the proton and the long distance interactions of the partons within the bot-
tom hadrons. Thus, the hard scatter is calculated by perturbative QCD, while the
non-perturbative aspects of bottom hadroproduction are determined from empirical
model based on experimental measurements.

Another consequence of the factorization theorem is that the distribution of the
partons’ momentum fraction within the proton and hadronization process are uni-
versal for a given quark species and only dependent on the momentum transfer (Q2)
involved in the collision. Thus, these non-perturbative effects can be determined in
measurements with less complicated experimental environments and/or theoretically
precise predictions (such as e−e+ colliders, fixed target experiments using hadronic
targets and leptonic beams, electroweak boson and high pT jet production in hadronic
colliders) and then convoluted to the prediction of bottom production.

Schematically, the cross section to produce bottom hadrons C and D from the
fragmentation of bottom antiquark γ and bottom quark δ from the hard scatter of
partons α and β inside the proton A and antiproton B respectively is

σ(pAp̄B → BC b̄D) =

= Σα,βf
A
α (xα, μ

2
F )fB

β (xβ , μ
2
F ) ⊕ σ(α, β → b̄γbδ, μR) ⊕ Fγ(zγ , μ

2
H)Fδ(zδ, μ

2
H)

where: ⊕ denotes a convolution integral, x and z represent the fraction of momentum
carried by the partons, σ̂ is the cross section of the parton scattering process, f is
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the parton distribution function (PDF) for the proton, and F is the fragmentation
function.

All three components of the QCD prediction depend on the experimentally deter-
mined value of ΛQCD used in the calculation, as the value of ΛQCD sets the value of
the QCD coupling strength αs at energy scale Q. The quantity μF , the factorization
scale, is an arbitrary parameter. It can be thought of as the scale which separates the
soft and the hard processes. Thus a parton emitted with small transverse momentum
less than the scale μF is considered part of the hadron structure and is absorbed into
the parton distribution. Processes with transverse momentum larger than μF are
partons of the parton-parton cross section. The scale μF is typically chosen to be of
the order of the hard scale Q, which characterizes the parton-parton interaction.

In principle, any observable should be invariant under variations of this scale.
This is formally expressed as:

μ2 d

dμ2
Γ = 0

where Γ is the observable we are interested in. In the perturbative approach, this
equation has to be applied to the perturbative expression of the observable,

Γ = Γ0 + αsΓ1 + α2
sΓ2 + ...

therefore the equation transforms into

μ2 d

dμ2

∑ N

lim
j=0

αj
sΓj = O(αN+1

s )

showing that the variation of the observable with the scale is given by terms which
are not included in the perturbation expansion. The more terms included in the
perturbative expansion, the weaker the dependence of μ will be.

Similar to QED, different types of divergences appear in the pQCD calculations.
The renormalization is the standard regularization procedure used to solve these diver-
gences [4]. The procedure is not unique, and different renormalization schemes have
been used in the literature, depending on the properties of the parameters needed in
the calculation. As in the factorization procedure, the observable should be invariant
under variations of this scale. However, since the perturbative expansion is performed
only to a given order, a theoretical dependence is obtained in pQCD.

1.2.2 Parton Distribution Functions

Parton distribution functions describe the longitudinal momentum carried by the
various partons in a hadron. fA

α (xα, μF ) is the probability distribution for a parton
of flavor α to have a momentum xαPproton at energy scale μF . The PDFs change or
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‘evolve’ as a function of the energy scale of the interaction because shorter distances
within the proton are probed. As the energy of the probe increases, the effects of
the emission of softer gluons from a quark and the splitting of gluons in qq̄ pairs
are resolved. Therefore, the PDFs populate lower and lower regions of x as the
factorization scale, μF , increases. The evolution of the PDFs are determined by a set
of evolution equations, first described by Altarelli and Parisi [5], which are solved in
perturbative QCD to the same fixed order as the parton cross section. As the PDFs
are non-perturbative, the functional form of the PDFs are empirical and must be fit
from experimental measurements. As no experiment is sensitive to all partons over
the entire x region, the PDFs have to be determined by a global fit to wide range of
experimental data. Two groups which perform such global analyses are the CTEQ
[6] and MRST [7] collaborations. Both groups fit a set of PDFs to the following
categories of experimental data:

• Deep Inelastic Scattering (DIS) of muons on nucleonic targets (μN → μX) at
SLAC, FNAL, and CERN.

• DIS of muon neutrinos on nucleonic targets (νμN → μX) at FNAL.

• DIS in electron-proton collisions (F p
2 and FL proton form factors) at HERA.

• DIS of proton on nucleonic targets (pN → γX and pN → μ+μ−X) at FNAL
and CERN.

• DIS in proton-antiproton collisions (W asymmetry and pp̄→ jetX) at FNAL.

In the analysis performed in this thesis, the CTEQ PDF is used.

1.3 Monte Carlo methods

Theoretical predictions form an integral part of any particle physics experiment. They
help to design the detectors and to define experimental strategies. They must repro-
duce as closely as possible the experimental data realted to a given analysis. A largely
successful way of achieving this goal is through event generator codes, which are used
to produce events with the distribution predicted by a given theory 1.

Any event generator is based on the description of elementary processes (or ‘hard
scattering’), for example qq̄ → bb̄, which are unfortunately non-physical: quark beams
cannot be prepared, and isolated quarks cannot be detected. Initial and final state
radiations are expected to play a major role, especially in QCD, and must be added

1For an unambiguous interpretation of experimental data, other type of codes (cross section
integrators) are better suited than event generators. A general description can be found in [8].
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to the hard scattering process. This extra radiation taking place on top of the hard
scattering subprocess corresponds to considering higher-order corrections in pertur-
bation theory or it can be viewed as a way of describing the ‘dressing’ of a bare quark
(‘hadronization’).

Complete perturbative calculations in QCD have been performed only to NLO
in most cases. However, higher-order terms cannot be neglected in the case of soft-
gluon radiation and collinear configurations. The leading contributions of these soft
and collinear topologies, and the corresponding enhanced virtual corrections, can be
identified and summed to all orders, improving the convergence of the perturbative
series. It is necessary that any event generator includes a way to compute exactly
higher order corrections, up to a fixed order as tree level matrix element generators do,
or to estimate the high order corrections final effects ( this is the strategy implemented
in parton shower generators).

Parton shower Monte Carlo programs not only include parton showers, allowing
partons to split into pairs of other partons, but also a phenomenological model to
produce colorless hadrons from the resulting partons. The implementation and mod-
elling of the parton shower and hadronization processes in two of the most used MC
programs, Pythia [9] and herwig [10], are presented below.

1.3.1 Parton shower generators

As explained above, the parton shower in the MC serves two main purposes. The first
purpose is to provide an estimation of higher-order corrections that are enhanced by
large kinematic logarithms. The second purpose is to generate high-multiplicity par-
tonic states which can then be converted into the observed hadrons by a hadronization
mechanism.

The Monte Carlo technique models parton shower as a random process: during
showering, successive values of a scale t, a momentum fraction z and an azimuthal
angle φ are generated, together with the flavors of the partons emitted. The evolution
is based on the Sudakov form factors, which express the probability that a parton
does not branch between some initial maximum and minimum scale t. The branching
processes: q → gq, g → gg and q → qq̄ are described by the DGLAP equations [5].
Once the branching has occurred, say i→ jk at scale t, the evolution of the daughter
partons j and k has to be generated. At the simplest level, their evolution starts
at scale ti and the next values tk and tj are obtained using the appropriate Sudakov
form factors. Usually, t is proportional to the virtuality Q2, thus the virtualities of
daughter particles are constrained by the kinematic relation

√
tj +

√
tk <

√
ti, where

ti = E2
i (1− cosθi) being θi the opening angle in the branching i→ jk, and where an

angular ordering is imposed. This means that the opening angle θj of any subsequent
branching of parton j is less than θ, a property referred to as ‘angular ordering’.
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The final outcome of successive branchings is a parton shower in which each initial
parton from the hard process evolves into a jet of partons moving roughly in the same
direction. The typical scale of relative transverse momenta between partons at the
end of the shower is set by the cutoff t0; beyond that pQCD cannot be applied.
Quarks, anti-quarks, and gluons produced by the showering process are not allowed
to exist in isolation, as dictated by color confinement. Thus, the next step in the MC
programs is to group these colored partons into the observed colorless hadrons using
a phenomenological model referred to as hadronization.

1.3.2 Hadronization

The principle of color confinement states that colored objects must bind with each
other to produce a colorless object, (hadronize). Such hadronization processes involve
soft gluons which have a typical scale of the size of hadrons, Q ∼ 1/Rhad ∼ 300MeV .
Due to the low Q2 of the process and the large value of αs, hadronization is not
described well by perturbation theory and has to be described by an empirical ansatz
based on kinematical arguments that is tuned to experimental data.

The function describing hadronization (for example of the b quark) is called frag-
mentation function, and it is parameterized as a function of the fraction of the bottom

quark’s momentum carried by the bottom hadron z =
E(B)+p‖(B)

Eb+pb
where: E(B) and

p‖(B) are the bottom hadron’s energy and momentum parallel to the bottom quark
direction and Eb and pb are the bottom quark’s energy and momentum.

One general approach to hadronization, based on the observation that perturba-
tion theory seems to work well down to rather low scales, is the hypothesis of local
parton hadron duality, where one supposes only that the flow of momentum and quan-
tum numbers at the hadron level tends to follow the flow established at the parton
level. Hence, the flavor of the quark initiating a jet should be found in a hadron near
the jet axis. Two of the most commonly used models are the cluster model [11] and
the string fragmentation (Lund) model [12].

The string model

The assumption of linear confinement provides the starting point for the string model
[13]. As the q and q̄ partons move apart from their common production vertex, the
physical picture is that of a color flux tube being stretched between the q and the q̄.
If the tube is assumed to be uniform along its length, this automatically leads to a
confinement picture with a linearly rising potential ∼ kl where k ≈ 1 GeV/fm and
l is the separation between color charges. As the q and q̄ move apart, the potential
energy stored in the string increases, and the string may break by the production of
a new qq̄ pair, so that the system splits into two color-singlet systems qq̄ and qq̄. The



10 CHAPTER 1. THEORETICAL INTRODUCTION

probability of breaking the string is given by the quantum mechanical probability of
tunneling through a potential barrier.

d2P

dxdt
= exp(−πm

2

k
) · exp(−πp

2
T

k
)

Due to the mass term in the tunneling potential, fragmentation to heavy quark pairs
are suppressed u : d : s : c ≈ 1 : 1 : 0.3 : 10−11 . In addition, the cutting of
the string with a qq̄ pair guarantees momentum and energy conservation. The pT

of the quark formed in the tunneling is compensated by the antiquark in the pair.
The fragmentation continues until all strings end with quarks and the quark-string-
antiquark systems all have a mass below a given cut-off.

If the invariant mass of either of these string pieces is large enough, further breaks
may occur. In the string model, the string break-up process is assumed to proceed
until only on-mass-shell hadrons remain, each hadron corresponding to a small piece
of string with a quark on one end and an antiquark in the other. Charm and heavier
quarks hence are not expected to be produced in the soft fragmentation, but only
in perturbative parton-shower branchings gqq̄. Baryon production is still a poorly
understood area. In the simplest possible approach, a di-quark in a color anti-triplet
state is just treated like an ordinary antiquark, such that a string can break either
by quark-antiquark or antidiquark-diquark pair production. If several partons are
moving apart from a common origin, the details of the string drawing become more
complicated. A schematic picture of the production of a multi-hadronic final state
according to the string model is shown in figure 1.2 (left). Notice that whenever a
gluon splits perturbatively into a quark-antiquark pair during the evolution of the
parton shower, an additional string segmentation is produced. On the other hand,
gluons which remain at the end of the shower lead to kinks in the string segment
which connect them. The Monte Carlo code pythia uses the string fragmentation
model.

Cluster Model

In the independent fragmentation model, the hadronization is calculated as an in-
coherent sum of independent fragmentation processes for each of the partons. It is
based on the color pre-confinement property of pQCD [1]. At the end of the par-
ton shower evolution, the remaining gluons are split non-perturbatively into qq̄ pairs.
Neighboring q and q̄ can be then combined into a singlet cluster with a typical mass of
1− 2 GeV. These clusters decay directly into two hadrons unless they are too heavy,
(then they decay to two clusters), or too light in which case the cluster decays to a
single hadron. Experimentally this model describes quite well the hadronic energy
and transverse momentum distribution for final states. Figure 1.2 (right) shows a
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Figure 1.2: Parton shower with string (left) and cluster (right) hadronization models.

schematic picture of the cluster hadronization model. This model has the advantage
of being easy to implement, but has some weaknesses. Flavor, energy, and momen-
tum conservation are not guaranteed, as each parton is fragmented independently.
In addition, the fragmentation procedure is not Lorenz invariant; hadronization de-
pends on the frame in which the fragmentation is calculated. Momentum and energy
conservation can be re-established by various schemes of rescaling the momentum
and energy of the generated particles. The Lorenz invariance problem can be circum-
vented by choosing a convention such that the fragmentation process must always be
made in the center-of-mass frame.

Fragmentation functions

Many fragmentation functions exist which differ according to kinematic arguments
used to derive them. Two commonly used fragmentation functions are by Peterson
et al. [14] and by Bowler [15]. The fragmentation functions are assumed to be uni-
versal, that is to have no dependence on the incoming particle. Thus, fragmentation
functions are tuned using measurements of e+e− collisions at the Z pole [16] where
the measurement of the fraction x is best determined. The fragmentation functions
evolve with the scale of the fragmentation (μH) in a manner similar to the PDFs,
with a set of equations, similar to the Altarelli-Parisi ones. These functions should
be calculated to the same fixed order as the PDF and parton cross section. The
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quantity μH is typically set to the same value as the renormalization/factorization
scale. The Peterson fragmentation function assumes that the energy lost by the heavy
quark due to the light antiquark is small. The transition amplitude is determined by
the energy difference between the incoming partons and the outgoing hadron. The
function has one free parameter εB which is determined experimentally. The Peterson
fragmentation function is

F (z) ∝ 1

z(1 − 1
z
− εB

1−z
)2

All of the previous bottom cross section measurements at the Tevatron and Spp̄S
colliders have used the Peterson fragmentation functions with independent fragmen-
tation.

1.3.3 Matrix Element generators and the problem of combi-

nation with showering

Matrix element generators allow the computation of tree-level matrix elements with a
fixed number of legs. These programs generally do not include any form of hadroniza-
tion, thus the final states consist of bare quarks and gluons. The kinematics of all
hard objects in the event are explicitly represented and is simply assumed that there
is a one to one correspondence between hard partons and jets.

However this assumption may cause problems when interfacing these codes to
showering and hadronization programs such as pythia or herwig. An example of the
‘combination problem’ is a process like qq̄ → Z0, with its higher order correction qq̄ →
Z0g. Events from these two processes should not be blindly combined, since a fraction
of the latter events are already included in the former process via gluon radiation in
the parton shower. Combining the two processes without special procedures results
in double counting some portion of the phase space. Different approaches have been
developed to solve this problem [8].

The mc@nlo event generator [17] includes the full NLO order QCD corrections
in the computation of hard subprocesses and it uses the subtraction method in order
to avoid double counting when combining to a parton shower. The basic idea [18] is to
modify the subtraction to take into account the terms that are generated by the parton
shower. This results in a set of weighted LO and NLO parton configurations that can
be fed into the parton showering generator without the problem of double counting.
Each weight distribution is well-behaved in the sense that it has no divergences or tails
that would lead to Monte Carlo inefficiency. However, in order to reproduce the NLO
corrections fully, some of the configurations have negative weights. Event unweighting
can still be achieved successfully by generating a small fraction of ‘counter-events’ that
contribute with equal but opposite weight to the events in all distributions.
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1.4 Bottom production cross section at Next-to-

Leading Order

Unlike the light quark cross sections, the bottom quark cross section can be calculated
reliably at fixed order in perturbative QCD as pb

T → 0. The bottom mass acts as
a effective low momentum cut-off in the calculation. As mB 
 ΛQCD, the strong
coupling αs is small (αs(mB) ≈ 0.24) and therefore perturbative QCD should work
well. Predictions to order α3

s have been calculated [19]. Such calculations include
the following subprocesses:

g + g → b+ b̄

q + q̄ → b+ b̄

g + g → b+ b̄+ g

g + q → b+ b̄+ q

g + q̄ → b+ b̄+ q̄

q + q̄ → b+ b̄+ g

Figure 1.3 gives an example of the some the Feynman diagrams used in the NLO
calculation. Virtual diagrams of O(α4

s) interfere with the O(α2
s) terms. The NLO

order contributions to the cross section can be sizable relative to the LO predictions.
The cross section also depends on the renormalization scale (μR) used to evaluate

the value of αs. The scale used is typically of order
√
m2

b + (p2
Tb

+ p2
Tb̄

)/2 which

minimizes large logarithmic uncertainties at high pT . Nason, Dawson, and Ellis [19]
first calculated the NLO inclusive single bottom differential cross section d2σ

dydp2
T
. In

the calculation, the kinematical variables of the b̄ quark are integrated, and therefore
correlations between the bottom quarks cannot be calculated.

The NLO prediction of the full kinematics of bottom pair production has not yet
been calculated in closed form. Mangano, Nason, and Ridolfi [20] have produced a
fully exclusive parton cross section for heavy quark hadroproduction using numerical
integration techniques. Soft and collinear divergences in the calculation are handled
with careful organization of the integrals and the inclusion of large negative counter-
terms. The calculation of the differential spectra is not predictive in the usual areas
in phase space for O(α3

s) calculations, when the radiated gluon is collinear with ei-
ther of the bottom quarks or as the radiated gluon’s momenta approaches zero. This
condition occurs when pbb̄

T → 0, Δφbb̄ → π and R > π. In such regions, negative
differential cross section are encountered due to the large negative terms originating
from the virtual diagrams and the collinear subtractions. The bins in the differential
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cross section should be widened until the predicted cross section is stable, i.e. the
shape of the distribution has a fairly smooth second derivative. Positive-only differ-
ential cross sections can only be guaranteed with the inclusion of an arbitrary number
of soft gluon emissions [21] (summation of the leading Sudakov logarithms [22]).

1.4.1 Production of b quarks at the Tevatron

The dominant b quark production mechanism at the Tevatron is believed to be pair
production via strong interaction. A parton from both a proton and a antiproton
hard scatter, producing a bottom quark-antiquark pair. In perturbative QCD, initial
states with 2 gluons dominate the production cross section at low momenta. Fig-
ure 1.3 shows representative Feynman diagrams which contribute to the NLO QCD
calculation.

Bottom quark production is an interesting test of QCD because decay topolo-
gies, first introduced in NLO order calculations, can have cross sections of the same
importance as the LO terms at the Tevatron, as shown by the following simple argu-
ment. The g + g → g+ g cross section is about a factor of a hundred larger than the
g+ g → b+ b̄ cross section. As the rate of gluon splitting to b quarks (g → b+ b̄) goes
as ≈ αs, a relatively large cross section for such terms is possible. Of course, the cross
section is suppressed by the virtuality of the gluon required due to bottom quark’s
mass. Al LHC center-of-mass energies, these terms are predicted to be dominant
bottom production terms.

In LO QCD, only g + g → b + b̄ and q + q̄ → b + b̄ processes are included in the
calculation and the bottom quarks are always produced back-to-back in the azimuthal
angle (Δφbb̄ ≈ π).

In the NLO calculation, the terms have traditionally grouped into three categories:
flavor creation, flavor excitation and gluon splitting.

In perturbation theory, the three categories are not independent, due to inter-
ference terms between them. Flavor creation, flavor excitation and gluon splitting
are still useful concepts in describing bottom hadroproduction, as they have minimal
overlap in phase space. At NLO, flavor creation consists of the 2 → 2 processes, in ad-
dition to diagrams which add a gluon radiation to the 2 → 2 terms. Flavor excitation
includes diagrams in which a initial state gluon splits into a bb̄ pair before interacting
with the parton from the other hadron, putting the bottom quarks on-shell. Gluon
splitting consists of diagrams where a gluon splits into a bb̄ pair after interacting with
the parton from the other hadron (figure 1.3). Due to the new three body final
states included in NLO calculations (bb̄g,bb̄q and bb̄q̄), the predicted Δφbb̄ spectrum
is non-zero over the whole range of possible values, but still peaks back-to-back.

In Leading-Log (LL) showering Monte Carlos (such as pythia and herwig), the
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Figure 1.3: Feynman diagrams for the production of a QQ̄ final state. LO diagrams
are shown in figures a and b. Bottom diagrams represent corrections due to real or
virtual emissions.
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three categories are generated separately and then added together for the predic-
tion. Since interference is not included, the predictions may include some double
counting. At the heart of these generators is a leading-order matrix element calcula-
tion. The incoming and outgoing partons are then allowed to radiate using analytical
algorithms that are tuned to experimental measurements. The resulting final par-
tons are hadronized using models described in section 1.3.2. The fragmentation
and initial state radiation algorithms yields a predicted Δφbb̄ spectra similar to the
next-to-leading order calculation.

1.5 Past Experimental b quark cross section mea-

surements at pp̄ colliders

The first measurements of the bottom production cross section at a hadron collider
were performed by the UA1 collaboration [23]. The analyses used semi-leptonic bot-
tom decays to muons (J/ψ → μμ, di-muons, muon+jet final states) to measure the
integrated bottom quark cross section with pb

T > pmin
T at

√
s = 630 GeV.

Although the measurements showed a slight excess with respect to the NLO QCD
prediction, they were considered consistent with theory within the prediction uncer-
tainties as shown in figure 1.4.

The bottom cross section was studied by the DØ [24] and CDF [25] collabora-
tions at the Tevatron with

√
s = 1800 GeV. Both measurements used semi-leptonic

decays and showed a factor 2-4 excess in the measured cross section with respect
to theory, but with a shape consistent with the theoretical predictions. Figure 1.4
shows the integrate bottom quark cross section with pb

T > pmin
T , measured by the

CDF collaboration.

The publication of these results in Run I led to many developments both in the-
oretical calculation beyond NLO and the experimental approach, resulting in a bet-
ter agreement between data and theory. A major theoretical improvement was the
implementation of the so called Fixed-Order with Next to Leading Log (FONLL)
calculation [27], where the re-summation of log(pT/mb) terms with the next to lead-
ing logarithmic accuracy is matched with a fixed order NLO calculation. Also, there
have been substantial changes in the bottom fragmentation function as extracted
from experimental data and for the PDF functions (now CTEQ6M) used.

A measurement of the B-hadron production cross section [28] has been made by
CDF, using Run II data corresponding to a total 39.7 pb−1. The differential cross
section of the B-hadrons over the transverse momentum range from 0 to 25 GeV/c
is shown in figure 1.5. The superimposed theoretical calculations show a remarkable
agreement with data.

More recently CDF has measured the inclusive b-jet cross section using about 300
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Figure 1.4: UA1 measurement [23] (left) of the b quark integrated cross section.
(right) Integrated b quark cross section measured by the CDF collaboration [26].

Figure 1.5: Differential cross-section distribution of b-hadron production. Crosses
with error bars are the data with systematic and statistical uncertainties. The solid
line is the central theoretical values using FONLL calculation.
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pb−1 of data [29]. The use of jets not only extends the transverse momentum range
available to exclusive decays measurement, it is also less sensitive to fragmentation
and hadronization effects. Figure 1.6 shows the b-jet cross section for jets in the pT

range from 38 GeV/c up to 400 GeV/c and the ratio data to NLO prediction: good
consistency is found for jets below 90 GeV/c; for jets above 90 GeV/c agreement
is observed within the systematic uncertainties. In particular the big uncertainty
related to renormalization and factorization scale suggest that non-included higher
order contributions might play a major role in b-jet production. For instance, in a
NLO calculation, gluon splitting only appears at leading order: while at low pT effects
are expected to be small, logarithmic enhancements of the higher order contribution
due to this process could be very important at high pT .
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Figure 1.6: Inclusive b-jet differential cross section measured by CDF II [29], com-
pared to NLO predictions (left). Data/NLO prediction ratio (right). The systematic
error on the theoretical curve refers to PDF, jet cone radius and scale uncertainties.

1.6 Theoretical motivation for bb̄ angular produc-

tion correlation measurements

As stated in the previous section, the single differential cross section measurements
(in pT and rapidity) only partially agree with the predicted shape from NLO QCD.
The disagreement may indicate the importance of higher order corrections or non-
perturbative fragmentation of gluons into bottom quark pairs [30]. The arguments for
non-perturbative fragmentation effects are strengthened by the central values of the
gluon splitting rates to bottom quark measured by the LEP experiments and SLD [31],
which are higher than the NLO predictions [32]. The errors on both theory predictions
and experimental measurements are large enough to explain the differences between
the predictions and the measurements.
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In order to better understand the bottom quark production mechanisms, it was
proposed in ref. [33], [34] and [35] to measure correlations between the bottom quarks
(ΔpT , Δφ, ΔR =

√
(Δφ)2 + (Δy)2). Angular correlations are easier to measure than

pT correlations, because bottom decays are not required to be fully reconstructed.
In LO QCD, the bottom quarks are produced back-to-back, while 2 → 3 terms that
first appear in NLO QCD allow the bottom quarks to be produced with any angular
relationship. Thus, a low Δφ or ΔR measurement should be able to discern the effects
of higher order perturbative or non-perturbative terms in bottom production.

For leading-log showering Monte Carlo, angular correlations are able to distinguish
between flavor creation, flavor excitation and gluon splitting (fragmentation) terms.
Figure 1.7 shows the PYTHIA predictions of Δφ and ΔR in [36].

Figure 1.7: pythia 6.158 distribution for the azimuthal angle Δφ (left) and the ΔR
difference (right), between a b quark with pT1 > 5 GeV/c and |y1| < 1 and b̄ quark
with pT2 > 5 GeV/c. The prediction are obatined at the Tevatron Run I center-of-
mass energy

√
s = 1.8 Tev.

A measurement can be used to tune the relative rates of the three mechanisms,
which are relatively uncertain in showering Monte Carlos.

1.6.1 Past Experimental bb̄ angular production correlation

measurements at pp̄ colliders

The first measurement of b-quark angular correlations at a hadronic collider was
performed by the UA1 collaboration [37] in 1994 at the Spp̄ collider with

√
s = 630

GeV. The measurements used the di-muon decay signature, in which both bottom
quarks decay semi-leptonically. In order to minimize J/ψ, double sequential decay
muons (b → cμX and c → μX ′) and Z muons, a di-muon mass cut of 4 < Mμμ <
35 GeV was applied. This mass cut also minimizes the acceptance of collinear
bottom quark pairs, biasing the Δφbb̄ distribution measured. The analysis corrected
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for varying acceptance versus Δφbb̄. The Δφ shape was consistent with theoretical
prediction, but the prediction was 30-40% lower than the measuremtns. The fraction
of the total bottom cross section for non-perturbative gluon fragmentation into bb̄
pairs was measured to be σnon−pert(ΔR(bb̄ < 1.6))/σall < 11%@90% c.l.

Similar measurements were carried out at the Tevatron with
√
s = 1800 GeV.

Both the DØ [38] and CDF [39] collaborations performed Δφ measurements in the
di-muon channel in the same manner as UA1. CDF’s measurement required a di-
muon mass of Mμμ > 5 GeV, whereas DØ’s analysis required a di-muon mass of
6 < Mμμ < 35 GeV. Unlike the UA1 analysis, both CDF and DO corrected the
theory for the Δφ bias due to the di-muon mass requirement, instead of correcting
the data for the acceptance. The Δφ shape in both cases is consistent with the NLO
QCD predictions, but both the analyses measured a factor 2-3 excess in data relative
to the theory predictions.

At CDF, Δφμb was measured between a muon (presumably from a bottom quark
decay) and a bottom quark jet identified using a jet probability algorithm (jetprob)
[40]. The jet probability algorithm uses the impact parameters of particles in a jet
with a cone size R = 0.4 radius; it calculates the probability of a jet originating from
the primary vertex. The jet and the muon were required to be separated by at least
1 unit of η − φ space, which again lead to a large non-uniformity in the acceptance
versus Δφ. The measurement showed a slight Δφ shape disagreement and a factor of
≈ 2 excess relative to the NLO predictions.

Finally a rapidity correlation measurement was performed by CDF measuring the
ratio of a bottom quark being produced with 2.0 < |y1| < 2.6 to |y1 < 0.6 when
the second bottom quark is produced with |y2| < 1.5 [41]. The first bottom quark
was identified with a semi-leptonic decay muon and the second bottom quark was
identified by a displaced vertex. The purity of the sample was determined by fitting
the transverse momenta of the jet associated with the muon relative to the muon (prel

T )
and the pseudo decay length of the displaced vertex. The Δφ between the muon jet
and the displaced vertex was required to be greater than π/3 in order to remove the
contribution from gluon splitting. The ratios measured were consistent with theory.

The results of the measurements are summarized in table 1.4 and table 1.5. The
approximate ftoward, the fraction of bb̄ pairs produced with Δφbb̄ < π/2, for both the
measurements and the theory predictions are shown, along with any requirements
which yield a non-uniform efficiency versus Δφbb̄. The typical theory prediction of
fforward ranges between 16-19% if no Δφ or Mμμ cuts are applied.
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Figure 1.8: Past angular correlation measurements of bottom production at the Teva-
tron. DØ Δφ measurement using μ, μ (left). CDF ΔR measurement using μ, jet using
SecVtx (right).

Figure 1.9: Past angular correlation measurements of bottom production at the Teva-
tron. CDF Δφ measurement using μ, μ (right). CDF Δφ measurement using μ, jet
using JetProb (left).
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Measurement b1pT (GeV) b2pT (GeV) b1y b2y
UA1 Δφμ,μ 6.0 6.0 2.3 2.3
CDF Δφμ,μ 6.5 6.5 0.67 0.67
DØ Δφμ,μ 8 8 1.0 1.0

CDF Δφμ,jet 15 20.7 0.67 1.5
CDF ΔRμ,jet 25 25 0.6 1.5

Table 1.4: Bottom angular correlation measurement quantities for previous analyses.
Top: approximate bottom kinematics (pTb, yb) of the measurements due to selection
criteria.

Measurement f exp
forward (%) f theo

forward(%)

UA1 Δφμ,μ 18.5 16.6
CDF Δφμ,μ 7.7 4.4
DØ Δφμ,μ 5.1 7.0

CDF Δφμ,jet 13.4 18.5
CDF ΔRμ,jet N/A 18.5

Table 1.5: Fraction of bb̄ pairs measured (f exp
forward) and predicted (f theo

forward) in the
same hemisphere in the azimuthal angle, Δφ < π/2.



Chapter 2

The Tevatron and the CDF
detector

2.1 FNAL - the Fermi National Accelerator Lab-

oratory

The Fermi National Accelerator Laboratory (‘Fermilab’) is located about 35 miles
west of Chicago, Illinois. Originally named the National Accelerator Laboratory, it
was commissioned by the U.S atomic energy in 1967, and in 1974 it was renamed in
honor of the Italian Nobel Prize winner Enrico Fermi, one of the greatest physicists
of the atomic age.

Since then several experiments at Fermilab have made important contributions to
the understanding of the Standard Model. In 1977, the Fermilab experiment E288
observed a new particle, the Upsilon, composed of a new quark-antiquark couple,
giving the first evidence of the existence of the bottom quark. In 1995 the CDF
and DØ experiments completed the quark sector of the Standard Model with the
observation of the top quark.

The laboratory is currently the home of a large diversity of projects mostly related
to high energy physics, including CDF, DØ, the Dark Energy Survey, the Pierre Auger
Observatory, the Sloan Digital Sky Survey, MINERvA, MiniBooNE, MINOS, NOvA
and NuTeV.

The Run II of the Tevatron started in March 2001, designed to meet the goals of
the new particle physics frontiers: it involved a complete upgrade of the full acceler-
ator complex.

In this chapter we briefly describe the Tevatron and the CDF experimental appa-
ratus.

23
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2.2 The Fermilab accelerator complex

The accelerator complex at Fermilab consists of several components, that can be
conceptually separated into a series of accelerators preparing the protons, producing
and storing anti-protons and finally accelerating both protons and anti-protons to√
s =1.96 TeV to make the collisions. The schematic view of the accelerator chain is

shown in Figure 2.1.

Figure 2.1: A schematic drawing of the Fermilab accelerator complex. the diagram
shows the paths taken by protons and anti-protons at the Fermilab’s five accelerators.
Negative hydrogen ions move from the Cockcroft-Walton accelerator to the Linac.
Electrons are stripped off when the ions enter the circular Booster, and remaining
protons are injected into the Tevatron. In fixed target mode, the proton beam is
extracted and sent down the Fixed Target beam-line to the experimental areas. In
colliding beam mode, anti-protons are collected in the Antiproton Storage Rings and
injected into the Main Ring traveling in an opposite direction with respect to the
protons. The protons and anti-protons collide inside the two detectors - CDF and
Dzero (DØ).

2.2.1 Proton source

The pre-accelerator is a linear accelerator that produces negative hydrogen ions and
accelerates them to 750 keV by applying the electric field to the ionized hydrogen.
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The output frequency is 15 Hz and the resulting H− ions then enter the Linac or
Linear Accelerator [42]. The Linac is the next step in the acceleration process. It
accelerates negatively charged hydrogen ions from 750 keV to 400 MeV. The Linac
operates with a frequency of 15 Hz. The modes of operation include feeding the
beam to the Booster, feeding the beam to the Nuclear Therapy Facility or dumping
the beam into a concrete block.

The Booster [43] is the first circular accelerator in the proton accelerator chain.
It has a radius of 75 meters and consists of alternating magnets and RF cavities. The
Booster strips electrons of the H− ions and accelerates the protons from 400 MeV to
8 GeV with a period of 0.033 second. The RF cavities apply the accelerating field
while the magnets apply the bending field to keep the protons in the circular orbit,
and ramping it up in accordance with the instantaneous energy of the beam. The
proton beams travel around the Booster about 20,000 times before they undergo the
next acceleration step - acceleration in the main injector.

The Main Injector (MI) [43] is a circular accelerator that serves several purposes.
One of its functions is to accelerate the protons transported from the Booster from
8 GeV to 150 GeV. In another mode of operation the MI stacks the anti-protons and
accelerates them to 120 GeV. The circumference of this machine is seven times that
of the Booster. The ramp up process takes about 1.5 seconds.

2.2.2 Antiproton source

The production of anti-protons is a technologically challenging task and thus the anti-
protons production and storage capacity is the main limiting factor for the luminosity
of the colliding beams. The anti-protons are produced at the Target station when
the 120 GeV proton beam from the Main Injector hits a Ni target. In this process
different particles are being produced. A system of magnets is used to separate
8 GeV anti-protons and direct them to the next stage accelerator. The purpose of
the Debuncher, a triangular synchrotron 1 machine, where anti-protons are directed
after being produced, is not to accelerate them but rather to make the momentum of
the particles inside the beam more uniform - this process is normally referred to as
”cooling” 2. The mean radius of the Debuncher is 90 meters. The resulting 8 GeV
beam of anti-protons is then delivered into the Accumulator. The Accumulator is
located in the same tunnel as the Debuncher and is also a triangular synchrotron. It
is used for storage and further cooling of the anti-protons.

The Recycler is a relatively recent addition to the Fermilab accelerator chain.

1A circular accelerator in which both magnetic field and accelerating electric field are varied
synchronously as the particles are accelerated, in order to maintain the same particle orbit.

2Another way of looking at it is to consider cooling as a process of increasing particle density in
momentum phase-space.
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It resides in the same tunnel as the Main Injector and is used to decelerate and
cool down the anti-protons left at the TEVATRON after the store. Several different
cooling techniques are used in the Recycler which serves an important purpose of
improving the antiproton utilization efficiency.

2.2.3 TEVATRON

The Tevatron [43] is the final stage in the acceleration process. It receives 150 GeV
(anti)protons from the Main Injector, and then accelerates them to the final energy
of 980 GeV. The Tevatron ring is an underground circular beam tube with a radius
of one kilometer buried about 6 meters deep. Its total circumference is about 6.3
km and it holds 816 di-polar superconducting magnets. These magnets are kept at a
temperature of 4.3K by what is one of the largest cryogenic systems in the world. At
980 GeV energy the magnetic field of the di-polar magnets is 4.2 Tesla, the current
draw of the coils being 4000 A.

In addition to the dipole magnets there are 204 quadrupole pairs that focus the
beam to achieve peak luminosity.

The RF system of the Tevatron consist of an array of 8 RF cavities running at
a frequency of 53.03 MHz. This frequency does not need to be changed during the
ramping since the very small velocity difference of the protons at 150 GeV and 980
GeV. It takes 9 cycles to fill the Tevatron with 36 bunches of protons (or anti-protons),
and takes about 40 seconds to ramp the energy from the 150 GeV to 980 GeV. The
typical number of protons (anti-protons) in a bunch is about 27 · 1010 (33 · 109).

During Run II the Tevatron is operated in 36x36 mode, which refers to the number
of bunches of protons and anti-protons respectively. The bunch crossing occurs every
396 nsec.
The instantaneous luminosity is given by:

L =
NBNpNp̄f

2πσ2
pσ

2
p̄

, (2.1)

where the NB is the number of bunches in the machine, Np,p̄ is the number of
protons/anti-protons in a bunch, f is the bunch revolution frequency and σ2

p,p̄ is
the effective width of the proton/antiproton beams.
Although the instantaneous luminosity is proportional to the number of particles per
bunch, its value is limited by the number of interactions per bunch crossing. This
limitation is due to the superposition of several pp̄ interactions within the same bunch
crossing, resulting in an increase of the event complexity.
The average number of interactions per bunch crossing is shown in figure 2.2 as a
function of the instantaneous luminosity for different number of bunches. From the
plot it is evident that, at a fixed instantaneous luminosity, to keep the number of
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interactions per bunch reasonably small, the number of bunches in each beam has
to be increased. More bunches results in a shorter interval between each interaction.
This time interval is the clock of the whole apparatus: accelerator and detectors.
Presently the Tevatron is running with 36× 36 bunches resulting in a bunch crossing
interval of 396 ns.
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Figure 2.2: Average number of interactions per bunch crossing as a function of the
instantaneous luminosity for different beam conditions

There are two detectors along the Tevatron ring located at the BØ and DØ points.
The data used for the analysis reported in this thesis were collected by the detector
located at BØ - the Collider Detector at Fermilab (CDF).

2.2.4 Performance and future perspectives

Many problems were identified during the start-up period in 2001: the efficiency of
the machine was severely limited, for instance, by beam-beam interaction effects.
There were major losses of anti-protons during the focusing of the beam (squeeze),
and smaller but significant ones at 150 GeV and during acceleration. Most of these
losses have been overcome by changing the helices to increase the beam separations,
with consequently a smaller anti-proton emittance. In addition other improvements
have been implemented upgrading the accumulator stochastic cooling and modifying
the proton beam loading compensation in the MI.

At present all the accelerator complex is performing very well with the instan-
taneous luminosity reaching peaks above 2.8 × 1032 cm−2s−1 (see figure 2.3) and
integrated luminosity of about 3 fb−1, as shown in figure 2.4.
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Figure 2.3: Instantaneous luminosities at the beginning of the stores through October
2007.

Figure 2.4: Delivered luminosity since the beginning of Run II to October 2007.
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Figure 2.5 shows the integrated luminosity estimate for the next 2 years, for
different possible configuration of the Tevatron accelerator. The designed luminosity
for 2009 was set to 9 fb−1. A reasonable estimate, taking into account the good
performances achieved by the accelerator complex, is to reach approximately the
6 − 8 fb−1 by the end of 2009.

Figure 2.5: Estimates of the integrated luminosity delivered by the Tevatron collider
for different accelerator running conditions.

More details about the data taking efficiency and the luminosity acquired by the
CDF detector will be given in section 2.6.1, after a description of the CDF detector
itself.

2.3 The CDF II detector

The Collider Detector at Fermilab (CDF) [44, 45], is a multipurpose particle detector
built around the Tevatron BØ interaction point. It is approximately 15 meters long
and 10 meters high and maintains approximate axial and forward-backward symme-
tries. The associated Cartesian coordinate system is defined as a right-handed basis
with the z-axis set by the colliding beams and the protons moving in the positive
z-direction.

The x-axis points radially outwards and the y-axis vertically upwards. Occasion-
ally it is convenient to work in cylindrical (r, z, φ) or polar (r, θ, φ) coordinates, where
the azimuthal angle φ is the (xy) plane angle measured from the direction of x-axis.
Another coordinate system is commonly used in collider physics where the polar angle
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Figure 2.6: Elevation view of one half of the CDF II detector.
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θ is replaced by pseudo-rapidity:

η = − ln tan
θ

2
. (2.2)

The utility of the (r, θ, φ) coordinate system stems from the axial symmetry of the
experiment and from the nature of proton-antiproton collisions. The latter manifests
itself in the fact that the interactions of colliding partons often result in considerable
longitudinal momentum of the collision products. The rapidity of the system:

y =
1

2
ln
E + pz

E − pz

, (2.3)

transforms under boosts along the z-axis as y′ = y+tanh−1 η and thus Δy are invari-
ant under such transformations. The pseudo-rapidity is the relativistic or massless
approximation to the real rapidity of the system:

η =
1

2
ln
p+ pz

p− pz

= − ln tan
θ

2
. (2.4)

Many detector components are segmented uniformly in η and φ. Typically the pseudo-
rapidity η refers to ”detector η” is determined with respect to the center of the de-
tector coordinate system. The η can also be evaluated with respect to the interaction
point. (in that case it is called ”event η”).

The particles produced in each collision transverse through various detector sub-
systems. The first system to be encountered is the tracking system, then calorimetry
and finally the muon sub-detectors. The schematic overview of the CDF detector is
shown in Figure 2.6.

2.3.1 Tracking system

The trajectory of particles can give valuable information about the kinematics of
physical process, including charge sign and good momentum resolution if magnetic
fields are present. The process of reconstructing a particle trajectory is known as
tracking. In this section we describe the sub-detectors that form the integrated track-
ing system of the CDF detector as shown in Figure 2.7, followed by a brief overview
of the basics in tracking reconstruction.

Solenoid:
All the tracking systems are enclosed inside a superconducting solenoid of 1.5m in
radius and 4.8m in length. The solenoid provides a very homogeneous magnetic axial
field of 1.4 Tesla inside a volume of 2.8m in diameter and 3.5m along the z direction.
In normal operating conditions its current consumption is about 4650 A.
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Figure 2.7: Longitudinal (r, z) view of the CDF tracking volume. its main components are
the solenoid, the central outer tracker (COT), which is a gas drift chamber, and the silicon
micro-strip detectors - ISL, SVX and L00.
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Central Outer Tracker (COT)
The COT position defines the global CDF reference frame and it is the main com-
ponent of the tracking system. It is located inside the solenoid in the region of
|z| < 155 cm between radii of 44 and 132 cm. The COT is a cylindrical multi-wire
open-cell drift chamber. It consists of 8 super-layers, each made of a large number of
cells (varies between 168 cells in the inner-most layer and 480 cells in the outer-most
layer), Figure 2.8.

Figure 2.8: 1/6 section of the COT end plate. For each super layer is given the total number
of cells, the wire orientation (axial or stereo), and the average radius. The enlargement
shows the sense and field slot geometry in detail. Dimensions are in cm.

Each cell is either an ’axial’ or ’stereo’ cell. Each cell has an approximate size
of about 2 cm by 10 cm and with a length of 310 cm spans the whole longitudinal
direction of the COT.

When a charged particle passes through the gas it leaves a trail of ionization
electrons. These electrons drift towards the sense wire by virtue of the electric field
created by the field panels and potential wires. Close to the sense wires the electrons
are strongly accelerated because of the local 1/r electric field, producing more ioniza-
tion in a process known as an avalanche. The signal of this wire is further analyzed
and depending on the charge collection (beyond some threshold) the wire is said to
be ’hit’. The time it takes from the moment the collision was expected to occur to
the time the signal was detected gives information about the distance between the
particle trajectory and the sense wire. The high voltage applied to the COT is such
that the electric field drift is about 1.9kv/cm. The drift velocity is about 54 μm/ns.

The single ’hit’ position resolution of the COT has been measured to be 140 μm,
resulting in a transverse resolution of :
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ΔPT

PT

= 0.15%
PT

GeV/c
(2.5)

Silicon vertex detector
The silicon tracking and vertex sub-detector of CDF consists of three independent
detectors named L00, SVX and ISL. They differ in size, radius and number of active
elements, but they all use silicon micro-strip (μ-strip) technology. They enable the
measurement of the position of secondary vertexes, like those produced in the decay
of long lived hadrons such as B mesons, with excellent resolution - a factor 10 better
than the resolution obtained using the COT only. Silicon micro-strip detectors were
used for the first time in a hadronic accelerator by CDF during Run I of data taking;
silicon pad detectors had previously been used by the UA2 experiment at the Spp̄S
collider.

SVX The silicon is supported with a rohacell foam in assemblies called ladders.
Each ladder supports double-sided silicon modules, where in each side lies a string of
four modules connected to each other by wire bonds, thus quadruplying the length
of the strip. Twelve of these ladders are set in a semi-circular configuration to form
a layer that surrounds the beam pipe at a given radius. The ladders are supported
by two beryllium bulkheads, Figure 2.9.
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Figure 2.9: An overview of the CDF SVX, ISL and L00 subdetectors.

The bulkhead provides support for 60 ladders in 5 concentric layers, confirming a
29 cm long SVX barrel. The SVX is built by placing three barrels along the beam-
pipe. Layers are numbered from 0 (innermost) to 4 (outermost). Layers 0,1 and 3
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combine (ρ − φ) modules on one side with 90◦ stereo on the other side. Layers 2
and 4 combine (ρ − φ) modules on one side with a small angle stereo on the other.
The single hit resolution of the SVX is about 12μm. The large number of channels
require that the front-end preamplifier electronics is mounted close to the modules.
This results in a better signal-to-noise ratio but also in additional multiple scattering
due to the extra material in the volume.

The ISL consists of three layers. In the central region (η ≤ 1) a single layer is
placed at a radius of 22 cm. Two more layers are located in the region 1 ≤ η ≤ 2
at a radii of 20 cm and 28 cm. The layers are double sided with (ρ− φ) on one side
and a small stereo angle on the other side. To reduce the total number of channels
to 268,800 only every 2nd channel is read. The ISL single hit resolution is about 20μm.

The L00 consists of a single sided layer of 12 ladders, shown in Figure 2.10. Six of
the ladders lie at a radius of 1.35 cm and the other six at 1.62 cm from the beam-line.
Each ladder is assembled from six sets of two wire-bonded modules, spanning 95 cm
in the ẑ direction. The layer is supported by a carbon fiber structure.
In addition, L00, SVX and ISL have dedicated cooling lines running at a nominal
temperature of −6◦C. A special effort was made to accurately align the silicon de-
tectors with respect to the beam, as opposed to the COT. This is because a small
misalignment of the COT, while not significantly changing the track information ob-
tained with it, can effect the impact parameter of the tracks3. which is obtained using
silicon hit information and is used for triggering purposes, introducing a dependence
on the φ coordinate.

Tracking Parameterization: In a plane perpendicular to a homogeneous mag-
netic field, such as the one provided by the CDF solenoid, the trajectory of a charged
particle follows a circular pattern to the limit of energy loss due to the traversed
material. The longitudinal component of the particle’s momentum is not modified by
the axial magnetic field, thus in three spacial dimensions the trajectories of charged
particles are helices. The helices can be parametrized with five parameters chosen to
be:
C: the signed helix curvature defined as C = sign(q)/2R, where R is the radius of
the circle in the transverse plane and q is the charge of the particle.
z0: The position of the point along the ẑ axis at the point of closest approach.
d0: a signed quantity defined as d0 = sign(q)(rC −R), where rC is the position of the
center of the circle in the transverse plane, and its magnitude is the distance from z0
to the closest point in the track.
φ0: the direction of the transverse momentum of the particle at the point of closest

3Distance to closest approach of the track to the beam, explained later
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Figure 2.10: End view of the L00 detector

approach.
cot(θ): the ratio of the longitudinal and the transverse momentum (Pz/PT ).

2.3.2 The calorimetry

Charged particles with energies greater than 350 MeV may leave the tracking volume
and propagate beyond the solenoid magnet that surrounds it. Neutral particles, both
photons and neutral hadrons, leave the tracking volume undetected. Even if they
were seen by the tracking system, no information about their momenta be available
since their trajectories do not bend in magnetic field. In many cases the measurement
of their momenta is essential for understanding the observed events. The calorime-
try subsystem serves the purpose of filling this gap and is based on the fact that
as particles that have reasonably high electromagnetic or hadronic interaction cross
sections propagate through matter they transfer their energy to the medium, until
eventually all of it is absorbed. Some media produce measurable response to such
energy depositions by emitting light in amounts dependent on the amount of energy
lost by the particles.

The CDF calorimetry system[46, 47] consists of alternating layers of scintillator
and absorber material. As particles interact with absorber they produce cascades
showers” that penetrate the scintillator. The light from the latter is guided into
photo-multipliers. Their response is in turn digitized and with the help of relevant
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are independent of displaced vertices and that are based on the good electrons and
muons identification capability of the detector.

Figure 4.4 shows the b-tagging efficiency measured using a muon data sample, as
a function of jet ET and run number [79]: the b-tagging efficiency is of the order of
40% and the scale factor around 90%.

Figure 4.4: b-tagging efficiency in data and Monte Carlo and scale factor as a function
of jet ET (left) and run number (right) [78].

This analysis makes use of the approach described above to calculate in the Monte
Carlo the efficiency for tagging a jet which includes at least one SVT track in its cone.
A specific scale factor, that takes into account the presence of the SVT track inside
the jet, is measured and it is used to correct the efficiency to data.

Next section describes how the presence of a SVT track inside the jet increases
the tagging efficiency on the jet itself, but biases the performances of the b-tagging
algorithm in a way that requires a careful study.

4.3.1 The effect of SVT selection

It is reasonalbe to assume that a jet containing a SVT track within its cone is more
likely to be tagged. These tracks, in fact, must satisfy selection criteria, specifically
designed to identify heavy flavour events: for example a large impact parameter.
Figure 4.5 shows the b-tagging efficiency for these jets, estimated from a pythia bb̄
sample. It is larger than 60% over the all ET range. In comparison the b-tagging
efficiency for a generic b-jet is approximately 40%, as shown in figure 4.4.
In fact, SVT-tagged jets have a number of good tracks, pass1 and pass2 tracks that
is larger than generic jets. This quantities are represented in figure 4.6 and can be
compared to those in figure 4.2 corresponding to generic jets.

As explained in section 3.5 this analysis applies a tight offline selection so to
insure that the final events are free of any residual trigger effect.
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Details on these requirements have been given in section 3.5. The most important
issue is the request of two SVT-tagged jets in the event: two tagged jets each associ-
ated to a track with |d0| < 120 μm and pT > 2 GeV/c, reconstructed by the COT, the
silicon detector and triggered by SVT. As already explained the matching is made,
requiring that the ΔR distance between the jet axis and the track is lower than 0.4.
As shown in section 3.5 only about 30% of the tagged jets satisfy this criteria.

As explained below, the overall event selection, which requires two such jets is
therefore very low: only a few percents.

There is an additional effect that has to be taken into account. A certain cor-
relation between tagged jet is usually expected to be positive (once a jet is tagged
the second one has a higher chance to be tagged as well) but generally negligible:
figure 4.7 shows on the left the tagging efficiency for tagging a jet in a pair in which
the second jet is not tagged (full squares) or it is tagged (empty triangles). The
two curves overlap. It has been proved, instead, that requiring a three dimensional
matching between a tagged jet and a good SVT track (pT > 2 GeV/c and |d0| > 120
μm) results in a negative correlation as shown in figure 4.7.

Events from a bb̄ di-jet sample have been selected requiring at least two ‘good’
SVT tracks and two b-jets(that are ordered in ET ).

The figure shows that the SVT-tagging efficiency for the second jet is much lower
when the leading jet has been tagged (empty triangles in the plot) compared to the
case no tagging requirement is made on the leading jet (full triangles in the plot).
The efficiency for tagging the first jet is approximately 15-17%, a value that can be
also estimated taking into account that the tagging efficiency for a b-jet is about 40%
and that the efficiency for finding a SVT track inside a tagged jet cone is ≈ 30%. For
the second jet , instead, the efficiency is always below 13%.

The correlation is also independent on the criteria chosen to order the jets.

The same result has been observed when the two jets are ordered according to
other variables (jet φ and |η| for example). This behavior seems related instead to
the way SVT tracks are distributed in space and to the three dimensional matching
between the track and the jet.

To prove it, all the ‘good’ (i.e. satisfying the pT and d0 requirements) SVT tracks
are identified in the event, a couple tagged jet-SVT track is found requiring the track
to be inside the jet cone (ΔRjet−track < 0.4) and the ΔR between this SVT-tagged
jet and all the other SVT tracks in the event is calculated.

The result is shown in figure 4.8. The ΔR distribution proves that most of the
‘other’ SVT tracks in the event are close to the selected one and so they are more
likely to fall inside the same jet (ΔR < 0.4, the jet cone) or very close to it. The
probability that a second jet is associated to a second ‘good’ SVT track is, therefore,
reduced.

To take this effect into account, a per-event efficiency is measured using bb̄ pythia
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di-jet events. It is calculated as

ε =
N2SV T

N2b

where N2SV T is the number of bb̄ events with two SVT tagged b-jets in the region
|η| < 1.2 and Nbb̄ is the number of bb̄ events with two b-jets in the region |η|1.2. The
result is summarized in figure 4.9 as a function of the leading jet ET and the the
di-jet invariant mass Mjj. The Δφ between the two jets is shown in figure 4.10.

4.3.2 The SVT-tagging scale factor

The efficiencies shown in figures 4.9 and 4.10 are already corrected for the scale
factor:

SF = 1.029 ± 0.009(stat) ± 0.034(syst)

It is the value CDF has estimated in [74] for tagged jets including a SVT track
inside their cone. The measurement makes use of slightly different cuts with respect
to the ones used in this analysis, even though the selection strategy is the same: for
example, jets are reconstructed using a cone of 0.7 instead of 0.4.

In order to prove that the official value can be applied to the measurement pre-
sented in this thesis, a specific study, detailed in the appendix B has been made.

4.4 The bb̄ content of the tagged jet sample

As explained already, a tagged jet sample is not a pure b-jet sample: it includes not
only b-jets but also mis-tagged c-jets and light or gluon jets. The bb̄ purity of a two
SVT-tagged jet sample can be defined as:

fbb̄ =
N bb

++

N++

where:

• N bb
++ is the number of two SVT-tagged b-jets events;

• N++ is the number of two SVT-tagged jets events.

Several techniques have been developed to determine the heavy flavor content of
a tagged jet in order to extract the fraction of b-jets. Usually one or more variables,
whose shape is different for b-jets and mis-tagged jets, is chosen to discriminate among
the different components of a tagged jet sample. For example, the lepton pT , measured
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Figure 4.9: top: SVT-tagging efficiency as a function of the leading jet ET . bottom:
SVT tagging efficiency as a function of the invariant mass of the two jets .
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Figure 4.10: SVT tagging efficiency as function of Δφ between the two jets

with respect to the jet axis, if the semileptonic B decay is reconstructed; the distance,
projected on the transverse plane, between the primary vertex and the secondary
vertex; or the secondary vertex invariant mass.

Here, the shape of the secondary vertex invariant mass is used. A secondary
vertex, well separated from the primary interaction point, is usually identified for
long-lived b or c hadrons. Due to the presence of neutral particles and the energy lost
because of detector resolution, a full reconstruction of the hadron invariant mass is
not possible. However, the invariant mass of tracks used to find the secondary vertex
constitutes a good discrimination between jets containing b, c or light quarks as the
shapes are very different in each case, as shown in figure 4.11.

Using pythia di-jet Monte Carlo samples it is possible to obtain b, c and light
jet mass distributions for positively tagged jets, that can be used as templates to fit
the data distribution. Following this procedure the b purity can be extracted directly
from the data.

In this case, the b content is the only fraction of interest, so the c and light
templates are merged: the secondary vertex mass from the data is fitted to find the
coefficient of a linear combination of the 2 components (b and non-b) using the ROOT
routine TFractionFitter [80]. The method is stable within the whole jet ET range.

The downside of this choice is the dependence on the c and light jet relative
contribution to the non-b template. The measurement is based on the assumption
that the composition of non-b templates in terms of the c-tagged and mis-tagged light
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Figure 4.11: Secondary vertex mass templates for b-jets (full line, shaded area), c-jets
(dashed line, shaded area) or light jets (full line).

jet fraction, given by the Monte Carlo, is correct. In fact it will be shown in the next
chapter that a larger contribution of c jets (light jets) would correspond to a larger
(smaller) average value of the non-b mass distribution. A systematic uncertainty is
associated to this assumption as shown in section 4.5.

Again, the presence of the SVT track in the jet modifies the structure of the
secondary vertex, and it changes the distribution of the associated invariant mass as
shown in figure 4.12. The SVT-tagged b-jets have a slightly larger invariant mass with
respect to simple tagged b-jets. Therefore b-jet templates are built using SVT-tagged
jets, even though this choice reduced the available number of events.

For this measurement, events are selected requiring two SVT-tagged jets and the
bb̄ purity has to be estimated. The templates are chosen, accordingly, to be the sum of
the two SVT-tagged jet secondary vertex masses. A two components fit is performed,
using a ‘signal’ template corresponding to the bb̄ case and a ‘background’ template
that is built merging all the possible contributions coming from non-b jets: cc̄, bc̄, bl̄,
and so on.

The main problem associated to this procedure is the lack of statistics, especially
for what concerns non-b jets templates: the number of events having two mis-tagged
jets is not sufficient to build proper templates. Therefore the following method is
used: samples of tagged jets for different flavours are collected and, from each one of
them, jets are picked in couples to build the sum of the secondary vertex masses. The
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Figure 4.12: Tagged b jets secondary vertex mass (empty diamonds) and SVT-tagged
(black squares) b-jets secondary vertex mass

relative normalization is chosen according to pythia prediction and a systematic
uncertainty will be assigned to it as described in section 4.5. Figure 4.13 shows
a comparison between templates built following this procedure and ‘real’ tagged bb̄
events as a function of the two jets mean ET .

A Kolmogorov test is also run to compare the shape of the distribution and the
resulting probabilities and maximal differences are summarized in tables 4.2. The
difference in shape is negligible, if compared to other sources of systematic uncertainty.

ET bin (GeV) Test Probability Max Distance

(32,40) 0.35 0.32
(40,50) 0.82 0.11
(50,60) 0.39 0.29
(60,80) 0.71 0.15
(80,100) 0.79 0.12
ET > 100 0.68 0.19

Table 4.2: Results of the Kolmogorov test on b-quark mass templates as a function
of jet ET : probabilities and maximum differences

.



96 CHAPTER 4. TAGGING B-JETS

SecVtx mass (GeV)
0 1 2 3 4 5 6 7 8 9 100

0.05

0.1

0.15

0.2

0.25

SecVtx mass (GeV)
0 1 2 3 4 5 6 7 8 9 100

0.05

0.1

0.15

0.2

0.25

SecVtx mass (GeV)
0 1 2 3 4 5 6 7 8 9 10

0

0.05

0.1

0.15

0.2

0.25

SecVtx mass (GeV)
0 1 2 3 4 5 6 7 8 9 100

0.05

0.1

0.15

0.2

0.25

SecVtx mass (GeV)
0 1 2 3 4 5 6 7 8 9 100

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

SecVtx mass (GeV)
0 1 2 3 4 5 6 7 8 9 10

0

0.05

0.1

0.15

0.2

0.25

Figure 4.13: Mass templates for couples of SVT-tagged b-jets coming from indepen-
dent (red) events or from the same event (blue), for jet ET in the ranges (in GeV):
(32,40), (40,50), (50,60), (60,80), (80,100), ET > 100 GeV.

The average di-jet ET is divided in six intervals defined (in GeV) by the ranges:
(32,40), (40,50), (50,60), (60,80), (80,100) and ET > 100 GeV, which are chosen to
maximize the statistical power of the fit. Fits are performed independently in each
interval and, for comparison, for all the events in the whole ET range. To do so,
different signal and background templates are built, corresponding to each ET bin,
they are shown in figure 4.14. The ‘inclusive’ signal and background templates are
shown in figure 4.15.

The corresponding fit results are shown in figure 4.16 and figure 4.17. The bb̄
fraction values as a function of ET are summarized in table 4.3 and figure 4.18. The
value measured over the whole ET range is 0.87± 0.04. This high purity is one of the
advantages associated to the use of the SVT-tagging selection.

Those values are used in the calculation of the cross section to assign a weight
to each event according to the mean value of the ET of the two jets. Following this
procedure the bb̄ purity of the two tagged jets can be displayed as a function of the
leading jet ET , the di-jet invariant mass and Δφ as shown in figures 4.19 and 4.20.
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Figure 4.14: bb̄ secondary vertex mass templates (black squares) and background
templates (empty diamonds) for ET > 32 GeV

ET bin (GeV) b fraction

(32,40) 0.87 ± 0.03 %
(40,50) 0.88 ± 0.03 %
(50,60) 0.86 ± 0.04 %
(60,80) 0.78 ± 0.05 %
(80,100) 0.84 ± 0.06 %
ET > 100 0.75 ± 0.09 %
ET > 32 0.87 ± 0.04 %

Table 4.3: bb̄ fraction for the different di-jet average Et intervals. The last line shows
the integrated result
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Figure 4.15: bb̄ secondary vertex mass templates (black squares) and background
templates (empty diamond)
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Figure 4.16: Result from the fit in each ET bin: data is overlapped to fit prediction
and Monte Carlo signal (blue) and background (red) templates
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Figure 4.17: Result from the fit: data is overlapped to fit prediction and MonteCarlo
templates
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Figure 4.18: bb̄ -jet fraction as a function of the two jets average ET
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Figure 4.19: bb̄ -jet fraction as a function of the leading jet ET (top) and of the di-jet
invariant mass (bottom)
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Figure 4.20: bb̄ -jet fraction as a function of the Δφ between the two jets.

4.5 Systematic Uncertainties

We present a study of the systematic uncertainties related to the tagging procedure
in this section. The topic concludes the discussion on b-tagging. A complete overview
of all the different sources of systematic uncertainties will be described in the next
section before a discussion of the results.

4.5.1 Heavy quark multiplicity in the jets

The quark multiplicity inside a jet modifies the tagging algorithm and the secondary
vertex mass fit performances. A jet including two b-quarks, for example, is likely
to have a larger number of good tracks and therefore a higher probability of being
tagged with respect to a single b-quark jet. Moreover the case of a jet including two
c-quark can fake the presence of a b-quark inside the jet.

This problem can affect the measurement both at the level of the SVT-tagging
efficiency determination and at the level of the bb̄ purity of the sample. In fact, a
higher number of tracks attached to the secondary vertex can modify the shape of the
secondary vertex mass distribution. Figure 4.21 shows a comparison of the different
categories of tracks considered by the SecVtx algorithm for jets including one b quark
or two bb̄ quarks inside their cone. Figure 4.22 shows the same quantities for jets
including one or two c quarks.

The pictures show that jets containing a couple of bb̄ quarks, have an higher
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Figure 4.21: Track multiplicities for jets including one b quark (full line) or two bb̄
quarks, clockwise: number of good tracks, number of pass1 tracks, number of pass2
tracks, number of tag tracks (dashed line).
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tracks, number of tag tracks (dashed line).
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average number of pass1 and pass2 tracks with respect to single b quarks jets. This
difference turns into a higher tagging efficiency as shown on the left of figure 4.23:
the presence of the second b quark inside the same jet increases the efficiency from
10% to 13%,approximately.
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Figure 4.23: Left: SVT-tagging efficiency for jets containing two b quarks (empty
diamonds) or one b quark (black squares). Right: Ratio of the number of bb̄-jets with
the number of all b-jets for Pythia (filled marker) and NLO prediction, as calculated
for μR = μF = μ0 (empty blue circle) and μR = μF = μ0/2 (empty red square) [72].

pythia predicts that 20-30% of b-jets reconstructed in the central region (|η| <
1.2) include two b quarks inside their cone, as shown in figure 4.23 (right). A previous
study proved that this rate is actually a factor of two below the rate predicted at the
NLO [72]. So the problem is generally relevant. However in our case the situation
is better: requiring two b-jets in the same event considerably lowers the fraction of
double b quark jets.

An estimate of the fraction of events with one of the two b-jets including two b
quarks together with the case in which both jets include two b quarks is shown in
figure 4.24: in the first case the fraction is always lower 1.2 % while in the second
case it goes below 0.5 %. It is reasonable to assume that even though the analysis
relies on the fraction predicted by pythia the final effect on the tagging efficiency
and bb̄ fraction will be small.

In order to prove it, the uncertainties are estimated, as described below, recal-
culating the tagging efficiency and the bb̄ fraction assuming that the number of jets
including two b quarks is twice the value predicted by pythia (for the upper limits)
and assuming it is one half of the pythia value (for the lower limits). This choice
gives a reasonable estimate on how the two quantities would be affected by a different
double b jet rate than the one given by pythia.



106 CHAPTER 4. TAGGING B-JETS

 (GeV)
T

Average di-jet E
20 40 60 80 100 120 140 160

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

1 jet with 2 b-quarks

Both jets have 2 b-quarks

Figure 4.24: (left) Fraction of two b-jets events in which both b-jets (black triangles)
or only one of the two (empty diamonds) contains two b quark.

Effect on the tagging efficiency estimate

To calculate the effect of quark multiplicity inside the jet on the tagging efficiency,
the following expression is used:

ε = f2b2b · ε22b + f2b1b · ε2b · ε1b + f1b1b · ε21b

where

• f2b2b is the fraction of events in which each of the two b jets include two b quarks;

• f2b1b is the fraction of events in which one of the two b jets include two b quarks
while the other contains only one b quark. It includes contribution from both
jets, so that no factor 2 is needed in the tagging efficiency formula;

• f1b1b is the fraction of events in which both b jets include a single b quark each;

• ε2b is the tagging efficiency for jets including two b quarks;

• ε1b is the tagging efficiency for jets including one b quark.

In this estimate the efficiency curves are assumed, for simplicity, to be the same
for each jet independently on the presence of other tagged jets in the event.
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Figure 4.25 shows, on the left side, the result as a function of the di-jet average
ET : the efficiency corresponding to the pythia estimate is compared to the two cases
corresponding to doubling o reducing to one half the number of jets including two b
quarks (namely, changing f2b2b and f2b1b).
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Figure 4.25: left: Tagging efficiency for bb̄ jet events (black triangles).Also shown
are the curves associated to an increased fraction of jets including 2 b quarks (empty
diamonds) and the case in which this fraction is reduced (green empty diamonds).
right Systematic uncertainties corresponding to a doubled (or reduced to one half)
f2b2b and f2b1b as a function of the leading jet ET .

The effect is very small (< 3 %) as a consequence of the fact that the two fractions
f2b2b and f2b1b are both below 2%. Figure 4.25 also shows on the left the difference
calculated with respect to the default values as a function of the di-jet average ET :
as expected increasing f2b2b and f2b1b increases the efficiency, while reducing their
values consequently reduces the efficiency. The systematic uncertainty is summarized
in table 4.4 and figure 4.26 as function of the leading jet ET , in table 4.5 and figure
4.27 as a function of the di-jet invariant mass and, finally, in table 4.6 and figure 4.28
as a function of the di-jet invariant mass.

Effect on the bb̄ fraction estimate

The heavy quark content of each jet modifies the shape of the secondary vertex
invariant mass templates and therefore it can be a source of systematic uncertainty
on the measurement: the case of c jets is particularly interesting as the presence of
two c quarks inside the same jet could fake the mass of a b jet. It turns out, however
that this effect is very small on the final fraction of b-jets. As for the bb̄ case, to



108 CHAPTER 4. TAGGING B-JETS

ET bin (GeV) syst. err. syst. err.
(f2b ×2) (%) (f2b x0.5) (%)

(35,41) 1.2 -1.3
(41,47) 1.3 -1.4
(47,54) 1.4 -1.8
(54,61) 1.9 -2
(61,69) 1.8 -2.1
(69,78) 2.0 -2.4
(78,88) 2.1 -2.2
(88,99) 2.3 -1.9
(99,110) 2.5 -1.9
(110,140) 2.1 -2
(140,180) 1.9 -1.8
(180,230) 2 -1.7

Table 4.4: Tagging efficiency systematic uncertainties as a function of the leading jet
ET .
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Figure 4.26: Tagging efficiency systematic uncertainties as a function of the leading
jet ET .
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Invariant mass syst. err. syst. err.
(GeV/c2) (f2b ×2) (%) (f2b ×0.5) (%)

(50,60) 1 -1.6
(60,70) 1.5 -1.5
(70,80) 1.8 -1.5
(80,90) 2.1 -1.8
(90,100) 2.2 -2
(100,120) 2.5 -2.2
(120,140) 2.6 -1.9
(140,160) 2.4 -1.8
(160,190) 2.3 -1.7
(190,220) 2.2 -1.5
(220,250) 2.1 -1.6
(250,290) 2 -1.8
(290,340) 2.1 -1.6
(340,460) 1.9 -1.5

Table 4.5: Tagging efficiency systematic uncertainties as a function of the di-jet in-
variant mass Mjj.

)
2

Di-jet invariant mass (GeV/c
50 100 150 200 250 300 350 400 450

-0.04

-0.02

0

0.02

0.04

Figure 4.27: Tagging efficiency systematic uncertainties as a function of the di-jet
invariant mass Mjj .
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Δφ (rad) syst. err. syst. err.
(f2b ×2). (%) (f2b ×0.5) (%)

(0.,0.5) 1.3 -1.2
(0.5,1.0) 1.4 -1.5
(1.0,1.5) 1.9 -1.8
(1.5,2.0) 2 -1.9
(2.0,2.25) 1.9 -2.2
(2.25,2.5) 2.1 -2.3
(2.5,2.75) 2.1 -1.9

(2.75,2.875) 2.2 -2.2
(2.875,3.0) 2.3 -1.9
(3.0,3.175) 2.1 -1.9

Table 4.6: Tagging efficiency systematic uncertainties as a function of the di-jet Δφ.

 (rad)φ Δ
0 0.5 1 1.5 2 2.5 3

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

Figure 4.28: Tagging efficiency systematic uncertainties as a function of the di-jet
Δφ.
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evaluate the effect the fraction of jets which include two b-quarks (or two c-quarks)
has been doubled (and reduced to one half) with respect to the pythia prediction.

Mass templates have been calculated in the four cases, (separately for b-jets and c-
jets). Figure 4.29 and 4.30 show the results of the fits when the 2b-quark contribution
has been doubled or divided by two in the bb̄ invariant mass template. The fit are
performed in 6 average jet Et bins: 32 < ET < 40, 40 < ET < 50, 50 < ET < 60,
60 < ET < 80, 80 < ET < 100 and ET > 100.
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Figure 4.29: Fit to the secondary vertex mass for couple of jet with average Et in
different ranges (the contribution of jets with 2b quarks inside has been doubled)

The resulting fraction are listed in table 4.7.

The two tables prove that the effect of b-quark content inside the jet is very small.
The same result is found regarding the composition of c-jets templates: figures 4.31
and 4.32 show the fit in the six energy bins and table 4.8 the resulting bb̄ di-jet
fractions.
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Figure 4.30: Fit to the secondary vertex mass for couple of jet with average Et in
different ranges (the contribution of jets with 2b quarks inside has been divided by
two)

ET range (GeV) bb̄ fraction bb̄ fraction
(f2b ×2). (f2b ×0.5)

(32,40) 0.87 ± 0.04 0.88 ± 0.04
(40,50) 0.88 ± 0.03 0.88 ± 0.03
(50,60) 0.86 ± 0.05 0.83 ± 0.05
(60,80) 0.78 ± 0.07 0.79 ± 0.07
(80,100) 0.83 ± 0.07 0.84 ± 0.07
ET > 100 0.79 ± 0.09 0.78 ± 0.09

Table 4.7: bb̄ fraction in di-jet average Et ranges: the number of jets containing 2 b
quarks has been doubled and reduced to one half of the pythia value. The last line
shows the integrated result
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Figure 4.31: Fit to the secondary vertex mass for couple of jet with average Et in
different ranges (the contribution of jets with 2c quarks inside has been doubled)

ET range (GeV) bb̄ fraction bb̄ fraction
(f2c ×2). (f2c ×0.5)

(32,40) 0.88 ± 0.04 0.88 ± 0.04
(40,50) 0.87 ± 0.03 0.88 ± 0.03
(50,60) 0.86 ± 0.05 0.87 ± 0.05
(60,80) 0.80 ± 0.07 0.79 ± 0.07
(80,100) 0.83 ± 0.07 0.84 ± 0.07
ET > 100 0.76 ± 0.09 0.79 ± 0.09

Table 4.8: bb̄ fraction in di-jet average Et ranges: the number of jets containing 2 c
quarks has been doubled and reduced to one half of the pythia value. The last line
shows the integrated result
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Figure 4.32: Fit to the secondary vertex mass for couple of jet with average Et in
different ranges (the contribution of jets with 2c quarks inside has been divided by
two)
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4.5.2 Track reconstruction inefficiency

Reconstruction efficiency for tracks inside a jet is, in general, expected to be different
than for isolated tracks because of the merging or pattern recognition confusion of
near hits. A study has been performed in [81] measuring the tracking efficiency for
tracks within a jet as a function of jet ET , track momentum and track direction in
the jet. The results point out a non-negligible difference between data and Monte
Carlo events: figure 4.33 shows the efficiency in Monte Carlo and data events 3

as a function of jet ET . A 3% difference has been found in the low jet ET region
which can have an effect on the reconstruction of the invariant mass. Similar analysis
involving secondary vertex tagging [82] have estimated that this problem can change
the determination of the b fraction as consequence of a change in the shape of the
secondary vertex invariant mass templates. The change has been estimated applying
a 3% downward shift in mass templates as if the full efficiency difference turned into
an equal shift on the mass templates: this assumption overestimates the uncertainty.

In the case of two jets simultaneously tagged, the sum of the invariant masses of
the two jets is used to fit the fraction. Therefore a 3% shift is applyed to each mass.
The total templates are built and are used to re-fit the data. Figure 4.34 shows
the result as a function of the di-jet average ET compared to the bb̄ fraction in the
case of regular templates. The full difference is taken as systematic uncertainty and
summarized in tables 4.11, 4.12 and 4.13 as a function of the leading jet ET , the
di-jet invariant mass and the di-jet Δφ, respectively: it represents the highest source
of uncertainty on the determination of bb̄ fraction.

4.5.3 Other sources of systematic uncertainty on the bb̄ frac-

tion

• Fragmentation: Generators such as pythia and herwig use different frag-
mentation functions to fragment heavy quarks. In addition, they use a different
modeling of the underlying event. However the difference between herwig and
pythia have already been found negligible in many analyses ( [66], [83]) and
will not be considered at this level.

• Construction of the bb̄ templates: As already explained mass templates are
built adding up together jets from different event in the Monte Carlo sample,
therefore assuming the absence of any correlation between the masses of two
tagged jets in the same event. To test this assumption the mass template for
couples of b jets in the same event is compared to the mass templates built

3The ‘data’ events are actually represented by Monte Carlo events in which hits have been added
to each track, (”embedded” in the reconstruction) to simulate the data.
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Figure 4.33: Reconstruction efficiency for tracks inside a jet in data and Monte Carlo
samples.
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Figure 4.34: b fraction for b templates shifted downward of 3% to take into account
the track reconstruction inefficiency effect

using two b jets from two different events. A Kolmogorov test is performed
to verify the compatibility of the two distributions, shown in figure 4.35 and
the difference is found to be negligible with respect to the total systematic
uncertainty for the bb̄ fraction.

• c/light jets mixing: A larger systematic uncertainty is related to the contri-
bution of light jets relative to heavy flavour jets in the non-bb̄ template. Each
combination has, in fact, a different average invariant mass and, since all the
possible combination have been merged together to build the non-bb̄ template,
the final shape is dependent on the relative weight of each component (for ex-
ample bl̄ with respect to cc̄ or to bc̄).

These fractions rely on the prediction obtained using pythia, and it is necessary
to estimate how big is the uncertainty related on this assumption. To do so the
weight of light jets has been changed (to one half of its value and to the double
of its value) and the corresponding bb̄ fraction has been recalculated.

The bb̄ fraction is compared to the central value in figure 4.36: the difference
is taken as a systematic uncertainty on the bb̄ fraction. The values are listed
in tables 4.11, 4.12 and 4.13 as a function of the leading jet ET , the di-jet
invariant mass and the di-jet Δφ.

• Monte Carlo statistics: In order to fit the uncertainty due to statistical errors
on the fit templates each bin of each template was treated as an independent



118 CHAPTER 4. TAGGING B-JETS

 (GeV)
T

Di-jet average E
40 60 80 100 120 140 160 180 200 220

0.6

0.7

0.8

0.9

1

1.1

b fraction

 templatesbb 

Figure 4.35: b fraction for b templates built adding b jets from independent events
(black) or real bb̄ events (red). The systematic effect is neglected. The central values
are compatible whereas the error bars are larger in the second case due to lower
statistics.
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Figure 4.36: b fraction for templates in which the light jet contribution has been
doubled (or reduced) with respect to the c jets
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Bin bb̄ fraction Δ(fnominal − f−1σ)
(−1σ) fnominal = 0.86 ± 0.05

1 0.86 0.00
2 0.86 0.00
3 0.86 0.00
4 0.87 −0.01
5 0.87 0.01
6 0.87 −0.01
7 0.87 0.01
8 0.86 0.00
9 0.87 0.01
10 0.86 0.00
11 0.86 0.00
12 0.86 0.00

Table 4.9: Test on the effect of Monte Carlo template statistics on bb̄ fraction: b
template bin content are lowered in turn by 1σ

variable.

Starting with the first bin of the template, one by one the bins are adjusted
downwards (or upwards) by one sigma. After each adjustment the fit is repeated
and the difference between the result and the result from the standard fit using
unmodified templates is recorded. This process is repeated in turn for the bb̄
template and the non-b template, corresponding to the average ET range in
(60,80) GeV. The results are summarized in table 4.9 and 4.10. The effect on
the total uncertainty is negligible.

4.5.4 Total Uncertainty related to bb̄−jet fraction

Tables 4.11, 4.12 and 4.13 summarize the bb̄ fraction related systematic uncertainty
as a function of the leading jet ET , the di-jet invariant mass and Δφ.

4.5.5 The data/Monte Carlo scale factor

The official scale factor [74] is used with it’s systematic error. As explained in [74]
different sources of systematic uncertainties are considered: MonteCarlo statistics,
choice of non-b template, the jet direction and b-decay multiplicity. The total value
is Δ = 3.3%.
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Bin bb̄ fraction Δ(fnominal − f−1σ)
(−1σ) fnominal = 0.86 ± 0.05

1 0.86 0.00
2 0.86 0.00
3 0.85 0.01
4 0.85 -0.01
5 0.85 0.01
6 0.86 0.00
7 0.85 -0.01
8 0.87 0.01
9 0.86 0.00
10 0.86 0.00
11 0.86 0.00
12 0.86 0.00

Table 4.10: Test on the effect of Monte Carlo template statistics on bb̄ fraction: non-b
template bin content are lowered in turn by 1σ

ET bin (GeV) syst. err. (%) syst. err. (%) syst. err. (%)
Track ineff. non-b Templ. comp. Total

(35,41) 5 0.5 5
(41,47) 5 0.5 5
(47,54) 5 0.5 5
(54,61) 6 0.7 6
(61,69) 6 0.5 8
(69,78) 7 0.5 8
(78,88) 8 1 8
(88,99) 8 1 9
(99,110) 8 2 9
(110,140) 8 2 8
(140,180) 7 2 8
(180,230) 7 2 8

Table 4.11: bb̄ fraction systematic uncertainties for each ET bin. First column sum-
marizes the uncertainty due to the track reconstruction efficiency. The second column
summarizes the uncertainty due to the composition of the non-b template. The third
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Di-jet invariant mass syst. err. (%) syst. err. (%) syst. err. (%)
(GeV/c2) Track ineff. non-b Templ. comp. Total

(50,60) 5 0.5 6
(60,70) 5 0.5 6
(70,80) 5 0.5 5
(80,90) 6 0.5 5
(90,100) 6 0.5 6
(100,120) 7 0.6 6
(120,140) 8 1 7
(140,160) 8 1 7
(160,190) 7 1 8
(190,220) 7 1 8
(220,250) 8 2 8
(250,290) 6 2 8
(290,340) 6 2 8
(340,460) 6 2 8

Table 4.12: bb̄ fraction systematic uncertainties for each Mjj bin. First column sum-
marizes the uncertainty due to the track reconstruction efficiency. The second column
summarizes the uncertainty due to the composition of the non-b template.

Δφ bin (rad) syst. err. (%) syst. err. (%) syst. err. (%)
Track ineff. non-b Templ. comp. Total

(0.,0.5) 6 0.6 6
(0.5,1.0) 6 0.6 6
(1.0,1.5) 5 0.5 6
(1.5,2.0) 6 0.6 6
(2.0,2.25) 6 0.7 6
(2.25,2.5) 6 0.6 6
(2.5,2.75) 6 0.6 6

(2.75,2.875) 6 0.6 6
(2.875,3.0) 6 0.6 6
(3.0,3.175) 6 0.5 6

Table 4.13: bb̄ fraction systematic uncertainties for each Δφjj bin. First column
summarizes the uncertainty due to the track reconstruction efficiency. The second
column summarizes the uncertainty due to the composition of the non-b template.
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Chapter 5

Results and comparison to Monte
Carlo

The results for the bb̄ di-jet cross section measurement are presented in this chapter.
The events are selected requiring two b tagged jets, and two SVT tracks according
to the selection described in chapters 3 and 4. The bb̄ content has been extracted
directly from data, following the procedure described in chapter 4. An additional
correction is necessary to compare the measurement to hadron level Monte Carlo
prediction and it is described in section 5.2. Section 5.4, finally presents the differ-
ential di-jet cross sections as a function of the leading jet ET , the di-jet invariant mass
and the di-jet Δφ together with the total cross section. These results are compared
to predictions obtained using pythia, herwig and mc@nlo in section 5.5. An
additional discussion on the role played by the underlying event can be found in sec-
tion 5.5.1. Conclusions, including a brief comparison to a preliminary measurement
performed by CDF at the beginning of Run II, are reported in section 5.6.

5.1 The raw cross sections

The raw bb̄ di-jet cross section is calculated as function of the leading jet ET , the
di-jet invariant mass and the di-jet Δφ, using the formula:

dσ2
bb̄

dXdη
=

N2SV T · F 2b
2SV T

ε2SV T · SFET,1
· SFET,2

· L · dηdX

where X stands for each of the three variables (ET , Mjj and Δφ) and:

• N2SV T is the number of events in the sample including two SVT tagged jets and
satisfying the conditions: ET,1 > 35 GeV, ET,2 > 32 GeV, |η1,2| < 1.2
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• F 2b
2SV T is the fraction of these events that contain two b-jets.

• ε2SV T is the efficiency for requiring two SVT tagged jets in the event.

• SFET,1
and SFET,2

are the scale factor values as a function of jet energy;

• L is the integrated luminosity; the correction factor 1.019 (for combined CDF
and DØ luminosity measurements) is applied in the final calculation.

The differential cross sections are ‘raw’ in the sense that they are still affected by
residual detector effects due to calorimeter energy resolution and need an additional
correction in order to be compared to theoretical predictions. This correction is
described in the following section.

5.2 Unfolding procedure: correction to the hadron

level

The specific energy scale correction applied jet by jet, as described in chapter 3, is an
average correction: it doesn’t account for smearing effects or jet migration from a bin
to the adjacent ones as a consequence of the finite energy resolution of the calorimeter
and the jet energy correction itself.

To measure a particle level differential cross section free of detector effect, an
additional correction, generally referred to as unfolding, is necessary. The impact of
this correction, carried out bin-by-bin using Monte Carlo samples, is quite important.

The procedure applied to find the unfolding correction factors is summarized as
follows:

• Hadronic and calorimetric jets are reconstructed using generator level final state
particles or calorimeter towers, respectively.

• Hadronic and calorimetric jets are identified as b-jets, requiring that a B hadron
is found inside the jet cone (ΔR < 0.4). No requirement on the B hadron is
applied, nor any matching between the calorimeter and hadron level jets.

• Hadronic and calorimetric jet differential cross sections are calculated as a func-
tion of the leading jet ET , Mjj and Δφjj. No cuts (other than |η| < 1.2 and
ET > 35 GeV for the leading jet and ET > 32 GeV for the second jet) are
applied to hadron or calorimeter level jets.

• The unfolding factors, defined as the bin-by-bin ratio of the calorimeter jet and
hadronic jet cross sections, are calculated as
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Ci
unfold =

[
d2σHAD/dXdη

d2σCAL/dXdη

]i

=
N i

HAD

N i
CAL

X represents, in turn, the leading jet ET , Mjj and Δφjj.

N i
HAD is the number of hadron level b jets in bin i and N i

CAL the number of
calorimeter level b jets in bin i.

• The bin-by-bin factors are applied to the raw b jet cross sections to obtain the
cross sections at particle level:

d2σ

dXdη

⏐⏐⏐⏐
unfolded

i

=
d2σ

dXdη

⏐⏐⏐⏐
raw

i

· Ci
unfold

Figures 5.1 and 5.2 show the unfolding factors as a function of leading jet ET , of
Mjj and Δφjj in pythia. Factors calculated using herwig are reported in appendix
C.

As the figures show, the correction factors are of the order 20-50%, depending on
the energy range. Two different effects contribute to these factors: the correction for
the acceptance of the basic event selection cuts, namely the Z vertex cut, and the real
smearing convoluted with the specific correction for b jets. The acceptance contributes
only about 10% so that smearing and b specific jet corrections are dominant.

This is expected, since the average ET correction procedure is implemented for
general tagged jets and not for real b jets; together with the bias due to the tagger,
we have to consider, for example, that about 23% of b hadrons decay semileptonically
(e, μ, τ), resulting in an underestimation of the parton energy due to lost neutrinos.

Additional studies on the connection between unfolding factors and average energy
corrections can be found in appendix C.

5.2.1 Systematic uncertainty on unfolding factors

The main source of systematic uncertainty to take into account in the calculation of
the unfolding factors arises from the difference related to the ET spectrum in data
and Monte Carlo.

Fig. 5.3 shows the ratio of the unfolded cross section in data as a function of
leading jet ET to the cross section predicted by pythia. If the Monte Carlo ET

spectrum perfectly matched the one on data, the ratio would be flat in ET . The fact
that it is not the case points out a difference between the jet ET spectrum in the
MonteCarlo and data. The effect has already been described in [66]. It is associated
to the ET shape given by CTEQ5L PDF functions implemented in pythia and it
causes a bias when calculating the unfolding factors.
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Figure 5.1: Unfolding factors calculated using pythia as a function of the leading jet
ET (top) and the invariant mass Mjj of the two jets(bottom).
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Figure 5.2: Unfolding factors calculated using pythia as a function of the Δφjj

between the two jets.
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Figure 5.3: (Left) Data/MC ratio of the bb̄ cross section as a function of the leading
jet ET . (Right) Same ratio after re-weighting Pythia.
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ET bin (GeV) syst. err. (%)

(35,41) 2.1
(41,47) 0.6
(47,54) 5.2
(54,61) 1.4
(61,69) 0.2
(69,78) 0.7
(78,88) 1.2
(88,99) 1.7
(99,110) 2.4
(110,140) 1.9
(140,180) 4.2
(180,230) 6.7

Table 5.1: Data/MC ET spectrum systematic uncertainties for each ET bin.

To estimate the associated systematic, this ratio is fit to a third order polynomial
and the unfolding factors are recalculated after re-weighting each event in the Monte
Carlo for the result of the fit. Fig. 5.3 shows, on the right, the ratio Data/MC after
the re-weighting procedure: the distribution is compatible with a flat fit. The full
difference on the unfolded cross sections between the two cases is taken as a systematic
uncertainty.

The total uncertainties are summarized in table 5.1, table 5.2 and table 5.3.

5.3 Total systematic uncertainties

The systematic uncertainty on the b jet cross sections results from five main sources:
calorimeter response, resolution, b-tagging and tagged jet purity, unfolding factors and
luminosity. While the uncertainty on the luminosity has no phase space dependence,
the other systematic errors are found as a function of the jet ET , the di-jet Mjj and
Δφjj. Each uncertainty has been described in the section related to the quantity it
refers to, in chapters 3 and 4. The statistical errors on the tagging efficiency, the
bb̄ fraction and the unfolding factors are not included among the systematic errors.
They are accounted for in the total statistical uncertainty as explained in the next
section. Here a brief summary of the different systematic uncertainty is given.

• Jet energy scale: The systematic uncertainty associated to the jet energy
scale is evaluated varying the jet ET in data (leaving Monte Carlo unchanged)
by ±1σ. As already shown in section 3.6. This quantity has been evaluated for



5.3. TOTAL SYSTEMATIC UNCERTAINTIES 129

Di-jet invariant mass bin (GeV/c2) syst. err. (%)

(50,60) 8.1
(60,70) 2.5
(70,80) 3.8
(80,90) 2.3
(90,100) 1.3
(100,120) 0.5
(120,140) 0.8
(140,160) 0.6
(160,190) 5.6
(190,220) 6.2
(220,250) 9.1
(250,290) 8.8
(290,340) 9.7
(340,460) 10.1

Table 5.2: Data/MC ET spectrum systematic uncertainties for each invariant mass
bin.

Δφ bin (rad) syst. err.(%)

(0.,0.5) 3.1
(0.5,1.0) 2.6
(1.0,1.5) 2.7
(1.5,2.0) 1.5
(2.0,2.25) 3.6
(2.25,2.5) 0.5
(2.5,2.75) 0.6

(2.75,2.875) 3.6
(2.875,3.0) 4.1
(3.0,3.175) 3.4

Table 5.3: Data/MC ET spectrum systematic uncertainties for each Δφ bin.
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common use in CDF [75] and arises from the calorimeter simulation, modeling
of the fragmentation by the Monte Carlo, and stability of the calorimeter. It
represents the largest source of systematic uncertainty, being of the order of
15% to 22% in different regions of the phase space.

• SVT tagging efficiency: The uncertainty on the SVT-tagging efficiency is due
to two main parts: the first one, related to the tagging algorithm, is due to the
multiplicity of heavy flavour quarks inside the jet cone which, as we have seen,
changes by about 10% the probability for a jet to be tagged. The second part
is due to the fact that the tagging efficiency is measured together with the SVT
efficiency from the Monte Carlo, assuming that the SVT simulation is correct
with respect to data. This assumption has not been proved. In fact each event is
corrected for a scale factor data/Monte Carlo to correct for possible differences
between data and simulation. This part of the uncertainty is accounted for in
the scale factor uncertainty which is about 3%, as described in chapter 4. The
total uncertainty on b-tagging efficiency is of the order of 4-5%.

• bb̄ purity: This quantity is strongly dependent on the shape of the Monte Carlo
templates, which can change the result of the fit. The main source of systematic
(7-8%) is related to the tracking efficiency inside the jet, which affects the
number of tracks attached to the secondary vertex and changes the value of the
associated invariant mass. A second contribution of the order of 3-4% is due to
the composition of the non b jet template and, in particular, to the proportion
of the light jets component to the heavy flavour component as predicted by
pythia. The multiplicity of heavy flavour quarks inside the jet has a small
effect on the final bb̄ fraction value.

• Unfolding: the main source of systematic uncertainty affecting the unfolding
is related to the ET spectrum. It has been evaluated in the previous section as
few percents: about 1-2% at low ET and 6 − 7% at high ET .

• Luminosity: the integrated luminosity enters in the cross section as a normal-
ization factor. Thus, its uncertainty enters directly in the cross section. The
official CDF 6% value is used.

The contributions from different sources are summed in quadrature to obtain the
overall uncertainty as a function of the leading jet ET , Mjj and Δφ. The final values
are summarized in tables 5.4, 5.5 and 5.6 and figures 5.4, 5.5 and 5.6.
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ET bin (GeV) Total syst. err.(%) Total syst. err. (%)

(35,41) 25 -24
(41,47) 26 -24
(47,54) 23 -23
(54,61) 23 -22
(61,69) 21 -19
(69,78) 24 -19
(78,88) 20 -18
(88,99) 24 -21
(99,110) 19 -16
(110,140) 25 -21
(140,180) 23 -19
(180,230) 25 -21

Table 5.4: Total systematic uncertainties for each Et bin. Luminosity 6% uncertainty
is not included.

Di-jet invariant mass bin (GeV/c2) Total syst. err (%) . Total syst. err. (%)

(50,60) 23 -21
(60,70) 22 -20
(70,80) 25 -22
(80,90) 27 -22
(90,100) 26 -22
(100,120) 25 -21
(120,140) 27 -20
(140,160) 24 -19
(160,190) 26 -21
(190,220) 22 -20
(220,250) 26 -21
(250,290) 27 -22
(290,340) 28 -26
(340,460) 28 -26

Table 5.5: Total systematic uncertainties for each Et bin. Luminosity 6% uncertainty
is not included.
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Δφ (rad) syst. err. (%) syst. err. (%)

(0.,0.5) 21 -21
(0.5,1.0) 19 -19
(1.0,1.5) 20 -19
(1.5,2.0) 21 -19
(2.0,2.25) 19 -19
(2.25,2.5) 22 -21
(2.5,2.75) 22 -19

(2.75,2.875) 19 -19
(2.875,3.0) 19 -19
(3.0,3.175) 19 -19

Table 5.6: Total systematic uncertainties for each Δφ bin. Luminosity 6% uncertainty
is not included.
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Figure 5.4: Total systematic uncertainties as a function of leading jet Et. Luminosity
6% uncertainty is included.
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Figure 5.5: Total systematic uncertainties as a function of di-jet invariant mass.
Luminosity 6% uncertainty is included.
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Figure 5.6: Total systematic uncertainties as a function of Δφ. Luminosity 6% un-
certainty is included.
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5.4 Results

Figure 5.7 shows the differential cross section, corrected to the hadron level, as a
function of the leading jet Et. The cross section drops three orders of magnitude over
a range that goes from 35 GeV up to 220 GeV in energy jet. The same behavior
is observed when measuring the differential cross section as a function of the di-jet
invariant mass Mjj in figure 5.8. In this case the two jets have an invariant mass that
goes as low as 50 GeV/c2 and up to 450 GeV/c2. The rising of the cross section in the
low mass region, the first few bins of the distribution, is due to a residual kinematic
effect generated by the double asymmetrical cut on the transverse energy of the two
jets (ET,1 > 35 GeV and ET,2 > 32 GeV).

The di-jet Δφ distribution is shown in figure 5.9. It clearly peaks at large Δφ
values, showing that the back-to-back configuration, mainly due to flavour creation
processes, is dominant. However the range corresponding to a small opening angle
(Δφ < 1.5) is still highly populated, suggesting a non negligible contribution of the
higher order processes.

The statistical uncertainty on the unfolded cross sections is calculated as

δ

(
d2σ

dXdη

)
= δ

(
N · fbb̄

ε · ε · SF · SF · ΔX · Δη · L · Ci

)

=
d2σ

dXdη
·
√

(δN/N)2 + (δfbb̄/fbb̄)
2 + (δε/ε)2 + (δε/ε)2 + 2 · (δSF/SF )2 + (δCi/Ci)2

where δN/N comes from the counting of double tagged jet events, δfbb̄/fbb̄ is the
statistical error on the bb̄ fraction, δε/ε represents the statistical error on the SVT-
tagging efficiency and δCi/Ci accounts for the statistical uncertainty on the unfolding
factors. The term related to the scale factor δ(SF )/SF is considered twice because
two jets are selected in the event.

The measurement is compared to pythia and herwig Monte Carlo and to next to
leading order prediction obtained using the mc@nlo generator combined to herwig,
for the parton shower, and to jimmy for the underlying event as described in section
5.5.

The Monte Carlo distributions do not include any theoretical uncertainty. The
error bars represent statistical errors only. The cross section values as a function of
leading jet ET , the di-jet Mjj and the di-jet Δφjj are summarized in table 5.7, table
5.8 and table 5.9 respectively.

5.4.1 The total cross section

The integration of the differential cross section gives the value of the total cross
section, shown in table 5.10, corresponding to the phase space ET,1 > 35 GeV,
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Figure 5.7: bb̄ differential cross section for jets as function of leading jet Et. Data is
compared to Pythia hadron level cross section and Herwig hadron level cross section.
The shaded area represents the systematic total uncertainty on the data.
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Figure 5.8: bb̄ differential cross section for jets as function of di-jet invariant mass.
Data is compared to Pythia hadron level cross section and Herwig hadron level cross
section. The shaded area represents the systematic total uncertainty on the data.
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ET dσ2/dETdη ± stat. ± syst.
[GeV ] [pb/GeV ]

(35,41) 98 ± 6+25
−24

(41,47) 88 ± 6+22
−21

(47,54) 69 ± 5+15
−15

(54,61) 42 ± 3+9
−9

(61,69) 23 ± 2+5
−4

(69,78) 12 ± 1+2.8
−2.2

(78,88) 6.6 ± 0.9+1.3
−1.2

(88,99) 3.9 ± 0.6+0.93
−0.82

(99,110) 2.0 ± 0.4+0.38
−0.32

(110,140) 0.83 ± 0.18+0.21
−0.17

(140,180) 0.38 ± 0.14+0.08
−0.07

(180,230) 0.13 ± 0.08+0.03
−0.03

Table 5.7: Cross section values as a function of the leading jet ET .

Mjj dσ2/dMjjdη ± stat. ± syst.
[GeV/c2] [pb/GeV/c2]

(50,60) 8.3 ± 1.2+1.9
−1.7

(60,70) 14.2 ± 1.8+3.1
−2.8

(70,80) 48.6 ± 3.7+12.5
−10.7

(80,90) 51.4 ± 3.4+13.8
−11.3

(90,100) 40.0 ± 3.1+10.4
−8.8

(100,120) 18.8 ± 1.4+4.7
−3.9

(120,140) 8.0 ± 0.8+2.1
−1.6

(140,160) 3.3 ± 0.5+0.8
−0.6

(160,190) 1.5 ± 0.2+0.4
−0.3

(190,220) 0.55 ± 0.15+0.12
−0.11

(220,250) 0.28 ± 0.11+0.07
−0.06

(250,290) 0.19 ± 0.11+0.05
−0.04

(290,340) 0.10 ± 0.06+0.03
−0.02

(340,460) 0.036 ± 0.021+0.01
−0.01

Table 5.8: Cross section values as a function of the di-jet invariant mass Mjj.
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Δφjj dσ2/dΔφjjdη ± stat. pm syst.
[rad] [pb/rad]

(0.0,0.5) 192 ± 24+40
−40

(0.5,1.0) 239 ± 27+45
−45

(1.0,1.5) 180 ± 24+36
−34

(1.5,2.0) 229 ± 29+48
−43

(2.0,2.25) 273 ± 45+52
−52

(2.25,2.5) 475 ± 59+104
−100

(2.5,2.75) 831 ± 79+183
−156

(2.75,2.875) 1822 ± 171+346
−346

(2.875,3.0) 3386 ± 242+643
−643

(3.0,3.175) 5376 ± 264+1021
−1021

Table 5.9: Cross section values as a function of the di-jet invariant mass Δjj.

CDF Run II Preliminary σ [pb]
|η1,2| < 1.2, ET,1 > 35 GeV, ET,2 > 32 GeV

Data σ = 5664 ± 168 (stat.) ± 1270 (syst.)
pythia σ = 5136 ± 52 (stat.)
herwig σ = 5296 ± 98 (stat.)

mc@nlo + jimmy σ = 5421 ± 105 (stat.)

Table 5.10: Total bb̄ di-jet production cross section.

ET,2 > 32 GeV and |η12| < 1.2:

σ = 5664 ± 168(stat.) ± 1270(syst.) pb

The systematic error is calculated adding in quadrature the error relative to those
quantities that are uncorrelated from bin to bin, as tagging efficiency and bb̄ fraction.
The uncertainties on the luminosity and scale factor are added as overall correction
factors. The uncertainty on the jet corrections are calculated varying the jet ET by
±1σ, as already described in section 3.6. The corresponding change in the number
of events that are above the ET,jet1 > 35 GeV and ET,jet2 > 32 GeV thresholds is
taken to measure the uncertainty on the total cross section.
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5.5 Comparison to Monte Carlo

At the leading order the measurement is compared to pythia and herwig. As
already described, Tune A configuration is used for pythia events.

In order to compare it to data, a herwig bb̄ sample has been generated using
jimmy, version 4.3 [85], a generator that produces multiple partons interactions:
soft interaction from beam remnants after the hard scattering, in particular, while
multiple hard scatterings are not considered.

The NLO prediction is obtained using the mc@nlo generator [86]. mc@nlo bb̄
events are generated with parton pT above 10 GeV/c and pseudo-rapidity |η| < 1.75.
CTEQ6M PDF functions are used and the renormalization and factorization scales
are chosen so that μR = μF =

√
p2

T +m2. The NLO events are combined to herwig
for the parton shower process and to jimmy for the underlying event.

Both herwig and mc@nlo samples are generated running jimmy in the de-
fault configuration. The minimum transfer momentum of secondary scatters, PT-
MIN, is set to 2.5 GeV/c2. The inverse proton radius squared, JMRAD is chosen
as 0.71 GeV−2, for both the proton and the anti-proton. The probability of soft
underlying event, PRSOF, is 1.0.

The generated events are passed through the full detector simulation and the same
reconstruction code used for data events. The hadronic jet cross section is calculated
and it is compared to the unfolded data measurement.

The three Monte Carlo predictions roughly show the same agreement with the
data, for what concerns the total cross section or the differential cross section as a
function of the leading jet ET . Figures 5.10 and 5.11 represent the data to Monte
Carlo ratio as function of the leading jet ET , for the three predictions. The gray
band represents the experimental systematic uncertainty only: no systematic error is
considered for the theoretical prediction.

The measurement is ≈ 10%, ≈ 20% higher than the pythia and herwig predic-
tions. The agreement to mc@nlo appears to be better. However, due to the large
systematic uncertainty on data it is not possible to state a real difference between the
predictions at different orders in perturbative QCD.

While there’s no big difference in the ET distribution between the different Monte
Carlo models, both LO Monte Carlo predictions fail to show a good agreement with
data in the Δφ distribution, in figure 5.9, especially in the low Δφ region. The
mc@nlo + jimmy prediction provides a much better description.

Data to Monte Carlo ratios for the three samples are reported in figure 5.12. It
is evident that while pythia is far off the systematic band in the low Δφ region,
herwig + jimmy gives a better prediction and mc@nlo + jimmy is compatible
with data inside the systematic errors.

The difference between the three predictions is remarkable. However it cannot be
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Figure 5.10: Data/Monte Carlo differential cross section ratio as a function of the
leading jet ET . The gray band represents the experimental systematic uncertainty.
pythia is shown in the top plot. herwig Monte Carlo is shown in the center bottom
plot.
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totally addressed to the contribution of higher order terms in the perturbative QCD
calculation: in fact the contribution due to LO and NLO terms is expected to be the
same, when two b quarks in the central region are required [87]. This behavior is
shown in figure 5.13. It represents the Δφ distribution between the two b quarks,
measured at generator level, i.e. before applying the detector simulation and the
event data reconstruction. The Δφ predictions by mc@nlo and herwig become
compatible when tighter cuts on the pseudo-rapidity of the two quarks are applied:
if the two b quarks are required to have |η| < 1.5, the distributions are very different
at LO and NLO. When the cut is tightened to |η| < 1 the LO and NLO predictions
almost overlap.

The cut applied in the analysis is |η| < 1.2, which corresponds to an intermediate
difference between the two distributions, as the picture on the bottom of figure 5.13
shows. For comparison, the pythia prediction is also shown in red.
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Figure 5.13: Δφ distribution for bb̄ quarks in the region pb
T > 10 GeV, |η| < 1 (top),

|η| < 1.5 (center) and |η| < 1.2 (bottom). |η| < 1.2 is the pseudo-rapidity cut applied
in the analysis. All the distributions are normalized to unit area.

The reason of the different agreement of data to LO and NLO prediction has to be
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Figure 5.14: A representation of the ‘hard’ 2 to 2 parton scattering and the underlying
event in hadronic collisions.

attributed to two different sources: LO versus NLO calculation and non perturbative
effects. Next section presents an additional study performed to further investigate the
role played by multiple partons interaction. The predictions of the same order in per-
turbation theory are compared with and without the addition of the soft underlying
event to the hard scattering.

5.5.1 The importance of the underlying event

The underlying event is an unavoidable background to most collider observables and
a good understanding of it will lead to more precise measurements at the Tevatron
and the LHC. At the Tevatron both the inclusive jet cross section and the b jet
cross section are sensitive to the underlying event. This measurements show strong
sensitivity, in particular for what concerns the di-jet Δφ distribution.

The ‘hard scattering’ component of the event consists of particles that result from
the hadronization of the two outgoing partons plus the particles that arise from initial
and final state radiation. The ‘underlying event’ consists of particles that arise from
beam-beam remnants and possible multiple parton interactions, as sketched in figure
5.14. Of course, in a given event it is not possible to uniquely determine the origin
of the outgoing particles and any observable will have contributions from both the
underlying event and the hard scattering.

The underlying event is in a non-perturbative QCD region. As in the description
of the hadronization process, Monte Carlo programs include models to simulate this
soft component. These models are parametrized to describe experimental results. In
the special parametrization of the underlying event, used with pythia, Tune A, the
parameters controlling the multiple partons interactions and initial state radiation
have been adjusted to reproduce the energy density transverse to the leading jet
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observed in the CDF Run I data [71].
To better study the contribution due to multiple interactions, four different mea-

surement of the di-jet Δφ distribution are performed: two at LO, using herwig
alone and herwig+jimmy; two at NLO, using mc@nlo and mc@nlo + jimmy.
The distributions are compared to data events in figure 5.15. Figure 5.16 shows the
ratios data to Monte Carlo for each of the four predictions. It is clear that herwig
prediction is strongly enhanced by the addition of the underlying event using jimmy.

It is interesting that the NLO distribution also shows a rather large enhancement
due to jimmy, the contribution of the underlying event is to be considered necessary
to insure a good agreement at low Δφ, both at LO and NLO order.
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Figure 5.15: Cross section as a function of di-jet azimuthal angle: on the left, mc@nlo
and mc@nlo + jimmy. On the right: herwig and herwig + jimmy.

5.6 Conclusions

A study on the bb̄ di-jet production in pp̄ collisions at 1.96 TeV has been presented
here.

The total cross section has been measured for di-jet events in the phase space
region defined by |ηjet1,jet2| < 1.2, ET,jet1 > 35 GeV and ET,jet2 >32 GeV. The
differential cross sections as a function of the leading jet transverse energy and of
the di-jet invariant mass have also been measured together with the Δφ correlation
between the two jets.

The analysis is based on the good tracking capabilities of the CDF detector.
Online, events have been selected using the SVT trigger and requiring two large im-
pact parameter tracks.
Offline, b-jets have been identified using a tagging algorithm based on the reconstruc-
tion of secondary vertices originating from B hadron decays.
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Figure 5.16: Data/MC ratio as a function of di-jet azimuthal angle: on the left,
mc@nlo and mc@nlo + jimmy. On the right: herwig + jimmy (pink) and
herwig (green).

The measurement covers jet energies going from 35 GeV up to 250 GeV, corre-
sponding to a cross section range of three orders of magnitude. It is the first time a
measurement of the bb̄ correlation is performed at high pT . Previous Run I measure-
ments and similar Run II analyses had studied exclusive B decays and were limited
to energies below 100 GeV.

This analysis makes use of only 260 pb−1 of data corresponding to the first two
years of Run II data taking, 2002-2004. Nevertheless, the use of the SVT trigger
assures that the final bb̄ sample has a large statistical size if compared to inclusive jet
samples selected using calorimetric triggers.

The data are corrected to the particle level and compared to Monte Carlo predic-
tions at LO and NLO. An overall agreement is found between the data and the NLO
prediction, taking into account the experimental systematic uncertainty.

In particular, the measurement of the bb̄ Δφ correlation confirms that the bb̄
jets are mainly produced via LO mechanisms as the flavour creation process, which
corresponds to two body final states (bb̄) for which momentum conservation requires
a back-to-back configuration. Those events are characterized by a large Δφ between
the two b-jets.

It is interesting to note, however, that there is a large number of events for which
Δφ is small (Δφ < 1.5). When higher order QCD processes are considered, in fact,
the presence of additional light quarks and gluons in the final state allows the Δφ
distribution to spread out. The small bb̄ opening angle region is, therefore, of inter-
est because in this region, the higher-order bb̄ production mechanisms become more
important. The data presented here cannot be described solely by flavor creation. A
significant fraction of the bb̄ pairs are produced with Δφ < 1.5, in agreement with the
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conclusions from previous analyses that flavour excitation and gluon splitting play a
significant role in the bb̄ production at the Tevatron.

This conclusion is supported by the fact that the data shows a large excess at
small opening angles, with respect to LO prediction (both pythia and herwig),
while it agrees within the uncertainties with the mc@nlo prediction.

The reason why pythia gives a lower prediction probably suggests that the contri-
bution due to gluon splitting or flavor excitation processes is not correctly described.
Other measurements at low pT , as a recent chrmed boson angular correlation study,
pointed out the same problem [88].

Besides, a detailed comparison between the data and the different Monte Carlo
predictions has also shown the importance of a correct description of the underlying
event, that represents an important issue for any measurement performed at a hadron
collider. The Δφ distribution predicted by herwig, for which additional multiple
interactions are simulated using jimmy, shows a much better agreement to data,
compared to the case they are not.
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Appendix A

Simulation of the SVT beamline

As mentioned in section 3.5 ‘realistic’ Monte Carlo events are simulated. It means
that the detector simulation is tuned to reproduce events from real data run using
calibration tables from the database. The beam positions, in particular, are simulated
using the information from 732 runs, that correspond to a total integrated luminosity
of 250 pb−1 approximately. Unfortunately a large percentage of the simulated samples
turned out in having wrong beam-line positions. It has already been mentioned, that
the alignement of the SVT to the beam position is crucial to a correct measurement
of the track impact parameter. A way to check everything is working correctly is to
check the SVT tracks impact parameter distribution as a function of the run number,
to verify its stability as in figure A.1: the left plot points out a problem for those
run having a value far off the average. Figure A.2 shows the presence of a pattern
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Figure A.1: SVT track impact parameter averaged over run number as originally
simulated using the default testSVTbeam file (left) and after correction (right)

indicating an incorrect simulation of the beamline. Figure A.1 shows the average d0

as a function of run number after the correct beamline simulation is applied.
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Figure A.2: SVT track impact parameter as a function of the SVT track φ0. The
sinusoidal patterns point out that a wrong correction for the SVT beamline is applied
and that the beam line position changed with time.



Appendix B

The SVT-tagging scale factor

The following study shows that the scale factor measured to correct the SVT-tagging
efficiency to data can be applied to this analysis. The procedure is the one described
in [74]. The SVT-tagging efficiency is calculated using muon data and Monte Carlo
samples, which have an enriched heavy flavor content. Nevertheless the sample is not
pure and only about one third of the jets including a muon are expected to be b flavor
jets, mainly because of fake muon identification.

To enhance the fraction of b-jet, the additional requirement of having the away jet
tagged is applied: jets including a muon are identified (‘muon jet’) and are associated
to ‘away’ jets (applying a cut on the Δφ between the two jets). It should be noted,
however, that even in this case the fraction of heavy-flavor muon jets is not 100% as
the away jet could be, for example, a mis-tagged light jet or a c-jet.

The most straightforward way to calculate the tagging efficiency consists in the
single-side tagging method, counting the number of muon b-jets in the case the away
jet is tagged and in the case it is not. Under the assumption that the contamination
from c-jets is negligible this method allows the efficiency to be calculated directly. In
this case the efficiency is defined as:

ε =
Nμ+

a+ · f b
μ+

Na+ · f b
μ

where:

• Nμ+
a+ is the number of events with a tagged muon jet when the away jet is tagged

• f b
μ+ is the fraction of b jets among tagged muon jets

• Na+ is the number of events with a tagged away jet

• f b
μ+ is the fraction of b jets among all muon jets associated to a tagged away jet
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The trasnverse momentum of the muon relative to the jet axis, prel
t is used as a dis-

criminant parameter to measure the b jet fraction of tagged and untagged muon jets.
Being an invariant with respect to a boost along the jet axis, the prel

T is a mesurement
of the transverse muon momentum. In the B-hadron rest frame, the muon coming
from the B decay has a large momentum due to the mass difference between the B-
hadron and its decay products. This momentum is different for muons originated by
a D hadron decay or a light hadron decay, because the mass difference between the
decaying particle and decay products is smaller. The shape of prel

T distribution can,
then, be used to disentagle different flavour contributions to the muon jet sample.

A muon data samples based on a trigger selecting muons with a pT > 8GeV is used.
MonteCarlo samples are herwig di-jet samples including a jet with ET > 20 GeV ,
and filtered at generator level requiring at least a muon with Et > 9 GeV.

A preliminary selection on muon tracks is performed before associating them to a
jet. Good muons are defined as:

• Muon Pt > 9 GeV/c

• CMU stub |dx| < 3 cm and CMP |dx| < 5 cm

• Track |z0| < 60 cm,|z0 − zvtx| < 5 cm

• Isolation (cone 0.4) > 0.1

• Muon track hits all SVX layers

If more than a muon passes this selection, the one with largest pT is considered.
It good muon is then associated to a jet with Et > 20 GeV and |η| < 1.2. The muon
jet Et and momentum are corrected for the presence of the muon, according to the
equation:

Ecorr = Eraw · Eraw − 2GeV

Eraw
+ pt,μ

�Pcorr = �P + �pμ

(
1 − 2GeV

pμ

)
Eraw

The correction factor of 2 GeV has been measured in studies of muon identification
[84].

Once the muon jet has been identified, an ‘away’ jet is associated to it if the Δφ
between the two is larger than 2 radiant. The ‘away’ jet is also required to have
Et > 20 GeV, |η| < 2. On data an additional cut on the secondary vertex invariant
mass of the ‘away’ jet (greater than 1.5 GeV/c2) is applied to further enhance the
heavy flavour content.

Figure B.1 shows the jet ET distribution for muon jets and away jets in data and
Monte Carlo events.
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Figure B.1: left: Data (black) vs MonteCarlo (red) muon jet ET comparison. right:
Data (black) vs MonteCarlo (blue) away jet ET comparison.

Figure B.2, B.3 and B.4 show a comparison between some tagging algorithm
related variables in data and Monte Carlo: the number of good tracks, number of
pass1 and pass2 tracks, the number of tracks attached to the secondary vertex and
their invariant mass.

The same quantities are also shown for SVT-tagged muon jets in figures B.5 and
B.6.

The muon pT relative to the corrected jet axis is reconstructed, and template
distributions for b, c and light jets are generated from Monte Carlo events, in order
to fit the fraction of muon b-jets directly from data.

Special care is necessary in choosing transverse momentum templates: the pres-
ence of the SVT track in the jet could in fact bias the shape of the templates. This
effect is in fact well know in the case of reconstructing the secondary vertex invariant
mass: jets including a SVT track peak at slightly larger mass as shown in chapter 4.
Figure B.7 (left) shows a comparison of the relative transverse momentum of tagged
muon b-jet and SVT-tagged muon b-jets: as the difference is negligible, simple tagged
b-jets templates are used instead of SVT-tagged jet in order to have higher statistic
templates, and reduce the uncertainty on the fit.

Light jets and c-jets prel
T distribution are very similar as shown in figure B.7 on

the right. To separate the contribution of the two is very difficult and beyond the
purpose of this study. Therefore a simplified two templates fit is performed isolating
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Figure B.2: left: Data (black) vs MonteCarlo (red) muon jet NGOOD (top) and
NPASS1 (bottom) comparison. right: Data (black) vs MonteCarlo (blue) away jet
NGOOD (top) and NPASS1 (bottom) comparison.
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Figure B.3: left: Data (black) vs MonteCarlo (red) muon jet NPASS2 (top) and NTAG

(bottom) comparison. right: Data (black) vs MonteCarlo (blue) away jet NPASS2

(top) and NTAG (bottom) comparison.
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Figure B.4: left: Data (black) vs MonteCarlo (red) muon jet secondary vertex invari-
ant mass comparison. right: Data (black) vs MonteCarlo (blue) away jet secondary
vertex invariant mass comparison.

b-jets against non-b templates, the last being chosen in two different ways:

• c templates obtained from muon c-jets in muon MonteCarlo samples;

• light muon jets templates collected from generic Pythia di-jet samples.

A comparison between the two cases is shown in figure B.7 on the left side.

Two fits are performed on muon jets in data events, using the two different tem-
plates and the b jet fractions before and after tagging are shown in figure B.8: on the
top plot the fit results relative to c-jet template and on the bottom plot the result for
the light jet template.

The results obtained in the two cases very well agree with each other:

f c
tag = 0.92 ± 0.03 f light

tag = 0.91 ± 0.03

f c
untag = 0.65 ± 0.02 f light

untag = 0.63 ± 0.02

The b-jet fraction is close to one for tagged muon jets and above 60% for untagged
muon jets. A large purity is expected since muon jets are specifically selected to have
a high b purity, further enhanced by associating them to b-tagged ‘away’ jets.
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Figure B.5: left: Data (black) vs MonteCarlo (red) muon jet NGOOD (top) and
NPASS1 (bottom) comparison. right: NPASS2 (top) and NTAG (bottom).



158 APPENDIX B. THE SVT-TAGGING SCALE FACTOR

)2SecVtx mass (GeV/c
0 1 2 3 4 5 6 7

d
N

/N

0

0.02

0.04

0.06

0.08

0.1

Figure B.6: Data (black) vs MonteCarlo (red) muon jet secondary vertex invariant
mass comparison.
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Figure B.8: top: relative pt fit for not tagged muon jets in data, using c templates
(left) and light templates (right). bottom: same fit for SVT tagged muon jets in
data.
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Using the values obtained for the b-jet fraction (in particualr choosing the c-
jt templates), the efficiency is measured in data and MonteCarlo and the result is
summarized in figure B.9 and in table B.1.

N(μ+, away+) N(away+) ε
data 1191 7485 0.22 ± 0.01
MC 1791 7952 0.225 ± 0.007

Table B.1: Results from scale factor measurement.

The scale factor is calculated as

SF = 0.99 ± 0.05

This value is compatible with the official one,

SF = 1.029 ± 0.009(stat) ± 0.034(syst)

which is the one that will be used in the cross section measurement.
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Figure B.9: (left) SVT tagging efficiency in data (full squares) and Monte Carlo
(empty diamonds) and scale factor (right) as a function of jet ET .



Appendix C

Unfolding factors and jet energy
corrections

It is interesting to spend some time on the understanding of the relationship between
unfolding factor values and the choice of the average jet energy correction. In fact, it
might seems surprising that even after correction and energy scale adjustements, there
is still the need of a large ≈ 20% factor to match the measured cross section to the
‘expected’ one, i.e. the particle level cross section A short study has been performed
to prove that the distinction between average jet corrections and unfolding factors
is in fact purely practical. The unfolding factors obtained in two different cases are
compared:

• Jet energy is corrected applying standard corrections, measured for generic jets.

• Jet energy is corrected for standard generic corrections, plus the additional
specific b jet correction described in section 3.6, which are of the order of 5%.

The two cases will lead to two different sets of factors, as shown in figure C.1 (left)
for the leading jet ET . It is a general behaviour that applying additional corrections
reduces the unfolding factors to be applied to the raw cross section. The lower the
correction applied on average, the larger the unfolding factors needed. However the
procedure is fully coherent. Figure C.1 compares, on the right, the differential cross
sections obtained applying the two different sets of corrections and unfolded using
the corresponding factors. The final result is the same in the two cases.

This fact proves that there’s always a residual effect which cannot be taken into
account using average energy corrections only. And that different average corrections
are compensated by different unfolding factors.

This measurement, however, chooses to apply the additional correction found for
tagged jets in order to reduce the size of the unfolding factors.
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Figure C.1: bb̄ cross section for jets corrected using L5 generic correction (black) and
for jets corrected for the additional specific function resulted from the fit (blue) (left).
On the right, the corresponding ufolding factors.

There is also a second problem that should be considered when dealing with b-
flavored jets. As already mentioned in section 3.6 about 23% of B-hadrons decay
semileptonically, so there us an underestimation of the parton energy due to lost
neutrinos. Of course, generic b-jet ET corrections cannot account for this lost energy
and larger unfolding factors are needed to correct the measured cross section to the
particle level one. A brief study has been performed to verify this hypotesis: using
a pythia bb̄ p̂T > 40 GeV/c sample, b-jets in which the B-hadron decays semilep-
tonically have been identified and their energy has been corrected using generic jet
ET corrections. The bb̄ di-jet cross section has been measured together with the
corresponding unfolding factors. Figure C.2 shows a comparison between the unfold-
ing factors for generic b-jets and for b-jets associated to a semileptonic decay of the
B. When the same generic ET corrections are applied the unfolding facotrs, for the
semileptonic case, are significantly larger than in the generic case.

Unfolding factors in herwig

The unfolding factors are calculated using the same procedure in herwig. Figure
C.3 represents the unfolding factors as a function of the leading jet ET , the di-jet
invariant mass and the di-jet Δφ.
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