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Abstract

The mass of the top quark is a fundamental parameter of the Standard Model. Its precise
knowledge yields valuable insights into unresolved phenomena in and beyond the Standard
Model. A measurement of the top quark mass with the matrix element method in the lep-
ton+jets flnal state in D´ Run II is presented. Events are selected requiring an isolated
energetic charged lepton (electron or muon), signiflcant missing transverse energy, and ex-
actly four calorimeter jets. For each event, the probabilities to originate from the signal and
background processes are calculated based on the measured kinematics, the object resolutions
and the respective matrix elements. The jet energy scale is known to be the dominant source of
systematic uncertainty. The reference scale for the mass measurement is derived from Monte
Carlo events. The matrix element likelihood is deflned as a function of both, mtop and jet
energy scale JES, where the latter represents a scale factor with respect to the reference scale.
The top mass is obtained from a two-dimensional correlated flt, and the likelihood yields both
the statistical and jet energy scale uncertainty. Using a dataset of 320 pb¡1 of D´ Run II
data, the mass of the top quark is measured to be

m‘+jets
top = 169:5§ 4:4 (stat: + JES) +1:7

¡1:6 (syst:) GeV

me+jets
top = 168:8§ 6:0 (stat: + JES) +1:9

¡1:9 (syst:) GeV

m„+jets
top = 172:3§ 9:6 (stat: + JES) +3:4

¡3:3 (syst:) GeV :

The jet energy scale measurement in the ‘+jets sample yields JES = 1:034§0:034, suggesting
good consistency of the data with the simulation. The measurement forecasts signiflcant
improvements to the total top mass uncertainty during Run II before the startup of the LHC,
as the data sample will grow by a factor of ten and D´’s tracking capabilities will be employed
in jet energy reconstruction and °avor identiflcation.





Zusammenfassung

Die Masse des Top-Quarks ist ein fundamentaler Parameter des Standard-Modells. Ihre genaue
Kenntnis liefert wertvolle Aufschlũsse bezũglich unverstandener Phãnomene im Standard-
Model und darũber hinaus. Die Messung der Top-Quark-Masse mit der Matrixelement-Methode
im Lepton+Jets Zerfallskanal in Run II des D´ Experiments wird prãsentiert. Ereignisse
werden selektiert, wenn sie ein isoliertes Lepton (Elektron oder Myon), signiflkante fehlende
transversale Energie und genau vier Kalorimeter-Jets aufweisen. Fũr jedes Ereignis werden die
Wahrscheinlichkeiten berechnet, dass das Ereignis durch den Signal- bzw. Untergrund-Prozess
produziert worden ist, basierend auf der gemessenen Kinematik, den Au°õsungen der rekon-
strierten Objekte und der prozess-speziflschen Matrixelemente. Die Kenntnis der Jet Energie
Skala ist die dominierende Quelle systematischer Unsicherheit dieser Messung. Die Referenz-
Skala wird in Monte Carlo Ereignissen bestimmt. Die Matrixelement-Likelihood wird defl-
niert als Funktion beider Variablen, mtop und JES, wobei letzterer einen Skalierungs-Faktor
bezũglich der Referenzskala beschreibt. Die Topmasse wird mittels eines zweidimensionalen
korrelierten Fits bestimmt, wobei der Likelihood sowohl den statistischen Fehler als auch den
Fehler durch Jet Energie Skala liefert. Die Methode wird auf einen D´ Run II Datensatz an-
gewandt, der einer integrierten Luminositãt von 320 pb¡1 entspricht, und die Messung ergibt

m‘+jets
top = 169:5§ 4:4 (stat: + JES) +1:7

¡1:6 (syst:) GeV

me+jets
top = 168:8§ 6:0 (stat: + JES) +1:9

¡1:9 (syst:) GeV

m„+jets
top = 172:3§ 9:6 (stat: + JES) +3:4

¡3:3 (syst:) GeV :

Die Messung der Jet Energie Skala im ‘+jets Datensatz ergibt JES = 1:034 § 0:034, was
auf gute Ũbereinstimmung der Daten mit der Simulation hinweist. Die vorliegende Messung
verspricht signiflkante Verbesserungen des Gesamtfehlers der Topmasse in Run II noch vor
dem Start des LHC, wenn der Datensatz sich verzehnfachen und D´’s Spurvermessung in die
Rekonstruktion von Jet Energien und die Identiflkation von b Jets einbezogen werden.
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Chapter 1

Introduction

The top quark was discovered in 1995 by the D´ [1] and CDF [2] collaborations in Run I of the
Tevatron p„p collider. It stands out among other elementary particles with its strikingly high
mass and is believed to play a key role to our fundamental understanding of nature beyond
the Standard Model. The latter relates the mass of the top quark to the mass of the Higgs
boson, the last particle of the Standard Model which is predicted but remains undetected.
Consequently, the hunt for the Higgs boson represents a major priority for high energy physics
next generation of collider experiments at the LHC, and Tevatron Run II is expected to guide
the way with precise information on the top quark mass.

The Standard Model predicts top quarks to be produced dominantly in top-antitop pairs
via q„q annihilation (85%) and gluon fusion (15%) in p„p collisions at

p
s = 1:96 TeV1. Both

top and antitop are predicted to decay almost exclusively to a W boson and a b quark. If
one of the W bosons decays hadronically to a pair of light quarks, while the other decays
to either an electron or muon and the corresponding neutrino, the event is referred to as a
lepton+jets event. The signature of this decay in the detector is the presence of four or more
jets, an isolated lepton and missing transverse energy E=T from the undetected neutrino. The
dominant physics background to this process is the electroweak production of a leptonically
decaying W in association with four or more quarks, antiquarks, and gluons. Additional in-
strumental background arises from multi-jet events, where either a heavy °avor jet decays
semi-leptonically but only the muon is reconstructed („+jets channel) or a jet is misidenti-
fled as an electron (e+jets channel). This instrumental background is referred to as \QCD"
background throughout this thesis.

The top mass measurement with the matrix element method at D´ in Run I [3] improved
the statistical and systematic uncertainty signiflcantly with respect to previous measurements
and generated considerable excitement. It yielded the most precise top mass value to date
and fosters the hope for even more stringent constraints in Run II with a much larger data set
and an upgraded detector. This thesis describes a measurement of the top quark mass with
the matrix element method with a D´ Run II dataset of 320 pb¡1 in the lepton+jets (‘+jets)
channel. Many signiflcant improvements with respect to Run I were introduced to the matrix
element method and are described in the following chapters.

For each event in the data sample, the probability for the event to originate from t„t produc-

1Natural units are used throughout this thesis, ~ = c = 1.

1



2 CHAPTER 1. INTRODUCTION

tion assuming a certain top mass and the probability to arise from the W (! l”)+jets process
are calculated. Both probabilities are combined into an event probability, and a likelihood is
formed and maximized with respect to the assumed top mass. The top mass measurement is
systematically limited by the knowledge of the jet energy scale. The Run I matrix element
likelihood is extended by an additional parameter, essentially yielding a simultaneous mea-
surement of both the top mass and the jet energy scale. This potential arises mainly from the
mass constraint of the hadronically decaying W boson. A correlated flt to the two-dimensional
likelihood yields an error on the top mass which includes both the statistical error and the
jet energy scale uncertainty by construction. No external knowledge on the uncertainty of
the applied jet energy scale is used, and the ofiset of the jet energy scale with respect to the
reference scale is measured, assuming that it does not signiflcantly depend on jet pT or ·. As a
consequence, the dominant systematic uncertainty on the top mass will proflt from increasing
statistics, forecasting excellent potential for the near future.

The increased statistical sensitivity [5] of this method with respect to other methods is
largely due to the calculation of the event-per-event signal probability. It allows well-measured
events to contribute more information to the likelihood function than poorly measured events.
This represents the fundamental difierence to methods which are sensitive only to one or more
distributions of a whole set of events, where each event is given the same weight. Moreover,
the computation of the matrix element represents evaluation of the full kinematics of the
event, as opposed to exploiting information from only a few variables.



Chapter 2

The Top Quark

2.1 Standard Model

High energy physics is the quest for the most fundamental building blocks of nature and the
rules which govern their interactions. Today, matter appears to consist of no more than twelve
elementary particles which reveal no experimental evidence for further underlying structure:
Six quarks and six leptons. In this accounting, particles and their antiparticles are considered
as one, and the multitude of particles of difierent color is not counted separately. All twelve
particles carry spin 1

2
and are referred to as fermions. The u and d quarks are the fundamental

constituents of nucleons like protons and neutrons. The electron is the most prominent lepton,
as nucleons and electrons form atoms and thus the world as we see and feel it. Quarks
and leptons are categorized in three generations, as shown in Table 2.1. Particles in higher
generations have higher masses and are mostly unstable; we need to produce them in the
laboratory in collisions of stable particles in order to observe and study them.

All experimentally observed phenomena can be described by interactions between those
fermions in terms of three forces: Gravity, the attractive force between matter and energy;
the Electroweak Force, a unifled description of electricity, magnetism and the weak force; and
the Strong Force, the force which binds the quarks in the nucleon. The \Standard Model" of
elementary particle physics successfully describes our current understanding of quarks, leptons
and their interactions through the electroweak and strong nuclear forces. It is intimately re-

Generation
I II III Charge

Quarks u c t +2=3
d s b ¡1=3

Leptons e „ ¿ ¡1
”e ”„ ”¿ 0

Table 2.1: The three generations of spin- 1
2
-fermions. The letters labeling the quarks are

abbreviations for \up" (u), \down" (d), \charm" (c), \strange" (s), \top" (t) and \bottom"
(b).

3



4 CHAPTER 2. THE TOP QUARK

Gauge Boson Symbol Charge Spin Mass (GeV) Force
Photon ° 0 1 0 Electromagnetic
Z0 Z0 0 1 91:2 Weak
W§ W§ §1 1 80:4 Weak
gluon g1:::g8 0 1 0 Strong
graviton G 0 2 ? Gravity

Table 2.2: Standard Model gauge bosons: mediators of the fundamental forces between inter-
acting elementary particles.

lated to the development of quantum mechanics and the realization that the laws which govern
the universe are fundamentally probabilistic. Consequently, interactions between elementary
particles are described by Quantum Field Theories: All particles are described as flelds; forces
are interpreted as the exchange of mediator particles between interacting fermions. These
force-carriers are referred to as \gauge bosons" and are spin-1 particles1. Table 2.1 lists all
gauge bosons of the Standard Model plus the Graviton, which is postulated to carry the grav-
itational force but has not been detected. Each Standard Model gauge boson is speciflc to
one of the forces, and its properties determine strength and range of the interaction. The
most familiar of these bosons is the photon, which carries the electromagnetic force. It is
massless and couples to all charged particles. The weak force is mediated by massive weak
gauge bosons W§ and Z0 and is smaller in strength by four orders of magnitude compared
to electromagnetism. It has very short range, a consequence of the large boson masses, and
governs e.g. the nuclear fl decay. Eight massless gluons are held responsible for the strong
interaction between quarks.

Symmetries are most valuable assets in physics theories. In classical mechanics, invariance
with respect to operations regarding space and time yield the all important laws of energy,
momentum and angular momentum conservation. Similarly, the uniflcation of electromagnetic
and weak interaction by Glashow, Weinberg and Salam in the 1970’s is based on a symmetry,
the gauge group SU(2)L£U(1). In order for the W and Z boson to acquire masses of 80:4 and
91:2 GeV, respectively, and the photon to remain massless at the same time, this symmetry
must be broken. As a consequence, the theory postulates the existence of yet another particle:
the \Higgs boson". It remains the only undetected elementary particle in the Standard Model
to date, and its discovery is therefore much anticipated by the high energy physics community.
Major experimental efiorts are underway to trace it, led by the Large Hadron Collider (LHC)
experiments at CERN (Switzerland), which are expected to join the hunt from 2007 on.
Feasibility studies based on simulated data reveal that the potential of any search depends
largely on the mass of the Higgs boson, which is unknown. Improvements to the precision
of the top quark mass - the aim of the work presented in this thesis - will help to narrow
the window for the most likely value of the Higgs mass and optimize analysis strategies.
The connection between the top quark and Higgs boson masses through loop corrections is
discussed in Section 2.2.4.

The success of the Standard Model is perhaps best appreciated by noting its outstanding

1The graviton is postulated to carry spin 2 and is not a gauge boson.
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agreement with nearly all experimental results published in The Review of Particle Physics [10],
a phone-book-sized compendium which maintains almost the entire scientiflc output of the
fleld during the last half century. Nonetheless, there are reasons to believe that the Standard
Model is incomplete, a low energy efiective theory to a more fundamental theory at higher
energies. The top quark, standing out among all other quarks with its intriguingly high mass,
is suspect to play a key role in the quest to reveal this underlying theory.

2.2 The Top Quark

The top quark was predicted since the discovery of the b quark in 1977 as its electroweak isospin
partner. It was discovered in 1995 at the Tevatron, the world’s only top factory to date. It has
the largest mass of all known elementary particles, approximately the mass of a gold atom.
In particular, its mass exceeds the mass of the next heaviest quark, the b quark, by almost
a factor of 20. Neither the Standard Model nor any other fundamental theory can explain
this remarkable asymmetry. The large mass of the top quark comes with an extremely short
lifetime, which does not allow the top quark to form hadronic bound states: its production
properties are preserved and can be accessed via the decay products. In particular, the top
quark mass is accessible directly by the experiment.

The following sections are concerned with the production and decay of the top quark at
the Tevatron, as well as its link to the Higgs boson.

2.2.1 Particle Production in p„p Collisions

Quantum Field Theory prescribes the calculation of interactions between fundamental parti-
cles, such as quarks. The Tevatron, however, collides protons and anti-protons, which consist
of three fundamental quarks, a sea of virtual quarks and antiquarks that surround them, and
gluons which bind them together. Since the proton cannot be treated perturbatively, only the
hard scattering process between partons is considered. The remaining partons are treated as
spectators.

Figure 2.1 illustrates this parton model of the hard scattering process: Two partons, one
of each colliding (anti-)proton, take part in the interaction, carrying longitudinal momentum
fractions x1,x2 of the incoming hadrons. These fractions are unknown on an event-by-event
basis. The probability density fi(xi; Q2) for a parton with °avor i to participate in the hard
scattering interaction with longitudinal momentum fraction xi and factorization scale Q2 is
referred to as the parton distribution function (PDF). Its derivation from flrst principles or
perturbative calculations has yet to be achieved. Instead, the shapes are extracted from global
QCD flts at next-to-leading order from data [11]. Given the PDFs, the total cross section of a
process pA; pB ! p1; p2 can be approximated by summing over all possible parton interactions
and weighting each by its probability:

¾ =
X

A;B

Z

dxAdxBfp(xA; Q2)f„p(xB; Q2)¾(pA; pB ! p1; p2) (2.1)
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x P

P

_
P

s (Q )

x P2 2

1 1

^ 2

i 1
2

j 2
2

f (x ,Q )

f (x ,Q )

Figure 2.1: Parton model description of a hard scattering process.
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2.2.2 Top Quark Production

Top quarks are produced in p„p collisions both singly and in pairs. The leading order Feynman
diagrams for all production processes are shown in Figure 2.2. Single top production via the
electroweak interaction sufiers from lower cross section and larger experimental background.
Hence, only t„t pair production via the strong interaction is considered for the mass measure-
ment. At the energies of the Tevatron in Run II, top-antitop pairs are primarily produced via
quark annihilation, while gluon fusion contributes approximately 15%.

t

t

t t

q

q

tg

g

tg

g

top pair production
(strong interaction)

85%

15%

total: 7 pb

t

b

q

q’

W*

q’

t

q

b

W

q’

b

q

g

W

b
t

t

W

g

b

b

t

W

g

b

t

single top quark production
(electroweak interaction)

"s-channel"
0.9 pb

"t-channel"

t+W associated production

2.0 pb

0.12 pb

Figure 2.2: Leading order Feynman diagrams, illustrating top quark production mechanisms.
The mass analysis considers pair production via the strong interaction only, which is dominated
by quark annihilation. The cross sections are rough estimates for the Tevatron Run II center-
of-mass energy of 1:96 TeV.

The pair production cross section was recently measured in Run II by the D´ [12] and
CDF [13] collaborations to be:

¾t„t = 6:7+2:2
¡1:7 pb (D´) (2.2)

¾t„t = 6:6+1:9
¡1:9 pb (CDF ) (2.3)

The measurements are based on 230 pb¡1 and 194 pb¡1 respectively and in good agreement
with theoretical calculations [14, 15] which predict

¾t„t = 6:77§ 0:42 pb; (2.4)

assuming a top quark mass of 175 GeV.

2.2.3 Top Quark Decay

The Standard Model predicts the top quark to almost exclusively decay to a b quark and an
on-shell W boson via weak interaction (BR(t ! W b) > 0:998. Assuming the b quark to be
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massless and neglecting higher order terms, the total decay width ¡t of the top quark can be
approximated as

¡top =
GFm3

top

8…
p
2

µ

1¡ m2
W

m2
top

¶µ

1 + 2
m2

W

m2
top

¶•

1¡ 2fis

3…

µ
2…2

3
¡ 5

2

¶‚

; (2.5)

where GF is the Fermi coupling constant. For mtop = 178 GeV, Equation (2.5) yields ¡top …
1:5 GeV, corresponding to the top quark’s lifetime of about 5£ 10¡25 s.

Difierent experimental signatures of the t„t decay are classifled by the patterns of decay of
the two W bosons:

† Dilepton events, where both W bosons decay into an e” or „” flnal state, are char-
acterized by two energetic, isolated leptons, two energetic b jets, and two uncaptured
neutrinos which appear as missing transverse energy. This analysis channel provides the
cleanest signature but sufiers from low statistics at current luminosities as the branching
ratio is only about 5%.

† For hadronic events, where both W bosons decay hadronically, the signature is six
jets, two of which are b jets, and no signiflcant missing transverse energy. Though this
analysis channel enjoys almost 50% of the decay rate and allows for the full reconstruc-
tion of the event kinematics, it is di–cult to extract from the overwhelming multijet
background.

† Lepton+Jets events, where one W boson decays hadronically and the other into an
e” or „” flnal state, are characterized by an energetic, isolated lepton, four energetic
jets, and missing transverse energy from the undetected neutrino. This analysis channel
accounts for almost 30% of the decay rate while providing a distinct experimental signa-
ture through the isolated lepton in a p„p collision. Depending on the kinematic selection
criteria, a S=(S + B) ratio of roughly 1=3 is expected, with W + jets production as the
main source of background.

† ¿ events, where at least one W boson decays into a ¿” flnal state, account for about
21% of the decay rate. Depending on its decay, the ¿ lepton can be identifled as a narrow
jet, an isolated track, or an electron or muon. Two energetic b jets, missing transverse
energy, and the decay products from the secondW boson complete the topology. Explicit
identiflcation of ¿ leptons is a major challenge at hadron colliders. However, events in
which a ¿ decays into an electron or muon will appear in the electron/muon+jets signal
samples.

Figure 2.3 illustrates all t„t decay modes and their branching ratios.

2.2.4 The Top Quark and the Higgs Boson

In the Standard Model, the W boson mass is calculated at tree-level as

M2
W =

1

2
M2

Z

ˆ

1 +

s

1¡ 4…fip
2GFM2

Z

!

=

…fip
2GF

sin2 µW
; (2.6)
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Figure 2.3: t„t decay modes. The areas are proportional to the branching ratios.

where fi is the flne-structure constant, GF is the Fermi coupling constant, MZ is the mass of
the Z boson, and the Weinberg angle µW is deflned such that

sin2 µW · 1¡ M2
W

M2
Z

: (2.7)

Additional higher order loop diagrams contribute to the W and Z masses, which contain
virtual top quarks and virtual Higgs bosons. The loop diagrams at next-to-leading order
are shown in Figures 2.4 and 2.5. If these corrections are considered, the expression in 2.6
transforms to

M2
W =

…fip
2GF

sin2 µW (1¡¢r)
: (2.8)

The contribution from virtual top quark loops is given by

(¢r)top … ¡
3GF

8
p
2…2 tan2 µW

¢m2
top ; (2.9)

whereas the virtual Higgs boson loops account for

(¢r)Higgs … ¡
11GFm2

Z cos2 µW

24
p
2…2

¢ ln m2
H

m2
Z

: (2.10)

Hence, Equation (2.8) constrains both the mass of the top quark and the mass of the Higgs
boson. The dependence on the Higgs mass however is much weaker, since mtop enters quadrat-
ically, while mH enters only logarithmically. The result of the electroweak flt [16] of the Higgs
boson mass is shown in Figure 2.6. It yields mH = 114+69

¡45 GeV. Both the W boson and top
quark mass enter the flt according to the best measurements [16, 17] of these parameters and
the respective uncertainties:

mW = 80:412§ 0:042 GeV (2.11)
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Figure 2.4: Virtual top quark loops which contribute to the W and Z boson masses.
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Figure 2.5: Virtual Higgs boson loops which contribute to the W and Z boson masses.

mtop = 178:0§ 4:3 GeV : (2.12)

Improvements on the precision of either direct mass measurement translate into better indirect
limits on the Higgs boson mass. Narrowing the window on mH by increasing the precision
on mtop in direct measurements at the Tevatron is therefore a good service to the LHC
experiments: analysis techniques aiming to discover this yet elusive piece of the Standard
Model puzzle are optimized for the most likely mass values, as difierent Higgs boson masses
imply difierent analysis channels and strategies.

Until direct observation of the top quark at the Tevatron in 1995 [1, 2], flts to electroweak
data were the only accessible information on the top quark mass. The most recent indirect
measurement of mtop combining Z-pole data and direct measurements of the W boson mass
and total width yield [16]

mtop = 179+12
¡9 GeV ; (2.13)

in good agreement with the direct measurements (Equation (2.12)). Figure 2.7 illustrates the
rapid evolution of our knowledge of the top quark mass from indirect and direct measurements
over the last decades.
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Figure 2.6: Left: \Blueband plot": indirect measurement of the SM Higgs boson mass via flt
to all electroweak data. The highlighted area represents the 95% confldence exclusion below
114:4 GeV from direct searches [16]. Right: 68% confldence level contours in the (mtop; mW )-
plane, for the indirect (LEP1, SLD data) determination in a global flt to electroweak precision
data and direct (LEP2, p„p data) measurements [16]. The correlation between mtop and mW

as expected in the Standard Model for various Higgs boson masses is also shown.
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Figure 2.7: Evolution of the indirect prediction and direct measurement of the top quark
mass with time [18]. Only indirect measurements (†) from electroweak flts were feasible until
the discovery of the top quark in 1995. The latest such results are consistent with direct
measurements in p„p data by D´ (H) and CDF (N). The world average from both Tevatron
experiments is also shown (¥) as well as the lower bounds from hadron colliders (dashed lines)
and e+e¡ colliders (solid line).



Chapter 3

The Tevatron and the D´ Detector

Fermilab’s Tevatron currently produces proton-antiproton (p„p) collisions at higher energies
than any other experimental facility. It is the world’s only top quark factory and will remain
on the energy frontier until experiments at the Large Hadron Collider (LHC) begin taking
data in about 2007. The Tevatron accelerator hosts two collider experiments: the Collider
Detector at Fermilab (CDF) and D´. This analysis uses data collected by the D´ detector
between 2002 and 2004.

During the flrst data-taking period (Run I) between 1991 and 1995, each experiment
collected about 125 pb¡1 collision data at a center-of-mass energy of 1:8 TeV. The discovery
of the top quark and the flrst measurement of its mass are among the key accomplishments
of that era. Between 1997 and 2001, the accelerator complex underwent major upgrades
aimed at increasing the luminosity of the accelerator. The center-of-mass energy is raised
to
p

s = 1:96 TeV. The new period of data-taking (Run II), which began in 2001 and will
last until 2009, is planned to accumulate 4 ¡ 8 fb¡1 of integrated luminosity, depending on
the performance of the accelerator. The upgraded machine accelerates 36 bunches of protons
and anti-protons, compared to originally 6 bunches. Consequently, the time between bunch
crossings has been decreased from 3:5 „s to 396 ns, and the higher rate operation required
major detector upgrades to ensure fast enough response time.

3.1 The Fermilab Accelerator Chain

Fermilab uses a series of accelerators to produce the high energy p„p collisions studied at D´
and CDF [6]. The paths taken by protons and anti-protons from initial acceleration to collision
in the Tevatron are shown in Figure 3.1.

The Cockcroft-Walton pre-accelerator provides the flrst stage of acceleration. Inside this
device, hydrogen gas is ionized to create H¡ ions which are accelerated to 750 keV of kinetic
energy. Next, the H¡ ions enter a linear accelerator (Linac), approximately 150m long, where
they are accelerated to 400 MeV [7]. An oscillating electric fleld in the Linac’s RF cavities
accelerates the ions and groups them into bunches: the ions moving too fast reach the cavity
while the electric fleld is weak, whereas the ions moving too slow reach the cavity while the
electric fleld is strong.

The 400 MeV H¡ ions are then injected into the Booster, a circular synchrotron 74:5m

13
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Figure 3.1: The Fermilab accelerator complex.

in diameter [7]. A carbon foil strips the electrons from the H¡ ions at injection, leaving bare
protons. The intensity of the proton beam is then increased by injecting new protons into
the same orbit as the circulating ones. The protons are accelerated from 400 MeV to 8 GeV
by another series of RF cavities. Each turn around the Booster, the protons gain 500 keV of
kinetic energy, but in the steady state, they loose exactly this much energy through radiation.

To produce anti-protons, protons from the Booster are accelerated to 120 GeV by the Main
Injector and directed at a nickel target [6]. It takes 50000 protons on average to produce one
anti-proton with a mean energy of 8 GeV in this collision. The anti-protons are focused by
a lithium lens and a pulsed magnet separates them from other particle species. The Main
Injector replaced the Main Ring accelerator which was situated in the Tevatron tunnel. The
injector can carry larger proton currents than its predecessor, which results in a higher rate
of anti-proton production.

The RF cavities cannot constrain the anti-protons in the plane transverse to the beam
direction. Since the collider requires narrow beams, the transverse excursions of the anti-
protons must be kept at a minimum. This process is referred to as \cooling" the beam, as it
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reduces the kinetic energy spread of the anti-protons. New batches of anti-protons are initially
cooled in the Debuncher synchrotron, collected and further cooled using stochastic cooling [8]
in the 8 GeV Accumulator synchrotron. First, pickup sensors sample the average transverse
excursions for portions of each bunch. Later, kicker magnets apply correction forces. This has
the efiect of damping the anti-protons on average, producing a cool narrow beam. Anti-proton
availability is most often the limiting factor for attaining high luminosities, as it takes 10-20
hours to build up a \stack" of anti-protons for injection into the Tevatron.

The stochastic cooling is done by the anti-proton Recycler [6], which is also intended
to recycle anti-protons when the beam quality has become poor after many collisions. The
Recycler cools the anti-protons and integrates them with a new stack.

Once enough particles have been accumulated, stacks of protons and anti-protons are
transfered to the Main Injector for acceleration to 150 GeV and injection into the Tevatron.
The stacks contain 36 bunches, with a proton bunch containing around 3£ 1011 protons and
an anti-proton bunch containing around 3£ 1010 anti-protons.

The Tevatron is the last stage of Fermilab’s accelerator chain [6]. It receives 150 GeV
protons and anti-protons from from the Main Injector and accelerates them to 980 GeV. The
protons and anti-protons circle the Tevatron in opposite directions and collide at the two
\collision points", where the D´ and CDF detectors are located.

The luminosity of collisions is given by:

L =
fNBNpN„p

2…(¾2
p + ¾2

„p)
F

µ
¾l

fl⁄

¶

(3.1)

where f is the revolution frequency, NB is the number of bunches, Np=„p are the number of
protons/anti-protons per bunch, and ¾p=„p are the root mean square (RMS) transverse beam
sizes at the interaction point. F is a form factor which corrects for the bunch shape and
depends on the ratio of ¾l, the bunch length, to fl⁄, the beta function, at the interaction
point. The beta function is a measure of the beam width.

Figure 3.2 shows the integrated luminosity delivered to and recorded with the D´ detector
in Run II until July 2005.
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Figure 3.2: Integrated luminosity of p„p collisions delivered to and recorded with the D´
detector in Run II until July 2005.




