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Abstract

The production of W bosonsin assaiation with jets at the Fermilab Tevatron provides an
opportunity to test predictionsfor electroveakand QCD processeslescriked by the standard
model. Complicating this picture, evidencefor anomalousproduction of heavy- a vor quarks
(t; b;c) in assaiation with W bosonswas reported in Run | by the CDF collaboration. In
this dissertation, | prese an examination of the exclusiwe jet spectrum in the W +jets nal

state in which the heavy- avor quark cortent has beenenhancedby requiring at least one
b-taggedjet in an evert. For this measuremety W bosonshave beenselectedin W ! e

and W ! decgy channels. | presen a measuremenh of the exclusiwe jet spectrum for
everts which cortain onejet taggedwith morethan oneb-tagging algorithm. | comparedata
one+ jets (164.3pb 1) and + jets (145.3pb ') channels,collectedwith the D detector
during Run |1 of the Fermilab Tevatron pp collider, to expectationsfrom the standard model.

The resultsof the seart are usedto setupper limits on anomalousproduction of sud evens.
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Foreword to Part |

The work descriked in this dissertationis a cortinuation of the ongoingseart for new phe-
nomenain elememary particle physicsand wascompletedat the Fermi National Accelerator
Laboratory (Fermilab) in Batavia, IL. Fermilab is the home of the world's highest-energy
particle accelerator,referredto as the Tevatron, which collides courter-rotating beams of
protons and anti-protons. Thesebeamsare brought into collision at two points on the ring.
The D experimert sits at one of thesepoints and was usedto collect the data usedin this
thesis.

| have separatedthis documert into two parts: the rst, which you are beginning now,
attempts to provide a landscape view of the physics studied by scientists at Fermilab and
the methods utilized in this study. The secondpart focuseson the data analysisto which
this thesis is dewted and the motivations for sud an endeaor. | like to think of the
rst v e chapters of this document as an invitation to the reader, providing badkground
for the physicsdiscussedhere. As alluded to above, the work described in this thesisis a
cortinuation of e orts which have beenin progressfor many years. To immediately leap
into the details of the analysiswould, in numerousways, take undue credit for the many
lifetimes of work which have de ned this eld. Furthermore, it would provide a disadvantage
to readerswho are not intimately familiar with the ideasbehind elemenary particle physics
or its experimertal methods. To allay sud misdirections, Chapter one provides a short
discussionof the meansand motivations of the particle physicist; Chapter two o ers an
introduction to the theoretical advances(and weaknessesgnbodied in the Standard Model
of particle physics; Chapter three descritesthe experimertal apparatususedto initiate and
collectthe data usedin this analysis;Chapter four outlines the methods usedto translate the
collecteddata into meaningfulphysics;and Chapter v e introducesthe conceptof simulating
the predictions of theories.



Chapter 1

In tro duction

For millenia, the nature of the universehasfascinatedthosewho livein it. The idea of basic
building blocks of nature was devisedearly on by the Greek philosopherEmpedacle (cf. 450
BC) who broke matter down into four \ro ots": water, earth, air, and re 1. Theseroots were
bound by the forcesof love and hate, with love creating unity and hate forcing division. The
mixing of thesebasic elemers by the forcesgave rise to all matter. The scienceof particle
physics follows in the footsteps of this philosoply, struggling to descrike the fundamerial
componerts of matter and their interactions. A revolution in the understandingof particle
interactions occurred in the 19th and 20th certuries as scientists rapidly progressedfrom
Dalton's 1803inferenceof atoms as the basic componerts of matter to the dewelopmen of
quartum medanics and relativity in the early 19th certury. Shortly after, technological
advancesdrove a furious wave of advancemet in the eld culminating spectacularly in the
1983discovery of W and Z bosonsand the 1995discovery of the top quark.

This chapter is intendedto introducethe philosopty and basic practicesof experimertal
particle physics. Furthermore, in an e ort to read the widest possibleaudience,it is written
asa pedagogicaliscussionfor thosewho are not familiar with the eld this thesisaddresses.

1.1 Fundamen tal Questions

The eld of particle physicg has ewlved over many years, but has remained constart in
the desireto answer fundamertal questionsabout the universein which we live. The most
basic methodology has beento idertify the smallestindivisible componerts of matter. In
this regard, we have beenvery successfuin identifying a handful of particles believed to
be basic. Further e orts have shavn how all forms of matter obsened thus far can be
constructed from these basic constituents. With this evidence,one can addressquestions
sudh asthe ewlution of the universe,asymmetriesbetweenmatter and anti-matter, and the
origin of mass. Answering thesequestionsinvolvesa long journey of smaller questions. Each
step along this journey paradaically demonstrateshow little we understand, rather than
simply advancing our knowledge. Indeed, eath new discovery simultaneously enlightens us
while unearthing numerous new questions. In this way, the identi cation and pursuit of

'Hindu sdholars of the sameepoch added sky to this list.
2This eld is alsocommonly referred to as high-energy physics or elemenary particle physics.
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fundamenal questionsdrivesthe ewlution of the eld. Furthermore, accunulating evidence
allows for the formulation of predictions for questionsthat remain unansvered.
Physicistshave identi ed se\eral particlesthat they beliewve to be the most fundamertal.

Someof these particles are stable and form the normal matter we interact with every day
while the others live for only fractions of a secondbefore decging to the stable ones. The
matter that we interact with on a daily basiswas createdin the birth of the universe,the
so-calledBig Bang. The intenseenergyreleasedmanifesteditself asenormoustemperatures
which facilitated particle collisionswith energiedarge enoughto produceall of the elemen-
tary particles and their bound states. As the universe coolec®, most of theseinteractions
becameincreasinglyine cient and ewvertually energeticallyimpossible. Continued cooling
has producedthe universewe live in today. Thus, to reproduce the conditions of the early
universe (and thereby study them) we require the meansof achieving particle interactions
with energiesequalto those of the earliesttimes.

1.2 Tools and Goals

As with all vocations, the practitioners of particle physicshave crafted very specializedtools
and methods to facilitate the experimertal obsenations imperative to the science. This
toolbox is employed to achieve the primary goal of particle physicists: to produce particles
not found in ordinary matter for the purposesof studying their properties. This task is
clearly separatedinto two problems: particle production and particle detection. Eac of
theseproblemsis addressedwith a unique set of methods.

1.2.1 Particle Pro duction

The most important method in the particle physicist's toolbox is the ability to create and
annihilate particles. Colliding two particles can causethe annihilation or scattering of the
particles. If the momena of the colliding particles is large comparedto their rest mass,the
resulting annihilation or scattering cancreate nal-state particlesthat aredi erent from the
original particles. In this way, physicists can carefully construct collisionswhich will result
in particles of interest. A large fraction of the e ort to obtain the necessarycollisionsgoes
into preparing uniform beamsof particles with a preciseenergy There are two main types
of particle acceleratorscapableadieving this: linear acceleratorsand syndrotrons.

Linear acceleratorsare, as the name suggests,madcines which accelerateelectrically
chargedparticlesto a speci ¢ energyover a straight path. This accelerationoccurshby using
successi® bursts of energyfrom a seriesof electric elds along the length of the accelerator
to push particles to higher and higher energies. Particles are con ned to the path of the
acceleratorusing magnetic elds. Collisions between particles can be arrangedby directing
the particle beamsof two opposite-facinglinear acceleratorsat a single interaction point.
The drawbad of sud a madhineis that larger energiegequirelongeracceleratorsgvertually
becomingunrealizabledue to costand spacelimitations.

3The explosion of the Big Bang causedthe infant universeto expand. This expansionincreasedaverage
particle separation, and thus lowered averageenergy density, or, equivalertly, temperature.
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Syndrotrons are circular accelerators.Particles are acceleratedn the sameway aswith
linear accelerators,but they are forcedto follow a circular path (a ring). Sud accelerators
allow for two courter-rotating beamsin the acceleratorat one time. These beamscan
be brought into collision at points along the ring. The advantage of this designis that
the acceleratingpath is followed many times by ead particle, thus reducing the length of
accelerating elds required to achieve higher energies.Furthermore, the beamsof particles
arerecycledand causedo collide many times, thusincreasingthe e ciency of the accelerator.
The drawbad is that the constart turning of the particles requiredto remainin the circular
path causeghem to loseenergyin the form of syndrotron radiation. This lossincreaseswith
particle energyand ewvertually limits the maximum energyobtainable with the accelerator.

1.2.2 Particle Detection

After successfullynitiating particle collisionswhich resultin the production of new particles,
the task remainsto obsene the behavior of the new particles created. The most useful
information for physicists is the energyand momertum for ead nal state particle. This
knowledgeallows oneto reconstructthe evert and thusinfer the physicsinvolved. To achieve
these obsenations, immensedetectors are constructed around the collision point. These
detectors cortain two di erent types of subdetectors: particle tracking and calorimetry.
Thesesubdetectorsmeasurethe paths and energiesof the particles producedin the collision,
respectively.

It isthe jobs of particle tracking detectorsto preciselymeasurethe trajectoriesof particles
leaving the interaction region without signi cantly in uencing their original momena. This
is achieved by using gasesor thin layers of material sensitive to passingcharged particles,
which are arrangedcloseto the collision point. When a chargedparticle passeshrough these
materials, someatoms are ionized. This ionization is usedto reconstruct the path of the
particle. The introduction of a uniform solenoidalmagnetic eld will causechargedparticles
to follow a curved path, yielding a measuremen of the particle’'s momerium.

Oncethe direction and momertum of particles are measured,the energy can be deter-
mined. This technique, known as calorimetry, is accomplishedby bringing the particle to a
halt in carefully chosenmaterials outsidethe tracking detectors. Interactions with thesema-
terials causethe particle to cortinuously loseenergyuntil it stops. The energylossinitiates
a calibrated responsein the detector which is translated to an energymeasuremen

In this way, the particles produced in ead collision are obsened and recorded. This
processis repeated many, many times to obsene di erent nal states' and to collect many
instancesof the samephysicsprocessto increasethe statistical certainty of the obsenation.

1.3 Predictions and Horizons

The ability to predict the results of particle physicsexperimerts hassteadily progressedo a
level which currertly allows accuratepredictionsin mostinstances.The predictive paradigm
usedtoday is referredto asthe Standard Model (SM) of particle physics. Within the SM,

4Each collision typically only producesone interaction type of interest. Collecting a signi cant number
of interesting events requires many billions of particle collisions.
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there exist descriptionsof the most basic particles and their properties. Also descrited are
the meansby which thesepatrticles interact with one another, which givesrise to the forces
obsened in nature. This meansof predicting particle interactions has proven to be a very
powerful tool for understandingmatter on its most fundameral level.

Howewer, the SM is an approximate description and is not believed to be the ultimate
description of nature. In particular, the SM predicts the existenceof a particle (or particles,
depending on the exact formulation of the theory) neededto explain the origin of mass.
This particle remainsundetected, despite large e orts designedto obsene sud a particle.
Furthermore, the SM does not explicitly exclude physics not descrited by the SM itself.
These issuesreinforce the understanding that the SM only descrikes a small portion of
physicsand that a more completetheory could somed be formulated. As sud, physicists
cortinue to test the SM's predictive ability in an e ort to identify physicsnot described by
the model. Sud seartiesfor newphenomenawill cortinue to expandthe horizonsof particle
physics, both the known and the unknown.

1.4 Notational Conventions

Beforecortinuing onin this discussionjt is necessaryo introducethe commonuseof natural
units. In high energy physics, there are two fundamenal constarts: Pland's constan, h,
and the speedof light (in vacuum), c. Theseconstarts appear ubiquitously in the notation
of this eld and it becomesconveniert to adopt a system of units in which the values of
theseconstarts are equalto one

h
~= 5 1:.055 10 **J sec! ~=1
c= 2998 10¥m=s! c=1

In this way, an equation sud as Einstein's famous energy-matter relationship E = mc?
becomessimply E = m. It is then appropriate to cornvert units to re ect this change:
energy momentum, and massare measuredin GeV, distance and time in GeV . This
notational corvertion, although not quite accurate from a mathematical point of view, is
commonplaceand will thus be usedthroughout this dissertation.



Chapter 2

Theoretical Background

By the early 20th certury, the theories of special relativity and quantum medanics had

arrived at the forefront of modern physics. Howewer, quartum medanics broke down at

large velocities and relativity failed to make predictions on small distance scales. In 1928,
the era of relativistic quartum medanicswas usheredin by Dirac when he mergedthe two

theoriesin a relativistically covariant equation describing a quartum-medanical spin-1/2

particle. Over the next three decades,a wealth of experimertal evidencelead to many

ad hoc applications of this approad but no coheren theory describing the obsenations.

During the late 1960'sand early 1970'sGlashav, Salam, and Weinberg [1, 2, 3] deweloped

a relativistic quantum eld theory capableof describingthe physical world at high energies
and small distancesbasedon the principle of local gaugeinvariance. This theory is known

asthe Standard Model (SM) of particle physics. In my description of the SM, | will follow

the corventions of [4] and [5].

2.1 The Standard Mo del

In quartum eld theories(QFTS), particlesaredescrited by quartized eld excitationsabove
the ground state, with di erent elds represeting di erent particle types. The SM corntains
two kinds of elemeniary particles: matter particles and force carriers. The matter particles
can be divided into two typesof fermions (particles with intrinsic spin of 1/2): quarksand
leptons. These fermions all have massand are the constituerts of the physical universe.
The force carriers have integral spin and are called bosons. Interactions betweenthe matter
particles are mediatedvia bosonexcange. Theseexdangesgive rise to the three SM forces:
electromagnetic,weak, and strong!. In total, six quarks, six leptons, and v e bosonshave
beenobsened and are listed in Tables2.1and 2.2.

2.1.1 Local Gauge Invariance

The SMis aLagrangian eld theory and a discussionof which shouldbeginwith a description
of its construction. To properly descrike a eld, our Lagrangian must be a function of a
complex eld, (x), andits derivatives,@ (x)

1The fourth fundamertal force, gravity, is not included in the formulation of the SM.
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Leptons Quarks

Particle Type Symbol Charge Particle Type Symbol Charge

electron neutrino e 0 up quark u 2/3
electron e +1 down quark d -1/3
muon neutrino 0 charm quark C 2/3
muon +1 strange quark S -1/3
tau neutrino 0 top quark t 2/3
tau +1 bottom quark b -1/3

Table 2.1: The spin-1/2 particles (fermions) of the Standard Model of particle physics.

Bosons

Particle Type Symbol Charge ForceMediated

photon 0 Electromagnetic
W* boson A +1 Weak
W boson w -1 Weak
Z boson Z 0 Weak
gluon g 0 Strong

Table 2.2: The integral-spin particles (bosons)of the Standard Model of particle physics.

L=L(; @) (2.1)

All of the force carrier particles and the interactions they mediate can be shovn to arise
from symmetriesin sud a Lagrangian. In particular, requiring the SM Lagrangianto be
symmetric under local gaugé transformations provides a medanism for generating eat
bosonin turn. An exampleof suc a gaugetransformation canbe provided by the U(1) group
of local phasetransformationsU( (x)) = €9 ®) where (x) hasan arbitrary dependenceon
space-timecoordinatesand g is someconstant. If we assumea fermion eld with no external
potertial, the Lagrangiantakesthe form

L= (i @ m) (2.2)
where  are the Dirac matrices. Upon inspection of this Lagrangian, it is clear that it is
not invariant under the U(1) transformation of the eld

I gl ) (2.3)
Howe\er, if we rewrite the Lagrangianas

2The term \gauge" can be taken as synornymous with phase.
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L="( D m) (2.4)

whereD = @+ IA (x) and A isavector eld (potential) which transformsunder U(1) as

Al A @ (X (2.5)

we explicitly presene local gaugeinvariance and the Lagrangiantakeson the new form of

L="( @ m q A (2.6)

In this way, we have addedto the Lagrangiana masslesssector eld which couplesto
the fermion eld with strength g. This new particle can be interpreted asthe photon. If we
further require SU(2) and SU(3) gaugeinvariance of the fermion Lagrangian, we explicitly
obtain three more masslessector bosons(carriers of weak force) and eight masslesscalars
(carriers of strong force), respectively.

2.1.2 Electro weak Uni cation

As mertioned above, the weak force carriers can be introduced into the SM by requiring
SU(2) local gaugeinvariance. However, this alone is unsatisfactory as it allows only one
neutral vector boson, while Table 2.2 lists two. We can get around this by conbining the
(commutable) SU(2) and U(1) groupsin onegroup: SU(2) U(1). This doneby requiring
the left handedand right handedparticle elds to transform di erently

- aTa
L!e'Te'YL

R €Y g (2.7)

whereT? = 2=2is the generatorfor the SU(2) rotation group and 2 are the three Pauli
matrices. The phaseY is analogougto the phase (x) introducedin the last section,but I've
changedits nameto avoid confusionwith the previousexample. The | areisospindoublets
of left-handedfermionsandthe r areisosingletsof right-handed fermions**. We can create
a Lagrangianinvariant under thesetransformations by writing a covariant derivative of the
form

D :@+igWaTa+|§kB (2.8)
for left-handed doublets and
D =@+ IékB (2.9)

for right-handed singlets. This technique intro ducesthree SU(2) gaugebosons W2, and one
U(1) gaugeboson,B , which coupleto the fermion elds with strengthsg andk, respectively.

3Handednesss the sameashelicity and is determined by the overlap of the particle's spin and momertum
vectors.
4It should be noted that in the SM, the neutrino is massless.Thus, there exist only left-handed neutrinos.
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We have now obtained a Lagrangianthat is invariant under local SU(2) U(1) gauge
transformations, and have produced four masslesssector bosons. This feature exempli es
the beautiful interaction betweentheory and experimert in the eld of particle physics. The
physical model predicted three weak bosons,which were discorered in a celebrated dual
victory of theory and experimert. Howeer, theseweak force carrier bosonswere obsened
to have masseqiearly 100times larger than the proton mass. A very large problem, indeed,
as adding a massterm of the form %mZW W to the Lagrangian would destroy the local
gaugeinvariance we worked so hard to obtain. Ignoring this issueand introducing mass
terms \by-hand" would inject divergencesinto the theory, rendering it unrenormalizable
and thus retaining no predictive power. This problem is solved in the Glashav-Weinberg-
Salam (GWS) model of electraveak interactions by the method of spontaneoussymmetry
breaking.

2.1.3 Electro weak Symmetry Breaking

The GWS model addresseshe problem of gauge boson massesby introducing a SU(2)
doublet of complexscalar(spin-0) elds to the SM Lagrangian

+ + H _p 5
=, with o P (2.10)

which interacts with itself via a potertial V() = 2+ . To force non-zero
boson masses,we considerthe caseof 2 < 0 and > 0 giving V( ) two minima at

0= 2=2 = v. We have the freedomto chooseeither solution asthe ground state
for and in this discussionwe shall choosethe positive solution. We can then rewrite the
scalar eld asan excitation relative to this non-zerovacuum expectation value

r_
1 0

=3 vinw

which manifestly breaksthe SU(2) U(1) gaugesymmetry and introducesa single real
scalar eld, h(x), which is referredto asthe Higgs eld. Via interactions with the Higgs
eld, the SM Lagrangianobtains a newterm which generategshe gaugebosonmassegwhich
is su cient to evaluate at the ground state of )

(2.11)

o 1 1 1 0
L == W2aTa+ —kB WP TP+ “kB 2.12
2(0 v) ¢ > g > v (2.12)
2
= VZ P W2+ W22+ gwi+kB ° (2.13)

(recall that T2 are the Pauli matrices). We therefore can write
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W = pl—z Wl W2 with my = % (2.14)
0 1 3 . _vP
Z°= p———— gW*° kB with  mz = = g2+ k2 (2.15)
gZ+ k2 2
A = p; kwW?3+ gB with - ma =0 (2.16)
gZ+ k2

where we can now interpret the forms of the weak gauge elds and the photon eld. The
three extra degreesof freedomobtained from (x) appear as longitudinal polarizations of
the original W' elds, allowing them to becomemassie. Thus, the introduction of the
Higgs eld, although it spontaneouslybreaksSU(2) U(1) symmetry upon the choice of a
ground state for the Higgs potertial, solvesthe problem of weak bosonmasseavhile keeping
the theory renormalizable. Furthermore, fermion massesare obtained in a similar manner
through their interactions with the Higgs eld. Reinterpreting Eqg. 2.13 with Higgs eld

excitations above the ground state of ,, we obtain selfinteraction terms and a massterm
for the Higgs eld

1
L' = 2h? vh® Zh* (2.17)

ro 4

1 1
= émﬁhz Emhh3 Z_ h 4 (218)
wherem;, = pi 2. The only unsatisfactory feature of this new Higgs eld is that its mass
is not predicted by the theory, even though the W and Z° massescan be determined by
measuremets of weak decays.

2.1.4 Quantum Chromo dynamics

The third and nal SM force remaining is the strong force. This force is incorporated into
the SM Lagrangianvia the requiremen of SU(3) gaugeinvariance. The fundamenal rep-
resenation of this group requiresthree quartum numbers, which are referredto as\colors"
in the quark sector,thus motivating the name quartum chromodynamics(QCD). As SU(2)
gaveriseto 2> 1= 3 gaugebosons,QCD adds3? 1= 8new elds (G ), referredto as
gluons. Given color eld transformations under SU(3) given by

(x)! d 20 a (x) (2.19)

where 2 arethe eight generatorsof the SU(3) gaugegroupand , is allowedto vary over all
space-timepoints (a summationover the subscripta is implied), we can createa Lagrangian
invariant to SU(3) phasetransformations by writing a covariant derivative of the form

D =@+ igsG* @ (2.20)

G arethe eigh gluon elds and gs is the strong coupling constart. Howeer, due to the
non-Abelian nature of the SU(3) generators,we nd that



CHAPTER 2. THEORETICAL BACKGROUND 12

a ! a + fabc b_ c (2-21)

wheref 4, are the SU(3) structure constarts. This indicatesthat the elds G* must trans-
form as

Gl G® gi@ 3 fa0G b (2.22)
S

In QCD, quarks are de ned asone of three color elds (chosenasred, green,and blue),
de ning three quark and three anti-quark,quartum states. The glugns occupy eight color
states: rg; rb; gr; gby br; by, ('t gg)= 2, and rr+gg 2b = 6. Thesegluonsare
masslessand are the carriers of the strong force. Quarks and anti-quarks are bound into
color singlet combinations by gluonsto form mesonsand hadrons.

2.1.5 The Standard Mo del Lagrangian

At this point, we have nearly constructedthe full SM Lagrangianin parts. We can collect
all the parts and summarizeas

Lsvm = Lew + Locp *+ Ln (2.23)

Up to this point, we've ignoredthe kinetic energytermsin the Lagrangians. We reintroduce
them herefor completenessThesecomponerts are given by

Lew = W w iB B W ,Z9 kinetic energies
. @+igwaT®+ LkB | Left-handedquark and lepton

kinetic energiesand EW interactions

R @+ '5 kB R Right-handed quark and lepton
kinetic energiesand EW interactions
(2.24)
where | and g extendfor all quark and lepton left-handed(LH) doubletsand right-handed
(RH) singlets,respectively, W = @W @W? gW W ,andB = @B (@B ;

Locp = %F(a) F @ Gluon kinetic energies
(2.25)
+ig igsG* 2 d Gluon couplingsto the quarks

whereF @ = @G* @ fapcG3GC, a= 1;::;8runsoverthe gluonindices,andi = 1;2;3
runs over the three quark colors;
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Ly= @+igW3Ta+ LkB Higgs kinetic energy
and EW interactions
2 4 2 Higgs potertial energy (2.26)

(b . rR+% L ¢ r+ HC) Leptonand quark Higgs couplings
and massterms

where . is given by

=(3 14 :E%
(1 1 2= 2
and H C indicatesthe hermitian conjugate of the terms. The Higgs LagrangianL y can be
written in the more intuitiv e form of (expanding about the minimum)

.= with (2.27)

Ly = (@)% imZh? Higgs kinetic energyand mass
%mTﬁh3 %T—fh“ Higgs self-interactions

+iW*W  (2vh+ h?) WWh and WW hh vertices

2.28
+194K07 7 (2vh+ h? ZZh and ZZhh vertices (2.29)

8sin w

mzW*W +m2Z Z W ,Z°masses
X
ms
f
This completesthe full SM Lagrangianin its GWS formulation, providing for the kinetic
energiesof all SM particles, the masseqor lack thereof) of all SM particles, and the gauge-
bosonmediated fundamertal forces.

Fof Fermion masses

2.2 Beyond the Standard Mo del

The SM has proven to be a sucient theory describing fundamenal particles and their
interactions up to the energiespresertly adievable. Indeed, the SM has proven itself in an
eraof precisionelectroveak measuremets, and the robustnessof this theory is duelargely to
the fundamertal simplicity it usesto approad a description of matter. Despiteits successes,
howeer, there remain a few glaring problemsthat remind us that there must be physics
beyond the SM. This section outlines some of the problems faced by the SM and a few
of the currerntly promising alternative formulations. By no meansis it intended to be a
comprehensie discussionof the topic. The goalis to motivate the reader'simagination for
newideas. | alsohopeto reinforcethe ideathat elemetary particle physicsis a journey and
not a destination.
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2.2.1 Problems of the Standard Mo del

Givensu cient time and energy a well-educatedpersoncould Il seeral bookson the topic
of problemsof the SM. However, | would like to draw attention to only a few problemswhich
| feelexemplify the mostimportant issues.First, there exist se\eral important problemsthat
the SM was not designedto address. Theseissuesare not technically a failure of the SM,
but simply descrike the litany of physicsthat is not descrited by the SM.

Gravit y: The onefundamerial forcethat the SMis silert about is gravity. Although
the strength of the gravitational forceistiny at the very small scaleprobed by the SM,
it remainsthe dominart force throughout the universe. Attempts to nd a quartum
medanical description of gravity consistem with the SM have failed spectacularly.
This omission provides the rst suggestionthat the SM is merely an e ective eld
theory (EFT) which describesnature well at the chosenlength scalesbut ignoresthe
additional degreesof freedomat smaller length scales(higher energies).

Uni cation:  The SM description of fermion-bosoninteractionsis xed by the gauge
coupling strengths, which are di erent for ead gaugeboson. A more completetheory
will create a single charge quartization and thus unify all three forces. Sud a uni -
cation in the SM would occur at higher (unprobed) energies.Typically, theseenergies
are at a very largescale( p; 10" GeV) known asthe Plandk Scale. Howe\er, cal-
culations of this phenomenonindicate that without the discorery of new physics, the
gaugecouplingsdo not corvergeewen at large energiesas seenin Figure 2.1.

Dark Matter: Measuremets of the matter-energy density of the universe nd that

the density prescribed to the particles of the SM accourts for very little of the total

density. Barring a changein the behavior of gravity over very large length scalesthe

most probable explanation is a new particle not directly predicted by the SM. This

particle would necessarilybe non-luminousto explain the inability to obseneit, hence
the name Dark Matter. Dependingon the properties of such a particle, the SM could
either require cosmeticchangesor fail completely

The Cosmological Constant Problem: Vacuumenergycalculationsof the vacuum
energydensily ( v) basedon the predictions of the SM result in a very large value
of v &, if one believes that the SM holds up to the Plank Scale,and

tw ' (100 GeV)* otherwise. This is many orders of magnitude larger than recen
cosmologicalobsenations, which suggesta cosmologicalconstart of approximately

= 10 % GeV*. While this problemcouldberesohedby ne-tuning { subtracting o

the presen cosmologicatonstart by at { it seemsdd that two numbersshouldcancel
to over 50 orders of magnitude [6]. As the SM cortains no medanism (symmetry)
which could accoun for a negative vacuum energycortribution, this evidencerequires
an explanation external to the SM.

Matter / Antimatter Asymmetry: The world we livein is madepurely of matter.
Predictions of the very early universesuggestthat there was a slight excessf matter
over antimatter. SM matter-antimatter interactionscould not have driventhis resulting
asymmetry without producing an enormousenergydensity beyond what is currertly
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Figure 2.1: Evolution of the gauge coupling constaris in the Standard Model from the
experimertally measuredvaluesat the Z-pole. ; 5=3 ;, sincethis is the relevant coupling
in Grand Uni ed Theories|[7].

obsened. This puzzle suggestsa primordial baryon asymmetry which is explicitly
ruled out by the SM. If baryon number truly is not a consered quartity, then the SM
must cortain an underlying substructure.

In addition to the problemsthat are external to the SM, there exist a number of problems
which arisein the formulation of the SM itself.

The Hierarc hy Problem: In the cortext of uni cation, which wasintroducedabove,
there is no explanation within the SM for why the Planck scale energiesat which
uni cation becomesapparert are so much larger than the other energy scalesof the
SM. The natural SM energyscalesarethe electroveakscale( 100GeV) andthe Higgs
vacuumexpectationvalue (  250GeV), leaving an unoccupied\desert” of physicsover
17 ordersof magnitude in energyscale.
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The Fine-T uning Problem: As givenin Eqg.2.18,the quartic self-interaction term
generatesa quadratically diverger cortribution to the Higgsmass,arising from radia-
tive quantum corrections. Thesedivergencesan remain nite if a large energyscale
limit is introduced. Howewer, the only other energy scalein the SM is the Plandck
scale,at which the correctionsbecomeenormous. In order for the Higgs medanism
to maintain unitarit y® in longitudinal gaugebosonscattering, the Higgs massmust re-
main smallerthan  900GeV. Achieving this constrairt requirescancellationby mass
courter terms to one part in roughly 10, which, although not formally impossible,is
regardedas an unacceptable ne-tuning of parameters|[7].

Neutrino Mass: In the SM, the neutrino is massless. Howewer, presen data on
atmosphericand solar neutrinos as well as acceleratorneutrino experimerts indicate
that neutrinos indeed have mass. As a consequencegvidencesuggestghat neutrinos
exhibit a mixing behavior which is di erent than that obsened in the quark sector.
Simply adding neutrino masstermsto the SM Lagrangiancausesundesirablebehaviors
of the theory, aswell asrequiring the inclusion of right-handed neutrinos. Aside from
forcing a reformulation of the SM, this problem would introduce se\eral independert
parameterswhich are not predicted by the theory.

2.2.2 Potential Future Paths

In this section, | would like to introduce two potertial alternativesto the SM of particle
physics. Here, | limit myselfto formulations which provide obsenablesthat can be tested
in the foreseeablduture. This choice,| regret, leavesout promising advancesin high energy
theory (such as String theory) and in cosmologytheory. Although it is prediction which
drivesexperimertal innovation, in this cortext it seemsestto focuson thosetheorieswhich
are experimertal contemporariesof the SM.

New Minimal Standard Mo dels: There have been many attempts to \x" the
existing problems of the SM by writing new SM-like Lagrangians. These modi ed

Lagrangianterms can be assermled to form a complete SM-like Lagrangian, incorpo-
rating terms for Dark Energy, Dark Matter, neutrino massesand gravity [8]. Although

thesemodelsare narrowly con ned by experimertal measuremets, they shouldbe in-
vestigatedasthey predict obsenablesthat canbe probed at today's achievable energy
levels. In particular, sudr a model canbe formulated to include neutrino massesn two
ways: with Dirac-type or Majorana neutrinos. Eadc of these choiceshas drawbadks.
ChoosingDirac neutrinos doesnot provide a solution for universalbaryon asymmetry
ChoosingMajorana neutrinos createsa high-energyCP-violating parameterwhich can
account for baryon asymmetry but forcesthe possibility of neutrinolessdouble beta
deca. Measuremets of the parametersof a New Minimal Standard Model would
allow a full ewvaluation of the phasespacefor direct extensionsto the SM.

Supersymmetry: Supersymmetry (SUSY) is a model which introducesa symmetry
relating particles of di erent spin. Particles are conbined in a super eld containing

SUnitarit y is basically the consenation of probability. This constraint is included in the construction of
any quantum eld theory, including the SM.
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two elds diering by one-halfunit of spin. Thus eat fermion of the SM is given a
bosonicsuperpartner (forming a chiral super eld) and ead bosonof the SM is given
a fermionic superpartner (forming a vector super eld). The addition of this symmetry
provides solutionsto many problemsof the SM sut asthe Fine-Tuning problem, the
CosmologicalConstart problem, and uni cation (seeFigure 2.2). Howeer, particles
in a super eld have the samemassesand quartum numbers asidefrom the 1/2 unit of
spin. This is a problemasno scalarparticles with the (small) massefthe SM leptons
have beenobsened, directly or indirectly. Thus, SUSY must be a broken symmetry,
and the medanism for this breaking is not well descrited. The currertly accepted
meansof breaking this symmetry requiresthe superpartners to the SM particles to
have masseslessthan roughly 1 TeV. Furthmore, the simplest anomaly-free SUSY
model requirestwo SU(2) Higgs-type doublets of complexscalar elds, which predicts
not onebut v escalarHiggs elds. This, in itself, is not fundamenrally a problem, but
it introducesa second,unpredictedparameterto the Higgssectordescribingthe ratio of
the vacuum expectation valuesfor the two Higgs doublets[7]. Despiteits de ciencies,
SUSY provides a badly neededsubstructure for a SM-like gauge eld theory. The
predictions of this model provide an excitingly rich array of new physicswhich can be
tested by today's experimertal technology
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Coupling Constant Evolution
SUSY Model
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Figure 2.2: Evolution of the coupling constarts in a low energy SUSY model from the
experimertally measuredvaluesat the Z-pole. The SUSY thresholds are taken to be at
1TeV. ; 533 4, sincethis is the relevant couplingin Grand Unied Theories[7].



Chapter 3

Fermilab and The D Detector

The data analyzedin this thesis were produced via the orchestrated interaction of two
primary experimertal instruments: the Fermilab Tevatron and the D detector. The data
were recorded during Run Il of the Tewatron in the years 2003-2004. This experimertal
procedureconsistsof the Tevatron preparing high-energybeamsof protons and anti-protons
which are brought into collision. Thesecollisionsoccur at the certer of two particle detectors:
the collider detector at Fermilab (CDF) and the D detector. Thesedetectorsmeasurethe
nal states of the particles that are producedin the interactions initiated in the colliding
beams.

This chapter provides a basic description of the preparation of proton and anti-proton
beamsby the Tevatron acceleratorcomplexand the meansby whichthe D detectorobsenes
and recordsthe collisionsof thesebeams. This chapter also includesa discussionof proton
arnti-proton collisionsand the resulting physics.

3.1 The Fermilab Accelerator Complex

The Fermilab Tewatron delivers proton and anti-proton (pp) beams,ead with energiesof
980GeV. Bw collider mode, thesebeamsare brought into collisionwith a certer-of-momerium

energyof = s = 1:96 TeV. Each beamtype starts at low energyand is brought to full energy
through two di erent seriesof accelerationsteps. Figure 3.1 givesa sdiematic description of
the Fermilab acceleratorcomplex. In this section,we will briey descrike the acceleration
stagesnecessaryto prepare the nal beams. A very complete discussionof the Run Il

Tewvatron accelerationcomplexoperation can be found in [9].

The proton beamis acceleratedin v e distinct stages

1. The rst stageis known asthe preaccelerator.The proton beamoriginatesashydrogen
gaswhich is ionized via a magnetronsourceto H ions. Theseions are magnetically
selectedand acceleratedo 750keV usingan electrostatic Crockroft-W alton accelerator.

2. The proton linac (a linear accelerator) acceptsthe 750keV H ions and usesradio-
frequency(RF) elds to acceleratethe ionsto an energyof 400MeV over about 150m.

3. Next in line is the Booster, which is a syndrotron ring with a radius of 75 m. Before
injection to the Booster, the 400MeV H ions are passedthrough a carbon foil that

19
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Figure 3.1: The acceleratorcomplexat the Fermi National Accelerator Laboratory.

strips 0 the electrons,leaving bare protons. The protons are injected into the Booster
and constrainedto a circular path using dipole magnets. Magnetsof higher-orderpoles
are usedto maintain a focusedbeam. The Booster usesRF cavities to acceleratethe
protons over the courseof about 20,000revolutions! to 8 GeV. During the acceleration
processthe protons are grouped into a pulsetrain cortaining v eto sewen bundes.

4. The Booster injects its 8 GeV proton beamto the Main Injector, which is a circular
syndirotron with a radius of about 500 m. The Main Injector coalesceghe protons
from the Boosterinto onebundch and accelerateshem to either 120GeV or 150GeV,
depending on their target location. The 150 GeV proton bunchesare injected to the
Tewatron, while the 120 GeV bunchesare deliveredto the anti-proton facility.

The anti-proton beam is the largest limiting factor in the operation of the Tewatron.

LOver the courseof the acceleration, the RF frequency and magnetic eld strengths are increasedsyn-
chronously to maintain a circular orbit. Hencethe name synchrotron.
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Although preparing a proton beam for the Tevatron is (comparatively) quick and easy
obtaining enougharti-protons for collider operation takesmore time and care.

1. In the p stakking mode, the Main Injector delivers bunchesof 120 GeV protons to the
anti-proton source.

2. The proton beamfrom the Main Injector is directed to a nickel target. The proton-Ni
collisions create many secondarypatrticles, including anti-protons. Thesesecondaries
are collectedvia a lithium lensand 8 GeV arnti-protons are selectedusing a magnetic
dipole spectrometer. The e ciency of this processis about 15 anti-protons produced
for every million protons on target.

3. The 8 GeV arti-protons are transferred next to the Debunder, which is a triangular
storagering of about 520 m in circumference. Here the bundh structure from the
Main Injector is removed and the transversemomertum pro le of the anti-protons is
reduced. Using stochastic cooling?, the anti-protons are inducedinto an ideal orbit.

4. Next, the anti-protons are transferredto the anti-proton Accumulator, which is housed
along with the Debunder. Here, the anti-protons are bundhed and stored until a
su cient number hasbeenprepared. The anti-protons are maintained at an energyof
8 GeV using RF cavities in both the Accumulator and Debunder.

5. Once the arti-protons have achieved the sametiming structure as the protons in
the Main Injector, they are transferred over to the Main Injector and acceleratedto
150 GeV.

When the acceleratorcomplexis ready, the Main Injector delivers 36 bundhes of protons
(about 5 102 protons per bundh) to the Tevatron. The Tevatron is a circular syndrotron
with eight acceleratingRF cavities and is about 1 km in radius. The Tevatron is the only
Fermilab acceleratorwith superconductingmagnets,producing elds of up to 4 Tesla. After
proton injection, anti-protons are transferred from the Main Injector four bunchesat a time
(up to 36 bunches). Then, the Tevatron accelerateghe proton and anti-proton bunchesin
two oppositely rotating beamsup to a nal energyof 980 GeV. The high-energybeamsare
then squeezedo a high density using focussingmagnetsand brought into collisionswith a
certer-of-momerium energyof 1.96 TeV. The Tewatron operateswith a 36 36 pp bunch
structure that createsa 396 ns bunch crossing. Thesecollisionsoccur at two points on the
Tevatron ring, referredto asinteraction regions. One of theseinteraction regionsis occupied
by the D Detector.

3.2 Cross Sections, Coordinates, and Collisions

This section briey describkes the physics of colliding protons and arti-protons. We also
include a discussiorof the rate of interactions betweentwo colliding beamsand the coordinate

2Stochastic cooling is a beam-caling method in which the beam orbit is measuredat one point on the
ring and altered in a downstream part of the ring. By sendingthe correction information acrossthe certer
of the ring, it can arriv e before the particles, which take a longer path along the ring.
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systemswhich are usedto measurethe nal statesof sud collisions. Also included hereis
a phenomenologicaldiscussionof the basic interactions of elemetiary particles with bulk
matter.

3.2.1 Cross Sections and Luminosities

The simplestdescription of two colliding particles (either one stationary and onein motion,
or both in motion) is in the certer-of-momerium frame (in both classicaland relativistic
descriptions). This frame of referenceoccurs when there is zero total momerium between
the two particles, andis almostalways moving with respectto the laboratory frame, the frame
of a stationary obsener. In the scenariothat the two particles are produced with idertical
(but perfectly opposite) momerta in the laboratory frame, the two framesare equivalert. It
is this scenariothat is createdat the Tewatron. In addition to simplifying the description of
the collision, this preparation maximizesthe total collision energyin the laboratory frame.
Incidentally, the certer-of-momernium frame is also historically referredto asthe certer-of-
massframe, but we'll usethe more intuitiv e certer-of-momerium terminology.

The rate of interactions betweentwo idertical, colliding beamsof particles is classically
descrited as

R= v (3.1)

where is the density of the (combined) beams,v is the relative velocity of the beams,
and s the classicalcrosssectionfor the process(nominally the cross-sectionahreaof the
particles). In this classicaldescription, the crosssectionis xed and the rate of interactions
is linear with both velocity and beamdensity. This equation can be equivalertly written in
the form

R=L (3.2)

by introducing the quartity, L, or the instantaneousluminosity. The instantaneousluminos-
ity is a measureof the particle ux of the colliding beamsand (again, for idertical beams)
is proportional to the squareof the number of beam particles passingthrough a unit area
per unit time.

In a SM description of collisions,the classicaldescription of the crosssectionmanifestly
failes and thus must take on a new de nition. This failure occurs becauseSM patrticles are
point particles and occupy a single space-timepoint. The overlap of the spatial extert of
two point particles is a delta function and the interaction probability is vanishingly small.
Furthermore, the quartum-mechanical description of sud interactions provides for many
di erent possibleinteraction types. Thus, the outcomeof ead interaction isn't xed, but is
selectedfrom a large list of outcomeswith di erent probabilities basedon the properties of
the incident particles. Finally, the SM description of the crosssectionrequiresit to change
as a function of the certer-of-momerium energyin order to consene probability. Hence,
when colliding relativistic beamsof SM patrticles, we are lead to a new description of the
crosssection. In this description, onespeci es aspeci ¢ nal state or ensenble of nal states
and an energy-deenden crosssectionis calculated using the rules de ned by the SM. This
crosssectionis no longer related to the size of the patrticles, but represets an interaction
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probability per unit ux. Historically, crosssectionswere measuredin units of barns, where
1 barn = 10 ?* cm?, asthis was roughly the cross-sectionahreaof a small atomic nucleus.
This notation is still used,although crosssectionsof interest are typically much smallerand
are usually on the order of pico-barns(pb), or 10 3¢ cnm?.

In the evaluation of a dataset, the quartity of interest is the number of everts recorded.
This number is dependert on the duration of time collisions are obsened. Thus, a new
quartity is introduced, the integrated luminosity L

Z

L= Ldt (3.3)

which is the time integral of the instantaneousluminosity during the experimertal exposure
period. This quartity is frequertly referredto assimply the luminosity and we will adopt this
convertion. To simplify calculationsof evert numbers, the luminosity is generallymeasured
in units of inversebarns, with commonluminositieson the order of inversepico-barns(pb 1)
and inversefemto-barns (1fb ' = 1000pb 1).

3.2.2 Coordinate Systems

The D detector usesa right-handed coordinate system. In this system, the +x axis is
de ned by a vector pointing radially outward from the certer of the Tevatron ring (east).
The +y axis points vertically and the + z direction is tangert to the direction of proton travel
at the certer of the detector (south), thus completing the right-handed coordinate system.
D hasroughly cylindrical symmetry and particle collisionsexhibit sphericalsymmetry
(in their rest frame), motivating the choice of a conmbination of spherical and cylindrical
coordinates( ; ; z). The polar angle is de ned from the +z axis and the azimuthal angle
isdened with = 0 at the +x axisand = =2 at the +y axis. As the variable is
not Lorentz invariant (as is), it becomedi cult to work with at the large Lorentz boosts
commonat the Tevatron. Thus, a Lorentz invariant variable rapidity, y, is introduced

(3.4)

where p, is the particle momertum along the z axis. In the zero-masdimit, this variable
transformsto the new variable pseudorapidiy,

= In tan= 3.5
5 (35)
As the position of the beam collision isn't constrainedto occur exactly at z = 0, it becomes
usefulto de ne in two ways: physics- and detector- . Physics- is de ned with respect to
the primary interaction and detector- is de ned with respect to the certer of the detector
(x;y;z = 0). Solid anglesare measuredusing the two Lorentz invariant angles( ; )

Rzp 2+ 2 (3.6)
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3.2.3 pp Collisions

Most of the pp collisionsinitiated at the Tevatron resultin a very smallmomenum exdange
betweenthe two hadrons. Theseinteractions do not produce physicsuseful for probing SM
physics. Occasionally a larger momentum transfer occursand the original proton and anti-
proton are broken apart. A parton (a quark or gluon constituert) of the proton exdanges
a force carrier bosonwith a parton in the anti-proton to createa hard-satter reaction. The
fragmerts of the proton and arti-proton recie\e little transversemomerium in the collision
and cortinue along nearly parallel to the beam-line, while the ejected partons ener the
detector [10].

Sud hard-scatter interactions of the protons can result in the production of any of the
SM patrticles. Howewer, many of the SM particles are unstable and thus deca rapidly to
lighter particles. Common examplesof this are W and Z bosons,as well asthe top quark.
Generally only electrons,muons, neutrinos, photons, and a few bound statesof light quarks
(u,d,s) live long enoughto readt the detector.

The parton structure of the proton and anti-proton (hadrons)leadsto a careful consider-
ation for the physicist. The hadronsare acceleratedto a uniform 980GeV by the Tewatron,
but this energyis sharedby the constituert partons, which arein cortinuousrelative motion
within the hadrons. Thus, the collision of two partons may not occur at 1.96 TeV and may
not have zeronet momerium along the z-axis. Howeer, to a good appraximation the net
transversemomertum of the ewvernt is zero, which leadsto the useful variables of transverse
momertum (pr = psin( )) and transverseenergy(Et = E sin( )) for ead particle.

3.2.4 Particle Interactions with Matter

The primary meansof measuringthe properties of particlesis to look for energydeposited as
those particles passthrough matter. Dierent particlesloseenergyin di erent ways and the
energylossof particles can depend highly on its initial energy In this section,we'll brie y
review the meansby which particles are detected. This discussionis largely derived from
the detailed treatment in [11].

lonization and Excitation

As a chargedparticle passeshrough matter, its chargewill interact electromagneticallywith
the electronsof the medium’'satoms. Theseinteractionsresultin a net transfer of momerium
from the incident particle to the medium. This momerium transfer represets energylossfor
the particle and senesto either ionize or excite the atom it interacts with. Sud interactions
are mediated by photons and the induced energylosscan be phenomenologicallydescribted
by the Bethe-Bloch equation[11]. This interaction dependson the momertum of the indicent
particle and the charge and massdensitiesof the matter through which it passes.

In the evert that the momertum transfer is large enoughto eject an electron from its
atomic orbit, ionization occurs. The resulting free electronand cation (referredto asa hole)
can be collectedvia an electric eld, thus signaling the passageof a charged particle. This
technique is capitalized on in solid state semiconductor(silicon) detectors.

When the momertum transfer is insu cien t to ionize an atom, an atomic electron can
absorbthis energyand be promoted to a higher-energyorbital above its ground state. The
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relaxation this excitation results in photon emission. This photon emission (referred to
as scirtillation light) is usedin scirtillator detectorsto indicate the passageof a charged
particle.

Coulom b Scattering

In addition to interactions with atomic electrons, charged particles can interact with the
nuclei of the atomsin a material. This Coulomb scattering resultsin a de ection of the path
of the particle, with almost no energyloss. The scattering anglefalls with increasingparticle
momertum and radiation length of the material in question,but multiple Coulonb scattering
canresult in a signi cant alteration in the original trajectory of a particle. Coulonb scat-
tering represets an undesireablematter interaction from the point of view of the physicist
asit changesthe trajectory of a particle in an unpredictable way.

Particle Cascades

As high-energyparticles (we now include neutral particles suc as photonsand ° mesons)
passthrough matter, interactions can result in the production of secondaryparticles with
lower energiesthan the original particle. Subsequen interactions create cascadesof sec-
ondarieswhich losetheir energyvia ionization and excitation in a particle shower In the
presenceof su cient amourts of material, sud particle shavers result in the full energy
depletion of the incidert particle, and thus a meansof measuringthe particle's energy This
processof absorbinga particles energyfor measuremenis referredto as calorimetery The
medanism of showver formation variesfor di erent particles, sowe will descrite them sepa-
rately.

Electrons with energiesabove a few hundred MeV dominartly lose energy via photon
emission,or bremsstrahlung. The energylossis exponertial with increasingdistancetraveled
in a medium. The characteristic distance of this energylossis referredto asthe radiation
length X, given approximately as

7164 A
Xo = 6 cm (3.7)

Z(Z 1)in 28% 7

whereA is atomic massof the material, Z is the atomic number, and is the massdensity.
The energy loss is inversely proportional to the square of the particle’s mass, and thus
bremsstrahlunglossesfor muons and hadrons are typically neglectedat the energiesof the
Tewvatron. When encourtering the electromagnetic eld of a nucleus, high-energyphotons
cancornvert to electron-positron pairs. The energylossfor this processcan be parameterized
in terms of the radiation length of the material the photon is traversing, gx o- The electron-
positron pair will then ead lose energy via bremsstrahlung, creating more photons, thus
propagating an electromagneticshawer.

Although hadronscan lose energyvia ionization (provided they are charged), they also
interact with the nuclei of matter via the strongforce. Thesestronginteractionsare generally
inelastic, producing secondaryquarks and gluons which hadronize, producing a hadronic
showver. The characteristic length for hadronic shavering is the nuclear interaction length,

|, given appraximately by
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35A%3
= cm

(3.8)

Hadronic shover formation can give rise to particles which deca or interact electromagnet-
ically, producing photons and electronsin the hadronic shover. As the nuclear interaction

length is generallymuch largerthan the radiation length for a givenmaterial, electromagnetic
and hadronic shavers have much di erent signaturesin a calorimeter.

3.3 The D Detector

D is a multi-purp osedetector designedto identify the elemenary particles that are pro-

duced in the pp collisions at the Tevatron [12, 13]. The detector, shovn in Figure 3.2,
was built in the late 1980'sand early 1990's, operated from 1992to 1996in Run | of the

Tevatron, and ultimately upgradedto handle the increasedluminosities in Run Il of the

Tevatron [14]. The detector weighsapproximately 5,600tons, and its dimensionsmeasure
roughly 13 11 17m3. The primary utilit y of the detector is to measurethe properties
of electrons,muons, and stable hadronsand mesons. To perform these measuremets, the

D detectorusesthree main detection componerts: tracking, calorimetry, and muon iderti-

cation, all symmetric about the Tewvatron beamline. At the certer of the detector are the

tracking detectors, which are designedto measurethe trajectories of particles while mini-

mizing scattering and energyloss. Theserequiremens are met by using the least amourt

of material possibleto obtain an accurate measuremen of the ionization induced by the

passageof charged particles. Outside the tracking detectorsis the calorimeter, whosejob it

is to make a measuremen of eat particle's energy This is done by using densematerials
su cient to absorbthe full energyof most incidert particles, while making a measuremen
of the energydeposition. Muons, unlike electronsand strongly-interacting particles, do not

interact appreciablywith the calorimeter and must be detectedin the muon systemoutside
the calorimeter. The muon systemusestracking detectorsdesignedo measurethe trajectory

and chargeof the muon. Neutrinosinteract sorarely with matter that their presencemust be
inferred via a net imbalancein transversemomenum. This sectionwill brie y descrile the

D subdectectorsand their operation. More complete descriptionscan be obtained in [13]
and [14].

3.3.1 Inner Tracking Detectors

The tracking detectorsare constructeddirectly outside of the Tevatron beamline and consist
of two subsystems:the Silicon Microstrip Tracker (SMT) and the Certral Fiber Tracker
(CFT). Thesetracking detectors are surrounded by a superconducting solenoid magnet,
providing a 2 Tesla eld parallel to the beamline. The tracking detectorsperform charged
particle detectionup to j j = 3:0. The solenoidal eld cause<lectrically chargedparticlesto
follow a curved path, with the curvature inverselyproportional to the particle's momertum.
This allows for precisemeasuremets of momentum and a determination of the particle's
charge. Futhermore, the tracking detectors provide a meansto measurethe hard-scatter
vertex and any secondaryvertices producedby the deca of short-lived particles.
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Figure 3.2: Schematic view of the D  detector, illustrating the layout of the three major
subdetector componerts: the certral tracking, the calorimeter, and the muon system. Also
shown is the support structure and the Tevatron beamline.

Silicon Microstrip  Tracker

The innermost tracking systemat D is the SMT [15], which is the closestdetector com-
ponert to the beryllium beam pipe® of the Tewvatron. The SMT provides high-resolution
measuremets of the paths of charged particles leaving the interaction region. The large z
distribution of the pp interaction region( , ' 26cm) providesa challengefor designinga de-
tector in which tracks are predominartly perpendicularto detector surfaces.This challenge
motivates a detector geometry consisting of six barrels and sixteen disks of silicon wafers,
creating a tracking coverageout to j j = 3:0. A sdhematic of the SMT geometryis shown in

3The Tevatron beampipe is nearly all made of steel. However, the sectionsaround the collision points are
made of beryllium. Beryllium has a much smaller density and Z value than iron, reducing the probability
that particles will interact with the beam pipe.
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Figure 3.3.

F-DISKS
p-side: +15°
n-side: -15°

Figure 3.3: Scdematic view of the SMT detector, illustrating the geometry of the barrel,
F-disks, and H-disks.

The six barrel segmets are 12 cm long and made up of four concertric layers of silicon
wafers, allowing for r measuremets of cerral tracks. Eacd layer of silicon is slightly
overlappedto ensurefull coverage.The six barrelsprovide coverageofthej j < 1:1region.
Along the axis of the barrels are twelve 8 mm-thick disks, referredto as F-disks. The disks
are madeof twelve overlapping, double-sidedsilicon wedges creating an annulus with certral
radius 2.6 cm and outer radius 10.5cm. Two larger disks, referredto as H-disks, are placed
on either end of the detector. TheseH-disks are made of 16 overlapping, single-sidedsilicon
wedges,eat forming an annulus with inner radius 9.5 cm and outer radius 26 cm. The F-,
and H-diskstogether provider z andr tracking coverageout to j j = 3:0.

The SMT barrels and disk wedgesare made of 300 m-thick silicon wafers consisting of
a n-type/p-type silicon interface (p-n junction). Interspersedon both sidesof the silicon are
thin conducting readout strips with a pitch varying from 50 m to 153.5 m. As charged
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particles passthrough the silicon wafer, ionization produceselectron-holepairs. An applied
bias voltage pulls thesepairs (in opposite directions) to the readout strips, and the collected
chargeis storedin a capacitor array until the information is ready to be processed.

Central Fib er Tracker

The Certral Fiber Tracker (CFT) liesimmediately outside the SMT and provides tracking
coverageup to j j < 2:0[16. The conmbined measuremets of the SMT and CFT allow for
improved tracking quality not achievable by either detectoralone. The CFT consistsof eight
carbon b er cylinders holding layers of scirtillating b ers. Eac cylinder supports a doublet
layer of b ersoriented parallel to the beamline (axial b ers). The odd numbered cylinders
(counting from the inside to outside) hold an additional doublet o set at alternating angles
of 3° (stereo b ers). The axial b ersprovide measuremets at a xed radius and, when
combined with the stereo b ers, can provide a measuremeh of z. Eadh b er consistsof
a 775 m polystyrene corethat is doped with uorescing moleculeswith peak emissionat
535nm. Surroundingthe corearetwo 15 m layers of cladding (acrylic and uro-acrylic),
increasingthe light-collection e ciency. In total, the CFT cortains 71,680 b ers. A quarter-
view sthematic of the CFT is shavn in Figure 3.4.

As charged patrticles passthrough the b ers, scittillation light travels their length in
both directions. The b ers, which rangein length from 166 cm for the innermost cylinder
to 257 cm for the outermost cylinders, have an aluminum mirror coating at one end to
re ect photons bad into the b er. The other end is joined to clear b erswhich guide the
scirtillation photons to a solid-state silicon device called a Visible Light Photon Courter
(VLPC). Photons incident upon the surface of the VLPC are converted to electron-hole
pairs, which are subsequetty collectedvia a 6 V bias voltage. The VLPC's are grouped
together in \cassettes" of 1024 VLPC's which are kept in liquid helium dewars to reduce
electronic noise, providing single-photonresolution.

3.3.2 Central and Forward Preshower Detectors

As noted above, the SMT and CFT are nested within a superconducting solenoid. This
solenoidis constructedof very densematerial and is uninstrumened. This solenoidmaterial
can interact with particles, causing early showvering before the calorimeter that impacts
the measuremen of the particle's energy To mitigate this problem, the region between
the solenoidand the certral calorimeter cryostat has beeninstrumented with a preshaver
detector. For uniformity, a complimertary preshaver detector is constructedin the forward
regions. Thesepreshaver detectorsare designedto improve calorimetry measuremets and
are also sensitive enoughto aid in tracking measuremets.

The Certral Preshaver Detector (CPS) is a cylindrical detector consistingof three layers
of scirtillating strips which cover the regionof j j < 1:2 [17]. The scirtillating strips have
a triangular crosssection with a 7 mm baseand a 1 mm hole containing a wavelength
shifting b er. The innermost layer of strips is arranged axially, while the two outer layers
are arranged at stereoanglesof 23°. The geometry of the CPS and the orientation of
the scirtillating strips are shavn in Figure 3.5. The Forward Preshaver Detector (FPS) is
very similar to the CPS in its construction, consisting of two layers of stereo scirtillation
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Figure 3.4: a) A quarter r-z view of the CFT detector, shoving the nestedeight barrel
design. b) A magne ed r- view of the two ribbon doublet layer con guration for two
di erent barrels. layering.

strips and no axial layer [18]. The FPS is mourted on the inner facesof the end calorimeter
cryostats and is shovn schematically in Figure 3.6. The preshaver detectors are read out
in the samemannerasthe CPS, with the scirtillation light being collectedvia a clear b er
and transmitted to VLPC's for charge corversion.

3.3.3 The Calorimeter

The D calorimeter lies outside the solenoidand measureshe energiesof electromagnetic
particles (electrons, photons) and hadrons. This measuremenis made by inducing interac-
tions with incidernt particlesvia the material of the calorimeter, creating shaversof secondary
particles which lose energythrough ionization in the calorimeter's active medium. A mea-
suremen of a particle's total energyis madewhenthe shavering processis fully cortained.
The calorimeter is a compensating’, sampling calorimeter in which liquid argon is usedas
the active medium and depleteduranium (as well ascopper and steel) is usedasan absorker
material [12]. As it completely surroundsthe inner detectors,the calorimeter hasa modular

4The term compensating refersto the fact that the ratio of the electromagneticto hadronic responsesis
nearly one. This is not true for all calorimeters and dependson the material usedas an absorber
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Figure 3.5: a) An r-z semi-quarterview of the CPS detector. b) A cross-sectionat- view of
the CFT and CPSdetectors. The inset shavs a magni ed view of the dove-tailed scirtillating
strips of the CPS.

designto provide accesdgo the inner regions. This designconsistsof three cryostats, which
are vesselscortaining the calorimeter and the cryogenicsrequired to maintain the liquid
argonat a constart temperature, and is shovn in Figure 3.7.

The calorimeter is comprisedof three distinct modules: the Certral Calorimeter (CC) cov-
ering the regionj j < 1:2 and two End Calorimeters(EC North and EC South) that extend
coverageto | j' 4:5. The calorimeter modulesthemsehesare further segmeted into three
sections. In order of increasingradius, these are the electromagnetic(EM), ne hadronic
(FH), and coarsehadronic (CH) sections.

The EM sectionsconsistof four layers of depleteduranium absorker plates, ead 3-4 mm
thick. The FH section contain three (CC) or four (EC) layers of 6 mm-thick uranium-
niobium (2%) alloy absorker plates. The outer CH sectionhas one 46.5 mm-thick absorker
plate made of copper (CC) or steel (EC). This layeredstructure is summarizedin Table 3.1
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in terms of the radiation and nuclear interaction lengths of ead layer.

Ead calorimeterlayer is segmeted into a setof readout cells. Thesecellsare =
0:1 0:1in size,exceptin the third EM layer wherethe segmeiation doubles. Thesereadout
cells are grouped radially to form a = 0:2 0:2 readout geometryreferredto as
a tower, shovn in Figure 3.8. The readout cells consist of a group of adjacent unit cells
immersedin the liquid argon of the calorimter. Each unit cell is a copper pad insulated
with G10 plastic coveredin a resistive epoxy coating. The resistive coating is held at a high
voltage (  2:5 kV). The shawering particles in the calorimeter ionize the liquid argon and
the liberated electronsare drawn to the resistive coat. Via capacitive coupling, an image
charge is induced on the copper pad. Readout electronicssamplethe charge on the pad,
converting it to an analogsignal proportional to the ionization energyrecorded.
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Figure 3.7: Three-dimensionalcutaway view of the D  calorimeter, shaving the orientation
of the three cryostats. Also shavn is the segmenation of the calorimter layers.

3.3.4 Intercry ostat and Massless Gap Detectors

As evidert in Figure 3.8, thereis an uninstrumened regionbetweenthe CC and EC covering
the regionl:1' j j' 1:4. The material in this region (cryostat walls, support structures,
cabling...) can participate in shower ewlution, and thus canimpact jet measuremets. To
augmern the showver sampling in this region, scirtillator detectors have been mournted on
the EC cryostat walls facing the gap. Ead intercryostat detector (ICD) consistsof 384
scirtillator tiles of the samesize as the calorimeter cells, = 0:1 O0O:1. Separate
single-cellstructures, called masslesgyaps, are installed in the gap region to make further
measuremets of shaver formation [12]
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EM FH CH
CC Depth 2.0,2.0,7.0,10X, 1.3,1.0,09, 3.2
EC Depth 0.3,2.6,7.9,9.%, 1.2,1.2,1.2, 3.6 ,

Table 3.1: Calorimter layer depthsin terms of the radiation and nuclearinteraction lengths
of eat layer.

3.3.5 The Muon System

Located outside the calorimeter,the D muon detector systemis physically the largestsub-
detectorand is designedo detectthe passagef muonswhile making a measuremenof their
momernta [14]. As mertioned in Section3.2.4,the large muon mass( 200 Mgjectron) CaAUSES
muonsto loselittle energyvia Brehmsstrahlung. Energy lossfor muonsoccursprimarily via
ionization and excitation, which are low-energyloss processes.Thus, muons with energies
above 3 GeV exit the calorimeter and erter the muon system. The muon systemconsists
of three primary componerts

W ide A ngle Mu on Spectrometer (WAMUS) coveringj j< 1
Forward A ngle Mu on Spectrometer (FAMUS) covering1<j j< 2
A 1.8 Teslairon toriodal magnet

The WAMUS consistsof two types of detector componerts: proportional drift tubes
(PDT's) and scirtillator tiles. Thesecomponerts are arrangedin three layers, referredto as
A-,B-, and C-layers. The A-layer is located inside the toroid and the B- and C-layers are
outside the toroid. The FAMUS hasa similar structure using mini drift tubes(MDT's) and
scirtillator pixels. The geometryof the muon systemcan be seenin Figure 3.9.

The muon drift tubesare lled with a gasmixture (80% argon, 10% CH,4, 10% CF,)
which is easilyionized by the passageof chargedpatrticles. Each tube contains a gold anode
wire held at high voltage (relative to cathode padson the top and bottom of the tube). The
ionization is collectedat the wire and corverted to a signal via readout electronics,allowing
for good position measuremets but poor timing measuremets (500 ns resolution). The
scirtillators provide additional spatial information and 10 ns resolution time measure-
merts, allowing for cosmicray rejection. The iron toroid senestwo purposes.First, it acts
as an extra layer of denseshielding, e ectively cortaining any hadronic shovers which are
not cortained in the calorimeter. And second,its magnetic eld provides a measuremen
of the muon's momertium by comparingthe position of hits in the inner layer to the outer
layers. Whene\er possible,the high-resolutiontracks of the inner tracking detectorsare used
for making muon momenum measuremets.

3.3.6 Luminosit y Monitor

The Luminosity Monitor (LM) isthe subdetectorresponsiblefor measuringthe instantaneous
luminosity being deliveredto the D experimert. As the instantaneousluminosity drops
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Figure 3.8: A one quarter r-z view of the calorimeter. Lines extending from the certer of
the detector denotethe coverageof projected readout towers.

steadily during beam collisions, an accurate measuremen of the instantaneous luminosity
allows for optimization of data taking rates and a reliable normalization measuremen for
speci ¢ ewert rates. The LM is constructed of two hodoscopes of plastic scirtillation pixels
mournted on the front facesof the EC calorimeters,asshown in Fig. 3.6 and labeledas\Lev el
0". The LM spansthe region2:7 < j j < 4:4 and measureghe inclusive rate of inelastic pp
scattering by detecting charged particles from the interaction region [45].

3.3.7 Trigger and Data Acquisition Systems

With a Tevatron beam-crossingime of 396 ns, there are roughly 2.5 million possibleevernts
ewery second. Most of theseewens are due to low-pr, non-di ractiv e pp scattering. These
type of everts have beenstudied extensiwely in the past and are not considereda physics
priority at D . The task remainsto idertify the interesting everts and record them. Iden-
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ti cation of theseewerts is performedusing a technique known astriggering, which proceeds
by matching evert propertiesto a prede ned set of patterns which are characteristic of the

physicsprocessesf interest. Howewer, physical constrairts limit the rate at which everts can
be triggered and recorded. First, the frequencyat which the detector can be read out sets
an upper limit on the evert examinationrate at about 10 kHz. Secondthe maximum evert

processingand storagerate setsan upper limit on the rate of everts which are ultimately

recordedat about 100Hz. The D detector utilizes a trigger structure comprisedof three
distinct stages,intuitiv ely referredto asLevel 1 (L1), Level 2 (L2), and Level 3 (L3) triggers.
Ead trigger level is increasinglymore re ned than the previous, creating a Itering system
which maximizesthe e ciency for identifying interesting physicsewerts while satisfying the

ewvert rate constrairt. The structure of this data acquisition path is shaovn in Figure 3.10.

The Level 1 trigger, shovn in Figure 3.11, consistsof algorithms implemerted in the
rm ware of Field Programmable Gate Arrays (FPGA's). Condensednformation from the
calorimeter, preshaver, CFT, and muon detectorsis processedn parallel to make a prelim-
inary triggering decisionabout eat evert. The latency for the L1 trigger is approximately
4.2 s, allowing for a small deadtime comparedto the maximum readout rate of the detector
of 10kHz. The output of L1 is usedto limit the rate for acceptedevents to 1.5 kHz.

If the Level 1 trigger issuesan accept,the Level 2 trigger queueshe event for processing.
The L2 trigger conbinesa hardware trigger sheme(asin L1) with a software trigger scheme.
Di erent piecesof information from the subdetectorsare correlatedto construct basicphysics
objects (electrons, muons, tracks, jets) and this information is combined to make a global
L2 trigger decision,further reducingthe event rate to  800Hz.

When the L2 trigger systemissuesan accept, the ewvert is passedto the L3/Data Ac-
quisition (DAQ) system. At this point, the full detector information is collectedfrom the
subdetector read out crates (ROC's). As shown in Figure 3.12, this ewvert information is
then routed to oneof 125Linux PC's in the L3 farm. Each PC processeshe data with
an identical copy of a ltering software padkage, reconstructing re ned physics objects and
applying sophisticatedalgorithms to arrive at a nal trigger decision. Everts which reciewe
a L3 acceptare ser to a collection madine and are written to tape for future analysis.
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Chapter 4

Event Reconstruction

If an evert satis esthe prerequisitesfor oneof the physicstriggers, the information measured
by all the detector componerts is digitized and stored on disk to be analyzedin the future
by researbers. During analysis,it is most corveniert and intuitiv e for events to be recast
in terms of the particles producedin the interaction. To this end, sophisticatedalgorithms
are employed to identify quarks and leptons. Event reconstruction proceedsby using mea-
suremems madein the subdetectorsto identify the particles producedin the hard-scatter
interaction. The stable particles which read the detector are electrons,muons,and hadrons.
As mertioned previously quarks experiencea phenomenoncalled hadronization and mani-
festthemselhesin the detector as hadronic jets. The reconstruction of thesephysicsobjects
from raw detector data can be divided into three primary stages

Hit nding, whereinthe digitized data is converted into \hits" de ned by energyde-
posits in detector componerts (SMT silicon strips, CFT b ers, calorimeter cells, and
muon scirtillators and chambers). Ead hit corresppndsto an energyvalue, a spatial
location, and their ass@iated uncertairties.

Tracking and clustering where adjacent hits are combined into clusters consistem
with the passageof a particle. Hits in the tracking detectorscan be grouped to form
trajectoriesreferredto astracks.

Particle identi c ation, during which tracks and clustersare combined to form candidate
signaturesof physicsobjects.

In this chapter, the reconstruction of physicsobjects from clusterswill be briey descrited.

4.1 Charged Tracks

Chargedpatrticles producedin pp scatteringtravel through the 2 T solenoidal eld surround-
ing the tracking detectors. Lorentz forcescausethe particles to follow a helical path from
the interaction point. The solenoidalmagnetic eld lines are carefully mapped, including
fringe e ects near the edgesof the tracking volume, and the paths of charged particles can
be predicted. Using this predictive power, algorithms are applied to group clustersin the

41
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SMT and CFT into sexd tracks The algorithms are iterated on these seedsto group more
tracking clustersuntil the addition ceasegdo improve the track measuremen Once tracks
are found, a t is performedto determinethe kinematic track parametersand their errors.
A more completedescription of the certral track algorithms can be found in [19].

4.2 Primary Vertexing

The spatial points where pp collisions occur are characterized by the emergenceof many
chargedparticles. For ead event, sud a point is the origin of all the particlesand is referred
to asthe primary vertex (PV). The reconstructedtracks in the event are usedto nd the
location of the PV. For ead track, the distance of closestapproad (dca) to a common
initial point (nominally the geometricalcerter of the detector) is calculated. All tracks with
dca signi cance dca= 4.5 < 5, at least two SMT hits, and pr > 0:5 GeV=c are usedto
create a vertex with the position determinedvia a t. If the 2=ndof (where ndof is the
number of degreesf freedomin the t) is largerthan 10, the track with the highest 2=ndof
cortribution to the vertex t is removed. This processs iterated until the vertex t 2=ndof
falls below 10 or the number of tracks in the vertex is lessthan two. After this initial pass,
the origin of the vertex is usedasa seedin a secondpassof the algorithm in which the track
dcasigni canceis requiredto be lessthan 3. After a vertex is found, the processis repeated
using the remaining unvertexedtracks until no more verticescanbe t.

For the instantaneousluminosities at which the data for this analysiswas recorded,an
averageof 0.5 additional inelastic pp collisions are expected per evert in addition to the
hard-scatterinteraction!. The tracks from inelastic collisions,or minimum bias interactions,
have smaller transversemomerta than tracks from hard-scatter interactions. The log;, (pr)
distribution of tracks in primary verticesis usedto de ne a probability for a track to come
from a minimum bias vertex. For ead vertex, a likelihood is calculated with the minimum
bias probabilities. The vertex with the lowest minimum bias likelihood is chosenas the
ewert's PV. This vertex senesasthe certer of the physicscoordinates for the evert.

4.3 Secondary Vertexing

Particles with a nite lifetime tend to travel away from their production vertex before de-
caying. The distancethey travel dependson their momenum, and can easily reat lengths
which are measurableby the certral tracking detectors. A good exampleof this phenomena
is the production and deca of B mesons. When a bare b quark is produced, the strong
forcewill causeit to immediately hadronize,often forming a B meson. The lifetime of these
mesonsis well-measuredat about 1.5 ps. Thus, a B mesonwith an energyof 30 GeV will

travel a distance of roughly 3 mm in the laboratory frame?. The deca of suh a meson
generallyresultsin seeral charged particles, eat creating a track originating at the point

1Theseadditional collisions arise from multiple interactions in the bunch crossing. The averagerefersto
the mean of a Poissondistribution.
2B mesonshave a massof roughly 5 GeV. A B mesonwith an energy of 30 GeV has a Lorentz boost
' 57, giving it a dilated lifetime of ' 85ps(c ' 2:8 mm).
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of decg. Thus, the reconstruction of vertices which are spatially separatedfrom the PV
(secondary vertices) is a meansof idertifying long-lived particles. Due to the particular in-
terestin b quark physicsand the comparatively long lifetimes of B mesonsthis processone
of seweral algorithms commonly referredto as b-quark tagging. Secondaryvertices are re-
constructedafter the evert's PV isidenti ed. Se\eral conmbinations of algorithm parameters
are de ned to provide di erent e ciency/purit y operating points, but we will only descrike
the Tight secondaryvertex selection. The Loose and Medium versionshave idertical
algorithms, with lessstringert reconstruction parameters.

The secondaryvertex (SV) algorithm beginsby creating a list of tracks not included in
the PV. Using this list, seweral algorithm stepsare undertaken:

1. The list of tracks is searded for two-track vertices compatible with originating from
light-quark hadrons (for exampleK 2 or ), which canbe identi ed via the character-
istic anglesbetweenthe two tracks and their known masses.Any tracks iderti ed in
this initial seart are removed from the list.

2. Next, proto-vertices are formed by clusbering tracks in this list into 3-dimensional
cones de ned by anangularringof R = ( )2+ ()2 = 0:5. The tracks clustered
are required to have dca < 0:15 cm, zdca < 0:40 cm, at least two SMT hits, and
pr > 0:5 GeV=c wherethe zdcais the distance of closestapproad along the beam
direction.

3. The proto-verticesare then searted for two-track vertex seds constructedwith tracks
with a dca signi cance greaterthan 3.5, pr > 1:0 GeV=g and the 2 of the track's t
(from hits in the tracking detectors)lessthan 3.0. Theseseedtracks are t to a vertex
with the requiremen that the t 2  100. Additional tracks from the proto-vertex
are attached to the seedvertex if the 2 cortribution to the t is lessthan 15, thus
forming preliminary SV's.

4. The nal list of SV's for eat ewvert is selectedusing the following criteria

The transversedecy length, Ly, = [,y , of the SV must be lessthan 2.6 cm.

C,y is the two-dimensionalvector from the PV to the origin of the SV, projected
into the plane transverseto the beamdirection.

The collinearity of the SV must be greaterthan 0.9. The collinearity is de ned
asthe projection of the SV transversemomenum, p,,, along Cyy,, normalized by
their product. The value p,y is calculatedasthe transversemomertum sum over
all SV tracks.

The decy length signi cance, L,y = ,,, of the SV is requiredto be greater than
7. The error value |, is evaluated from the vertex t by propagatingthe errors
asseiated with ead SV track.

3A requiremert of constart angular sizeover a range of radii can be usedto de ne the three-dimensional
geometry of a cone.
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4.4 Electron and Photon Identi cation

Electronsand photonscanbeinitially groupedtogetherin the iderti cation (ID) process.As
described in Section3.2.4, electronsand photonswill create electromagnetic(EM) showers
in the calorimeters via bremsstrahlungand photon cornversion. Thus, EM identi cation
beginsby searting the calorimeter layers for clustersof adjacen cellswith positive energy
deposition. After initial clustering,the EM object is de ned with the cellsin a circle of radius
R = 0:4 around the energy-veighted certroid of the cluster. To be acceptedas an electron
or photon candidate, the shape and energyof the EM object must passadditional quality
criteria de ned by EM-ID variables. For reference,the full EM-ID processis documeried
in [41].

First, acruderequiremen isimposedrequiring that the fraction of the EM object's energy
that is depositedin the EM sectionof the calorimeter (layers 1-4) should be at least 90%as
the transverseextert of the EM layers of the calorimeter was designedto fully cortain high
energy EM showers. Next, the isolation of the EM object's energydeposition is calculated
asthe fraction of energyin an annular ring around the certroid of the cluster0:2< R < 0:4

to the energywithin R = 0:2 of the certroid: |so= =R<g4 =<0z Small valuesof isolation

are characteristic of properly reconstructedelectron shavers (rather than jets or ° ! +
decass), asthe calorimeter was designedsud that R = 0:1 towers should cortain a circle of
the EM particle's Moliere radius®. The | so variable is requiredto be lessthan 0.15. Finally,
a multi-variable tool (referredto asthe H-matrix) is usedto further discriminate between
characteristic EM shawver shapes and hadronic shavers. The H-matrix is calculated as the
inverseof the covariance matrix calculatedwith the following variables:

The energiesdeposited in the four EM layers of the calorimeter.
The energiesdeposited in the preshaver and ne-hadronic calorimeter layer.
The energy-veighted widths of the shower at the EM3 layer in r- and z.

The H-matrix is trained against simulations of electron shovers and then usedas an error
matrix for a 2-like calculation®. This method provides a quartitativ e measuremen of the
probability that a calorimeter cluster arisesfrom a singleelectronor photon. A cut is placed
on the H-matrix 2 at 15-25depending on the purity desired.

Finally, electronsand photons can be distinguished by requiring a track in the certral
tracking detectorsthat projectsto the position of the shaver in the calorimeter. This ensures
that the shower is initiated by a chargedparticle and not a photon or other neutral particle.

4.5 Muon Identication

Muons are reconstructedfrom hits in the muon systemwire chambersand scirtillators. Two
broad classesof muons can be de ned by the number of subdetectors which are used to

4The Moliere radius is a parameter de ned by multiple scattering theory asthe radius cortaining about
90% of the shawer's energy

5The H-matrix variables are not, in general, Gaussian and thus suc a calculation will not follow a
standard 2 distribution exactly.
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idertify the muon. Muons which are identi ed using only the information from the muon
systemare called local muons. Muons which are also matched to a track from the certral
tracking detectors, greatly increasingmomertum precisionand accuracy are referredto as
central muons. A more completediscussionof muon reconstruction can be found in [20].

For the purposesof muon reconstruction, the three physical muon system layers are
divided into two categories:the A-layer (beforethe toroid) and the B- and C-layers (outside
the toroid). Signalsfrom the wire chambers and scirtillators in ead categoryare combined
into sggments Segmets from di erent categoriesare joined in a t, yielding a measuremen
of the muon's path (position and direction) and a measuremenof the muon's momertum as
its path bendsin the toroidal eld. A minimum of two nearby wire chamber hits is required
to make a segmehy which is the result of a linear t to thesewire chamber hits. Matching
scirtillator hits can be addedto the segmety provided they overlap in  with the segmen
Detector ine ciency motivatesthe categorizationof thesesegmets, and this categorization
iIs summarizedin the nsey variable. The absolute value jnseg = 1, 2, or 3 respectively
indicates that the local muon was detectedwith A-layer hits only (inside the toroid), BC-
layer hits only (outside the toroid), or both A- and BC-layer hits. Local muons are given
a negative nseg value, while certral muons are given positive nseg values. Reconstructed
muonsare givena t quality gradeto descrike the reliability to the muon t

Tigh t Muons have at leasttwo wire-chamber hits in the A-layer (which is four cham-
bers deep)with a matching A-layer scirtillator hit. In the BC-layers, a total of three
wire chamber-hits are required (the B- and C-layers ead have three chambers), again
with a matching scirtillator hit. Finally, tight muons require a corverged t for a
certral track match.

Medium Muons aresimilar to tight muonsexceptfor requiring only two wire chamber
hits in the BC-layers. Also, medium muons do not explicitly require a certral track
match, although a match can be required separatelyfrom the de nition.

Loose Muons have at least one scirtillator hit in either the A- or BC-layers. They
must also have at leasttwo wire chamber hits in one of the layers.

The signature of a muon can be mimicked by a charged pion which doesnot deposit all
of its energyin the calorimeter, and thus reaces the muon system. Howewer, sud pions
are generallyproducedin the hadronization of quarksfrom the hard-scatterinteraction, and
characteristically will be surroundedby additional energydeposition. Two isolation variables
are constructedto discriminate againstsud fake muons

Halo Isolation: The transverse energy deposited in the calorimeter in an annular
ring (or halo), de ned by 0:1 < R < 0:4 around the axis of the muon, is required to
be smallerthan 2.5 GeV.

Track Isolation: The sum of the py of all tracks in a coneof R = 0:5 around the
muon direction is requiredto be lessthan 2.5 GeV=c.

Finally, cosmic-rgg muons can penetrate the detector and leave a signature in one or
more parts of the muon system. The muon scirtillation detectorsallow for a precisetime
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measuremen of interacting muons. The time measuremenfor the scirtillators is calibrated
sud that muonsfrom pp collisionsarriveat t = 0. Muonsscirtillator times far from this value
are rejected. The angular incidenceof cosmic-rg muonsis roughly uniform and most will
not appear to originate from the ewvert's primary vertex (PV). Constraining the distance of
closestapproad (dca) for the path of the muonto the PV providesadditional discrimination.

4.6 Jet ldenti cation

As mertioned in sections3.2.4and 3.3.3,quarks originating in pp interactions will hadronize
and subsequetly deposit their energiesin the calorimeter. Jets are reconstructedfrom this
energydeposition, allowing for both a position ( ; ) and energymeasuremen of the initial
quark. In this analysis, we use jets reconstructed with a simple cone algorithm. These
conesare de ned as being con ned to an angular circle of the speci ed constart size,and
are constructedusingthe calorimeterreadout-towers. Each tower points radially toward the
geometricalcerter of the detector, but its transverseenergy(E+) is calculated with respect
to the PV, using the physicscoordinate ° The jet reconstruction procedurecan be found
in [10].

Jet reconstruction beginsby seedingthe algorithm with calorimeter towers with E1 >
0:5 GeV and a total E;1 > 1.0 GeV within R = 0:3. The coneis then de ned with the
desiredradius (both R = 0:5 and R = 0:7 for this analysis) and the E-weighed certroid
is calculated. The coneis then recerered at this certroid and the energiesare recalculated.
This processis iterated until the coneaxis becomesstable, and the resulting coneis saved
as a proto-jet. Next, the midpoints between proto-jet pairs are used as seedsfor the cone
algorithm. The list of proto-jets is then pruned by removing ertries with adjacern axesand
ertries with E1 < 8 GeV. Next, the split-merge processbeginsby matching proto-jets with
overlapping boundarie$. If the E; cortained in the overlapping region is greaterthan half
the Et of either proto-jet, they are mergedand the coneis recalculated. Otherwise, they
are split, with the towersbeingreassignedo the spatially closestconeaxis, and the energies
and axesof eatc modi ed coneare recalculated.

After the preliminary reconstruction, quality criteria are applied to remove jets due to
calorimeter noiseand EM showers. Thesecriteria are applied to all jets, regardlessof cone
size.

The fraction of the jet's energydeposited in the EM calorimeter layers is required to
lie in the range 0:05 < EM Fraction < 0:95. Jets interact primarily via the strong
interaction and tend to deposit energyuniformly in the calorimeter, with roughly one
third of the jet's energydeposited in the EM layers. Very small valuesare indicative
of calorimeter noise, while values above 0.95 are consisteh with the signature of an
electronor photon.

The fraction of the jet's energydepositedin the CH calorimeterlayersis requiredto be
lessthan 0.4. The CH layerstend to exhibit more noisethan the rest of the calorimeter

5The algorithm allows for two proto-jets to share calorimeter towers, which must be corrected to allow
for proper evert reconstruction.
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and, asjets tend to deposit little of their energiesn the CH layers, this criterion helps
to reject calorimeter noise.

The ratio of the energiesof the rst and second-mosknergeticcalorimeter cells clus-
tered within the jet coneis required to be lessthan 10. A ratio of 10 or above is a
good indication that this jet is clusteredaround a hot cell causedby electronicnoise.

The number of calorimeter towers that together cortain 90% of the jet's energyis
required to be greaterthan one. A value of oneindicates a jet reconstructedfrom an
EM object or a hot cell.

The transverseenergyrecordedby the L1 calorimeter trigger for the jet is required
to be greater than 40% of the reconstructed jet's transverse energyin the EM and
FH calorimeter layers (excluding the CH layers). When the jet is located in the ICD
region, this cut is lowered to 20%. This criterion further discriminates against CH
noise.

The jets which have been clusteredwith the speci ed cone must have a seriesof scale
correctionsappliedto re ect the original parton's energy referredto asjet energyscale(JES)
corrections. Thesecorrectionsinclude

A correction for averageenergydeposition in the calorimeter due to inelastic collisions
other than the hard-scatter collision is made. This o set energy which varies as a
function of , must be subtracted from the jet.

A correction for the non-linear calorimeter responseto energy deposition is made.
Non-uniformities in the geometry of the calorimeter lead to variations in calorimeter
responseas a function of both  and jet energy

Corrections for jet energy which is not clusteredin the jet cone are made. These
correctionsvary with jet conesize.

The presenceof a muon in the jet conecanindicate a semi-leptonicdecgy of a heary-
avor quark via a virtual W boson. As muons deposit very little of their energiesin
the calorimeter, the jet energy must be recalculatedto accourt for the muon and its
assaiated neutrino.

Only jets which have a transverseenergyE+ > 15 GeV andj j < 2:5 have JES corrections
applied. Jets below thesethresholdsdo not deposit enoughtransverseenergyto allow for a
reliable correction and are generally not consideredin analyses.

4.7 Missing Transverse Energy

The protons and antiprotons colliding at the Tevatron are preparedto have equaland oppo-
site momernta, indicating that the total vector momertum sumin any ewvert should be zero.
Howeer, asdiscussedoreviously, the hard-scatterinteractions occur betweenthe partons of
the parent proton and antiproton. Thesepartons sharethe total momerium of the paren
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and are not constrainedto any particular momenium value. Howeer, the partons tend to
carry very littte momerium in the plane transverseto the beam path. Thus, to a good
approximation, transversemomerium can be considereda consered quartit y.

As neutrinos interact very weakly with matter, their presences inferred from any im-
balanceof transversemomertum in the evert. This \missing” momertum is de ned by the
net imbalancein the transverseenergydepositedin the calorimeter. The transversemissing
momertum is assumedto point opposite to this vector, and is referred to as the missing
transverseenergy or E+’. The transversevector sum of all calorimeter cells with positive
energy exceptthosein the CH layers, are usedto de ne the E;. The CH cellsare included
only if they are clusteredwithin a reconstructedjet.

Se\eral correctionsmust be applied to this preliminary E;. Foremostare those due to
JES corrections. Becausethe measuredjet energiesare re-calibrated to re ect their true
energiesin the detector, this changein energyimpacts the E+ . The JES correctionsmust
therefore be taken into accourt in the calculation of E+. We useconejets with R = 0:7 for
this correction in order to minimize the uncertainty on jet energyand thereby on the JES
corrections. Only jets that passthe quality requiremens descrited in Section4.6 are used
for this correction. In addition, muons, which usually behase as minimume-ionizing particles,
deposit very little of their energyin the calorimeter and appear as missing energy The
momerta of iderntied muons can be subtracted vectorially from the E+ to correct for this
e ect.

4.8 Luminosit y

Although not a physics object, the instantaneous luminosity is a quartity that must be
reconstructedby the detector. At ead bunch crossing,an opportunity for an inelastic pp
collision occurs. On the occasionsthat a collision occurs with a large enoughmomertum
transfer to trigger the detector, the de ected hadronremnarts are detectedin coincidenceoy
the scirtillation courters of the luminosity system. The small timing resolution (  0:2 ns)
allows for the z position of the collision to be determinedto within about 6 cm, providing
rejection for collisionsbetweenbeam halo particles.

The instantaneousluminosity for ead proton-antiproton bunch pair is measuredusing
the fraction of bunch crossingswith collisions. The probability of observingat least one
collision (multiple interactions are not uncommon)is given by

PN>0)=1 e (4.1)

where is the averagenumber of inelastic collisionsper bunch crossing

=L eff=f (42)

wherelL is the instantaneousluminosity, ¢ is the e ective pp inelastic crosssection,and
f is the frequencyof the bundch crossings. The probability P(n > 0) can be rewritten as

"The calorimeter measuresenergies,not momerta. The momertum relation for calorimeter energy depo-
sitions is calculated basedon the location of the evert's primary vertex.
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Riumi =f, where R ymi is the rate of inelastic collisions measuredby the luminosity system.
Thus, the luminosity can be written as

L= (f=ef)In(Q Rymi=f) 4.3)

The bunch crossingfrequencyf is well measuredat 7.58 MHz. The e ective inelastic
crosssection (or luminosity constart) is the dominart sourceof uncertainty. Its value is
approximately 431 1:9 mb, as measuredby experimerts at CERN and in Run | of the
Tewatron [21]. Approximately every four minutes, a luminosity black is written to a database,
recordingthe averageinelastic collisionsrate from the luminosity systemfor that time period,
the status of the data acquisition, and the data quality as determinedfrom the state of the
detector hardware during that time.



Chapter 5

Simulation

After collecting and reconstructing data ewerts, the task remainsfor the physicist to under-
stand the patterns obsened in the data. Thesepatterns canre ect many di erent phenom-
enasud as production of SM particles like W bosonsor quarks, everts presen in the data
dueto electronicnoisein the detector mimicking a physicsprocess,or possiblythe signature
of a particle or phenomenapreviously unobsened. This confusingoverlap of patterns must
be categorizedin order to separateeerts of interest from the bulk of data. One tool used
to aid in this categorizationis the arti cial simulation of everts, commonly referredto as
Monte Carlo simulation. This simulation allows the prediction of the ideal behavior of the
detector, providing a model to which data can be comparedto determine detector and re-
construction performance.It alsoprovidesa prediction of the detector'sresponseto speci ¢
physical processe®f interest, allowing detailed measuremets of physical distributions and
selectione ciencies.

The Monte Carlo method itself refers to the calculation of approximate solutions to
a variety of mathematical problems by performing statistical sampling experimerts. The
method is named after the city in the Monaco principality, becauseof the city's role in
the popularization of the roulette wheel, the invertion of which is often credited to Blaise
Pascal,a17th certury French mathematician. The roulette wheelrepresets a simplerandom
number generator, and the heart of the Monte Carlo method lies in the random selection
of outcomesbasedon prede ned probabilities. Howewer, the method can apply to problems
with no probabilistic cortent aswell asto thosewith inherert probabilistic structure.

In the context of particle physics, Monte Carlo (MC) represets the random generation
of physical nal states occuring after the collision of two (or more) initial-state particles.
After generationof a nal state, the particles in that state are propagatedthrough space
basedon their initial momena, ultimately interacting with the detector. This chapter will
briey discussthesetwo MC simulation steps. To simplify the breadth of the discussionwe
shall constrain the topic to the relevant caseof pp collisions.

5.1 Generation

The MC procesdeginswith generation,or producing the descriptionof onepossibleoutcome
of a pp collision. This processinvolvesthe random selectionof an initial state and a nal

50



CHAPTER 5. SIMULATION 51

state from the available kinematic phasespace,and can be summarizedin three steps

1. First, a physics processis chosen,constrained principally by the requiremen that it
must be a processthat can be descrited physically by the SM. A further constrairt
is the choice of initial-state particles (generally two), which must be obtained from
the colliding hadrons. With theseconstrairts met, the matrix elemen for the chosen
processmust be calculated. For this example,we will choosethe annihilation of a qq
pair to a gluon propagatorwhich subsequetly deca/sto att pair, asshovnin Fig. 5.1.

w-

ol

W+

Figure 5.1: One possibleFeynmandiagram for tt production in pp collisions.

2. Secondthe momerna of the initial-state quarks are determinedby a simulation of the
parton momertum distributions of the proton and arti-proton. Thesemomeria are
selectedat random using a parton distribution function (PDF), which descrikes the
motion of the quarks and gluons (partons) inside the hadrons. The PDF's are gener-
ally determined phenomenologicallyby a global analysisof a range of hard scattering
processesuysing a perturbative QCD framework.

3. Third, giventhe momerna of the initial-state quarks and the desiredmatrix elemer,
the kinematic phasespacefor the deca of the gluon propagator can be determined.
At random, one of the possible nal statesof the tt pair is selected.

The result is two setsof four-momerta and quartum numbers describingthe tt pair, and is
the nal product of the generationprocess.

5.2 Propagation and Interaction

After obtaining a setof nal-state particlesand their momena, the next stepis to determine
their behavior through the courseof time. This step involves the determination of the
trajectoriesof the particles asthey passinto the detector, describingthe decgs of particles
with nite lifetimes, predicting the processof energylossasthe particles interact with the
detector, and gaugingthe realistic responseof the detector to the energydepositions made
by the patrticles.
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This processnecessarilystarts with a detailed description of the detector geometry and
materials. Sud should include the speci cs on how the detector materials' behave during
the passageof charged particles and the details of any magnetic elds in the detector. The
deca of short-lived particles is simulated, providing appropriate daugher particles based
on the predictions of the SM. Most particles which will decay have already done so before
exiting the beampipe, resulting in primarily stable particles ertering the detector. However,
someparticles erter the detector volume beforedecging. At this point, the decags can be
in uenced by interactions with the detector materials, which must also be simulated.

The possibilitiesof initial- or nal-state radiation canbeincludedfor all chargedparticles.
This descrikesthe emittance of photonsfor electomagneticallychargedparticles or gluonsin
the caseof strongly chargedpatrticles, both impacting the momerta of the particles involved
and introducing new patrticles to the nal state. Futhermore, as quarks propagate, the
strong force inducesthe phenomenaof hadronization and fragmentation which lead to the
formation of hadronic shavers or jets. Theseprocessesnust all be simulated to obtain a
proper description of particle behaviors.

Now all that remains is the propagation of the particles through the detector. The
path of eat patrticle is calculated basedon magnetic elds encourered and the changesin
trajectory causedby scattering from detector materials. The energydepositedin eat part
of the detector is corverted to a signal by simulations of the detector's readout electronics.
Thesesignalsare subsequetly compiledinto a full evert asit would be written in the case
of real data collection. At this point, the MC ewerts are ready to be passedthrough the
samereconstruction processasthe data. Over time, this processis ne-tuned until the MC
predictions can reproduce the grossfeatures of the data, providing the desired predictive
power.

In the caseof the D detector, this includes everything from the beryllium beam pipe and the silicon of
the SMT to the last wires in the outer layer of the muon system, including any non-instrumented support
structures.
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Problem and Analysis
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Foreword to Part |1

After the introductory discussionsn Part |, the secondpart of this documert dealswith the
data analysisand the motivations behindit. We have examinedthe tools, both experimertal
and theoretical, usedto predict and obsene the interactions of elemenary particles. How-
ewver, sud tools asthey are, the level of their accuracywill ultimately decidetheir utility. A
detailed test of the predictions madeby the Standard Model (SM), in the form of simulated
SM processesis a necessarystep in the study of elememary particles. In particular, there
are a few speci ¢ physical signaturesthat are of prominent cortemporary interest at the
Fermilab Tewatron Collider.

The foremost of these signaturesis the production of top quarks. In 1995, the two
Fermilab Tevatron experimerts (D and CDF), discovered the top quark, thus completing
the third generation of matter particles as predicted by the SM. Following this triumph,
great e orts have beenmadeto measureattributes of the top quark, sud asits massand
deca properties. In addition to this, the production of Higgs bosonsis an area receiving
much attention. Although predicted by the SM, sud a particle has yet to be obsened.
Complicating the seart, the SM does not explicitly predict the mass of a hypothetical
Higgs boson,but merely provides a range of massesompatible with other SM obsenables.

The obsenable signature of these processess that of b quarksin the nal state. The
large massof the top quark (myp, ' 178 GeV=C) causesit to decy very quickly to a W
bosonand a b quark. The phenomenologicallylikely massof a Higgsbosonis of the order of
100 150GeV=¢ and the dominarnt decg/ mode of a Higgsbosonin this massrangeis into
two b quarks. Furthermore, the most obsenable production medanism for a Higgsbosonat
the Tevatron is in assaiation with W or Z bosons,providing a signature somewhatsimilar
to the production of tt pairs. A large badground processto both of these signalsis the
production of bb pairs via gluon splitting in assaiation with a W boson. The focus of this
thesisis thereforethe carefulmeasuremenof inclusive heary- a vor (t; b;c) quark production
in assaiation with W bosons. This analysistakesthe form of a seart for sud production
beyond the predictions of the SM. The secondpart of this thesisis dewted to the description
of the sear®, the motivations driving it, and the analysisitself.
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Chapter 6

Statemen t of Problem

As mertioned in the foreword, this analysisrepresets a seart for anomalousproduction of
heavy- a vor quarks in assaiation with W bosonsat the Fermilab Tewatron. This chapter
discusseghe motivations for a seart of this type and the designof the analysis.

6.1 Motiv ations

The heavy- a vor (HF) quark (t; b;c) cortent of jets producedin assaiation with a W boson
provides a test of standard model (SM) predictions. Many physical measuremets and
searbesat the Tevatron depend greatly upon the ability to predict HF quark production,
sud as measuremets of top properties and seartesfor Higgs bosons. Theseissuesalone
motivate a careful measuremen of HF production, but an additional issuewas introduced
recerlly whenthe CDF collaboraton announcedan obsenation of an anomalouslylargerate
of HF quark production during Run | of the Tevatron. Lacking the ability to e ciently
perform HF-jet taging, the D collaboration was unable to test this obsenation.

A measuremen of the HF quark production rate can be interpreted as a seart for
anomalousproduction, providing both a test of the SM and sensitivity to new physics. All
of theseprocessesre obsened experimertally asa HF quark jets in assaiation with a W
boson,and we will thusfocuson thesesignatures.| will attempt to more completelydescrite
thesemotivations in the following.

6.1.1 Top Quark Pro duction

Sincethe discovery of the top quark during Run I, Fermilab physicists have beenattempting
to make precisionmeasuremets of the top's properties. Thesemeasuremets include the top
quark massmy,, the rate of top decgs to HF quarks R+ ,, and the helicity of W bosons
from the decgys of top quarks Hy,,. Eadh of these measuremets is a probe of the SM
predictions of the top quark properties and also of the SM itself. The study of electroveak
(EW) interactionsin the SM hasreaded a precisionboth theoretically and experimertally
that quartum corrections becomeimportant. As the most massive SM patrticle, the top
qguark is the largest cortributor to these corrections, and a precision measuremen of the
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top masscan lead to an indirect inferenceof the Higgs massvia radiative corrections-.
The rate of top decgs to HF quarks, Ry , is directly proportional to the square of the
CKM matrix elemen Vy, [25]. This value is expectedto be very near unity, and improved
measuremets can help to advancethe constrairts on other parametersof the CKM matrix,

which is currertly the focus of much e ort in particle physics. The helicity of W bosonsin

top quark decas provides a third test of the SM. The top quark decgs via a vector/axial-

vector (V-A) chargedcurrent interaction. This parity-violating interaction limits decgs of
top quarksinto W bosonswith longitudinal and left-handedhelicity states. A measuremen
of the left- and right-handed helicity of W bosonsfrom top decgs probesboth the top mass
and the SM description of EW decays [26].

The two dominart production modesfor top quarks at the Tevatron are in tt pairs as
illustrated in Fig. 6.1. The decygs of the W bosonsde ne the obsenable nal states, with
fully hadronic (six-jet) (  44%) and semi-leptonic (four-jet) ( 44%) the most probable
nal states. Howewer, the QCD multijet badkgroundsto the six-jet signature are large and
irreducible, leaving the leptonic W decas as the more promising signature. Thus, the
leptonic deca of oneof the W bosonsalongwith the hadronic decg of the secondwW boson
providesthe dominartly obsened nal state.

W

(=2

W+

Figure 6.1: Feynman diagramsfor tt production in pp collisions. The left diagram (quark-
antiquark production) is dominart, but the right diagram (gluon fusion) cortributes 5
10%to the total crosssection.

An additional cortribution can come from single top quark production, as showvn in
Fig. 6.2. Thesetwo processesteferredto asthe s-channeland t-channel processesimay be
characterizedby the momertum exdiangeof the participating W-boson: Q3 .

t-channel W-exchange (Q3, < 0): This processhas the largest crosssection of the
single top processes. The t-channel processis commonly referred to as \ gtb*, and
includesthe tgb, tgb, tgq, and tq nal states.

s-channel W-exdange (Q3, > 0): The s-channel processis referredto as\tb", and
includesboth tb and tb nal states. The s-channel processrepreseits ' 31% of the
singletop crosssection.

Thesesignaturesde ne two- and three-jet nal statesin assaiation with a W boson.

1The current measuremen of the top-quark massfrom Run | of the Tevatron is 1780 4:3 GeV=c [24]
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Figure 6.2: The dominant Feynmandiagramsfor t-channel(left) and s-channel(right) single
top quark production.

6.1.2 Higgs Boson Pro duction

Seardesfor a Higgsbosonhave cortinued for many years,the most comprehensie of which
was performedat LEP2. Figure 6.3 displays the results of the combined LEP Il seard for
a SM Higgsbosonas a function of Higgs mass. The lower limit on the Higgs massof 114.4
GeV=¢ obtainedfrom LEP can be combined with seweral other precisionEW measuremets
(including the measuremen of the top mass)to yield a constrairt on the range of Higgs
massesompatible with the formulation of the SM. A plot of this constrairt in the form of
aleast 2 t to global EW data is shavn in Fig. 6.4. Thus, the indications leading into
a Higgs seart at the Tewatron are that a Higgs bosonis most likely to have a massnear
115 130GeV=¢, allowing for a more concertedseart e ort.

At the Tewatron, the dominant production medanismis gluon fusion, asseenin Fig. 6.5.
After gluon fusion, the largest production mode is assaiated production with a W or Z
boson. Figure 6.6 outlines the deca branching fractions for a SM Higgsbosonas a function
of mass,shaving H ! bbto be the dominant decay mode for masseselov ' 135GeV=c.
In a similar fashionto the top quark signature, fully hadronic nal states resulting from
gluon fusion production are di cult to obsene and seartiesgenerallyfocuson the leptonic
decass of the assa@iated W and Z bosons.This Higgs production and decg processde nes
atwo-jet nal state in assaiation with a W or Z boson,as showvn in Fig. 6.7.

The obsenation of a Higgsbosonwould occur in two ways. First, asthe topology de nes
a two-jet nal state, a Higgs signal would appear as an excessof evernts in the exclusiwe
jet spectrum. Howewer, this obsenation method is not very sensitie and is eclipsedby
seardes capitalizing on the dijet invariant massof the Higgs boson. Although this seart
method is complicated without a predicted Higgs mass, it is ultimately the method which
provides the most realistic prospects for Higgs discovery. Howewer, without a very detailed
understandingof the predicted SM badkgroundsfor this processany obsened signalcan be
mistakenly interpreted asan upward uctuation.

2The Large Electron Positron (LEP) collider was a syndhrotron at the CERN facility outside Gene\a,
Switzerland.
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Figure 6.3: The 95% con dencelevel limits for the LEP |1 conbined SM Higgs seard.

6.1.3 CDF Anomalous Result

In 2002,the CDF collaboration reported evidencefor anomalousproduction of HF jets in
assaiation with aWw bo§on,basedon everts recordedduring Run | of the Tevatron in which
pp collisionsoccuredat = s = 1:8 TeV [22], and subsequetly recon rmed in 2004[23]. In
this study of roughly 11,000W ! * (" = eor ) inclusive decys® , two di erent HF-quark
tagging algorithms were applied separatelyto identify jets arising from HF quarks. These
two algorithms, secondary-ertex and soft-lepton tagging, resulted in selectionswhich were
roughly compatible with SM predictions. The CDF data obsenations and SM expectations
for the secondary-ertex tagging and soft lepton tagging selectionsare shaovn in Figs. 6.8.
In this gure, the exclusive number of jets for everts with at least one jet tagged with
the speci ed HF-tagging algorithm is plotted. The study then de ned a supertag as a
jet with both a secondaryvertex and SLT tag. Jets taggedin this way are then referred
to as superjets*. Upon selection of superjets, a marked deviation between data and SM
expectationswasobsened, asseenin Fig. 6.9. The W bosonplus superjet selectionobsened
13 with a SM expectation of 4:4 0:6 ewerts in the W plus 2- and 3-jet bins. The CDF
collaboration reported a< 1% probability that this excesss compatible with the predicted
result.

This evidencefor anomalousHF production can be interpreted in seweral ways. The

3The term inclusive refersto a selectionwithout further discrimination on the remaining particles in the

evert.
4The pre x \super" is usedto indicate high quality and is not meart as a referenceto supersymmetry.
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Figure 6.4: Least 2 t for precisionEW data constraining the massof a SM Higgs boson.

possibilities of an upward uctuation in data or a systematic error in the SM expectation
cannot be dismissedin this study. Howewer, one must also considerthe possibility that a
physical processnot described by the SM is cortributing to the obsened number of everts.
In Run | of the Tewatron, the D experimert lacked a tracking detector with the resolution
necessaryto perform secondary-ertex tagging and an independert measuremen of this
phenomenawas not made. Howewer, the upgradedD detector makesthis possibleand a
drivesthe motivation to attempt to reproducethe CDF result. Indeed,in addition to probing
the accuracyof cortemporary SM predictions, a seart for anomalousHF jet production in
asseiation with W bosonsprovidesthe opportunity to investigatethe CDF result.

6.1.4 Additional SM Backgrounds

In addition to the top and Higgs cortributions to a W plus HF jet nal state, there are
seweral SM processeghat are signi cant. These processesalthough interesting alone, are
considereda badkgroundto top measuremets or Higgssearties. The dominart badkgrounds
are Whb=cc, with the quark pair arising from gluon splitting, shown in Fig. 6.10,and WZ
(with Z ! bb) production, shovn in Fig. 6.11, respectively. As seenin Fig. 6.10,the Whb
processcaninclude additional jets arising from gluon emission(which can subsequetly split
to two quarks). In this way, the Whb badkground can cortribute to two or more jets nal

states. In the caseof WZ production, the Z bosondeca/sto bbin  15%o0f decas, producing
atwo-jet nal state. For both of thesebadgrounds,the analogprocessesfZbbandZZ can
cortribute. In this scenariothe Z bosondecasto adilepton nal state(Z! ) andoneof
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Figure 6.5: Production crosssectionsfor a SM Higgs bosonin pp collisions at P s = 196
TeV asa function of hypothesizedHiggs mass. Thesevalueswere basedon a calculation by
T. Han and S. Willenbrock [28].

the leptonseither escagsthe detector or is lost dueto detector/reconstruction ine ciencies.
The missinglepton can mimic a neutrino signature of missingtransverseenergy

HF quarks are also produced by QCD-only multijet interactions. Theseewerns can be-
comebadkground ewens if the signature of a W bosonis imitated by a uctuation in mea-
suremelts made by the detector. For example,a quark or gluon can shower early in the
calorimeter and create an energy deposition satisfying the electron reconstruction require-
merts. In addition, a hadron could cortain passthrough the calorimeter and be obsened
in the muon detectors. The behavior of a neutrino can also be \faked" by an upward or
downward uctuation in the measuremenof the jets in the calorimeter, thus creating a net
imbalancein transverseenergy If thesetwo circumstancesoccur togetherwith QCD bb pro-
duction, the W-bosonplus HF-jet topology is satis ed. Also as mertioned above, another
classof badkgroundsis de ned in the ewert that ajet arising from a light- a vor quark (u; d; s)
is misidertied asa HF quark. Although the probability for thesetwo badground typesto
passinto the selectedsampleis small, the rate at which they occur is very large and thus
represers a signi cant badkground.

6.2 Analysis Design

The strategy for measuringthe rate of HF jets in assaiation with W bosonsnaturally begins
with the selectionof W bosons. In this analysis, only two of the three possibleW decas
are chosen: W ! e and W ! . The W ! decass are not a desirabletopology
asthe itself deca/s dominartly to hadrons. The leptonic  decgs also do not represen
an appreciablee ciency for selectionas the energy of the resulting electron or muon is
generallytoo small to be selected.The W-bosoncandidate selectionproceedsby idertifying
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Figure 6.6: Branching fractions for a SM Higgs boson. Thesevalueswere calculated using
the HDECAY program [29].

an energeticelectronor muonwithin the triggering acceptance®f the detector, and requiring
the ewvert to exhibit su cient missingtransverseenergyto be consistem with the neutrino
from aW decg. The secondstepin the analysisis to evaluate the distribution of jets in the
selectedeverts. Jetsare selectedn regionsof the calorimeterwhich are well-understood and
which allow for proper energyscalecorrections. The distribution can be categorizedby the
number of jets in the event, which is then referredto asthe exclusiwe jet spectrum. After
measuringthis spectrum, the heavy- a vor quark cortent is evaluated via HF-quark tagging,
or simply HF-tagging. This nal sampleof HF quarksin assaiation with W bosonsallows
for a comparisonof the SM predictions to the data obsenation. The following chapters
explain the stepsin the processof selectingand analyzing this desiredsampleof evers.

To addressthe anomalousresult from the CDF collaboration, a further selectionis made
by requiring the simultaneousoverlap of two di erent tagging algorithms for the samejet.
Jets selectedby more than onealgorithm have a larger probability for originating from a HF
quark, and thus represeih a more pure sample. With this selection,limits on the anomalous
production of HF jets in assaiation with W bosonsis extracted.
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Figure 6.7: Feynman diagram of Higgs production in assaiation with a W boson, with a
WH ! bb nal state.

%) F 12 r
g 70 + CDF SVT Tagged g 1400 + CDF SLT Tagged
] E ] C
60 120F
50; SM Expectation 100} SM Expectation
40; + —e— Data 80; —e— Data
30F 601 }
20F 401
10 ' 3 20F .
E C .
C | 1 1 | | 1 1 1
0 1 2 3 34 0 1 2 3 34
Exclusive Number of Jets Exclusive Number of Jets

Figure 6.8: The exclusive number of jets in events with a selectedW boson. One of the jets
is required to have a SVX tag (left) or a SLT tag (right).
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Figure 6.9: The exclusive number of jets in everts with a selectedW boson. One of the jets
is required to have both a SVX tag and a SLT tag.
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Figure 6.11: Dominant Feynmandiagramfor gq! WZ production at the Tevatron.



Chapter 7

Data and Simulation

In addition to the data collectedfor this analysis, simulated samplesof SM processesvere
generatedin the form of Monte Carlo events. This chapter outlines the data sampleused
and the details of the simulation.

7.1 Data Sample

The D detectorrecordsewens at an averagerate of 50Hz. As discussedn Sec.3.3.7,these
ewerts are a small subsetof the pp collisionsinitiated by the Tewatron, Itered down to match
the maximum physical recordingrate available using a number of three-tiered triggers. This
nal rate to tape consistsof ewerts triggered by a large meru of triggers represeting the
current physics priorities of the experimert. The rst two trigger levels can accommalate
128trigger bits (ead trigger represeits onebit). The third level concatenateghesebits and
re nes the output to make a nal trigger decision. This decisionis madeby comparingto a
prede ned list of glokal triggers, which consistof a requiremen for eat of the three physical
trigger levels. Futhermore, the data collectedfor this analysiswere recordedover a period
of time which spansse\eral global trigger lists (or versions),and we must therefore include
triggers from both lists. This analysisrelies on global triggers which selectsingle, isolated
electronsand muons consistem with the decays of W bosons.In this chapter, we will brie y

discussthe triggers usedand their correspnding e ciencies and luminosities.

In the selectionof W ! e andW ! decass, we require a single-electronor a single-
muon trigger to have red for eah evert. The full data sampleis reducedto two smaller
sub-samplesreferredto in the following asthe 1IEMloose and 1MUloose samples,which
are selectedas follows:

1EMIo ose: Oneoine reconstructedelectromagneticshover with p§ > 15 GeV/c.

1MUlo ose: Oneoine reconstructedmuon with p; > 8 GeV/c.

7.1.1 Single Electron Triggers

To increasetrigger e ciency, we require W ! e candidate events in the 1EMloose
sampleto have passedone of seeral similar triggers: the logical OR of triggers EM _HI,

64
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EM _HI _SH, EM _MX , and EM _MX _SH for trigger versionsbelowv v12. For trigger version
v12 and above, we include the logical OR of triggers E1 _SHT20, E2 _SHT20, E3_SHT?20,
E1 _SH30, E2 _SH30, and E3_SH30. The trigger requiremerts for the dominart triggersin
thesegroupsare asfollows:

EM _MX _SH

{ Level 1: CEM(1,15): At leastone L1 calorimeter trigger tower with at least 15
GeV of transverseenergyin the EM layers.

{ Level 2: No L2 trigger requiremert is madefor this trigger.

{ Level 3: L3Ele(1,20,sh):A singleelectroncandidatewith transverseenergyabove
20 GeV and within j ¢nj < 3:0. This trigger term also placesshowver shape
requiremens on the reconstructedelectron candidate.

E1_SHT20

{ Level 1. CEM(1,11): At leastone Ll calorimeter trigger tower with at least 11
GeV of transverseenergyin the EM layers.

{ Level 2: No L2 trigger requiremert is madefor this trigger.

{ Level 3: L3Ele(1,20,sh):A singleelectroncandidatewith transverseenergyabove
20 GeV and within j ¢nj < 3:0. This trigger term also placesshowver shape
requiremens on the reconstructedelectron candidate.

The trigger e ciencies are obtained from Ref. [31]. The pr-weighed trigger e ciency
for W ! e decysisfoundto be iy = 967 0:3% for trigger versionsbelon v12 and
wig = 97.7 0:4%for trigger versionv12. This yields a luminosity-weighed averagetrigger
eciency of yig = 97.0 1:6%.

7.1.2 Single Muon Triggers

We usethe following triggers for the 1MUloose data sample: MUW _W _L2M3 _TRK10 ,
MUW _A _L2M3 -TRK10 , MT10W _L2M5 -TRK10 , and MU ‘W _L2M5 _TRK10 . Be-
causecertain triggers were prescaledfor di erent run periods, we take care to rely only
on unprescaledtriggers. Becauseof this, we usedMU ‘W _L2M5 -TRK10 for runs 162512
179555,and the other three triggers for all other runs. The trigger requiremens for the
dominart triggers are as follows:

MUW W _L2M3 _TRK10

{ Level 1. mulptxwtlx: A wide regiontight scirtillator trigger with looserequire-
merts on hits in the muon wire chambers.
{ Level 2: One medium muon, identied at L2, with pr > 3 GeV=c

{ Level 3: Onetrack, reconstructedat L3, with pr > 10 GeV=c

MU W _L2M5 _TRK10
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Trigger L1 L2 L3 Total
MUW W _L2M3 -TRK10 867 0:7% 977 04% 743 41% 630 4:2%
MU W _L2M5 _TRK10 840 0:7% 863 0:9% 804 31% 583 3:3%

Table7.1: Trigger e ciencies for the dominart single-rmuon triggers usedin this analysis[30].

{ Level 1: mulptxwtxx _fz: A wideregiontight scirtillator trigger with a coincidence
in the forward luminosity scirtillators.

{ Level 2: One medium muon, identied at L2, with pr > 5 GeV=c
{ Level 3: Onetrack, reconstructedat L3, with pr > 10 GeV=c

Table 7.1 details the e ciencies for the two main triggers at the three trigger levels, and
the overall e ciencies. For the MUW W L2M3 -TRK10 and MUW _A L2M3 _TRK10
triggers, we use the e ciency found for MUW ‘W L2M3 _TRK10 . In the caseof the
MT10W _L2M5 _TRK10 andMU _W _L2M5 _TRK10 triggers,weapply the e ciency found
for MU W _L2M5 _TRK10 . The trigger e ciencies for thesedominart single-nuon triggers
can be found in Table 7.1.

7.1.3 Luminosit y

The luminosity can be calculated for ead global trigger. This is done by summing the
averageinstantaneousluminosity valuesrecordedin the luminosity blocks (LB) for the data,
asead LB cortains a record of the triggers exposedduring its correspnding time period.
Howevwer, beforethis luminosity integration can proceed,one must remove all LB's from the
list which correspnd to data-taking periods in which the data was corrupted in any way.
This data corruption can happen for seweral reasonsthe most commonof which are

The DAQ system can experience problems which causedata ow to stop. These
instancescan arise from any of the three levels of the trigger and result in a LB for
which no data is written (or written at low e ciency).

After ead run, the data quality from ead subdetector is recorded. For exampole,

someruns may consistof everts in which the muon systemis not operating properly,

but the tracking detectorsand calorimeterare. Sud a run would be usefulfor analyses
not sensitive to muon information, but uselesdor others.

After the data is recorded, o ine chedks of the data quality can reveal instancesof
detector noiseor otherwisedegradedewerts. A detailed analysisis generallyperformed
and a list of \bad" LB's is compiled.

To ensurea normalizabledata set, we remove all corrupted LB's. Futhermore, to ensurethe
quality of the data, we remove all runs which have exhibit degradeddetector performance
for the following subdetectors: SMT, CFT, calorimeter,and muon system. Finally, we reject
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Trigger pl4.03 pl4.05 pl4.06 Total
EM _MX SH 32.6 875 7.6 127.7
E1_SHT20 42.7 0.0 0.0 427
Total 75.3 87.5 7.6 170.4

Table 7.2: Integrated luminosity for electron triggers, before good run/LBN selection, for
the 1EMloose data sample. The units presened are pb 1.

the list of LB's which have beenmarked as cortaining calorimeter noiseby o ine analysis.
The integrated luminosity for the dominart triggers before the removal bad runs and bad
LB's are listed in Tables7.2 and 7.4. The results after the removal of bad runs/LB's are
showvn in Tables7.3 and 7.5. Becausetriggers can overlap, the total recordedluminosity
doesnot have to equalthe sum of the separatecortributions in ead column.

Trigger pl4.03 pl4.05 pl4.06 Total
EM _MX _SH 29.9 845 75 1219
E1_SHT20 42.4 0 0 42.4
Total 72.3 84.5 7.5 164.3

Table 7.3: Integrated luminosity for electrontriggers, after good run/LBN selection,for the
1EMloose data sample. The units presered are pb 1.

7.2 Simulated Samples

To study ewent ratesin data, we producedfull event-level and detector-leel simulations of
nearly all SM processesvhich may result in a W bosonplus HF jets signature.

Trigger pl14.03 pl4.05 pl4.06 Total
MUW W _L2M3 _-TRK10 755 429 0.1 1185
MT10W _L2M5 _TRK10 57.9 52.0 0.2 1101

MU W _L2M5 _TRK10 0.1 30.0 0.9 31.0
MUW _A _L2M3 _TRK10 23.2 29.6 0 52.8
Total 75.6 72.9 1.0 1495

Table 7.4: Integrated luminosity for muon triggers, beforegood run/LBN selection,for the
1MUloose data sample. The units presened are pb 1.



CHAPTER 7. DATA AND SIMULATION 68

Trigger pl14.03 pl4.05 pl4.06 Total
MUW W _L2M3 _-TRK10 724 424 0.1 1149
MT10W _L2M5 _TRK10 549  43.7 0.2 98.8

MU W _L2M5 _-TRK10 0.1 28.8 0.5 29.4
MUW _A _L2M3 _TRK10 20.9 28.8 0.0 49.7
Total 72.5 72.2 0.6 1453

Table 7.5: Integrated luminosity for muon triggers, after good run/LBN selection, for the
1MUloose data sample. The units presened are pb 1.

The Monte Carlo (MC) for all the processe®f interest weregeneratedat P s= 1.96TeV,
usingthe CTEQS5L [32]parton distribution functions (PDFs). A Poisson-distributedminimum-
bias overlay, with an averageof 0.5 ewerts, was included for all everts. The tt MC ewers
were generatedwith my, = 1750 GeV. A completelist of the MC evert samplescan be
found in Tables7.6-7.8. Thesetableslist both the number of everts and the e ective cross
sectionvalue for the process.This e ective crosssectionis given in terms of the total cross
sectionfor the generatedprocess(with the appropriate generatorlevel cuts) multiplied by
the brancdhing fractions appropriate for the speci ed nal state.

MC Process Generator B(ph Evens
tt ! " bogp Alpgen 2.36 46k
tt! " b b Alpgen 0.56 53k
tt! ogbaob Alpgen 2.51 32k

tb (s-channel), (W ! e; ) CompHEP 0.23 30k
gtb (Wg-fusion), (W ! e; ) CompHEP 0.52 32k

WzZ! ~ qoaq Alpgen 0.72 48k
ZZ'!' qq Alpgen 0.21 24k
WW'! " q Alpgen 1.20 23k
W+ n-jet(W! *) Pythia 9162 300k
Z+njet(Zz! ) Pythia 882 300k

Table 7.6: Monte Carlo samplessimulated for tt, single-top,and dibosonSM processes.

The samplescorrespnd to leading-order(LO) matrix elemerts for parton con gurations.
The tt, ZZ, WZ, and WW were generatedwith Alpgen 1.2 and Pythia 6.2 was usedto
simulate fragmenation and hadronization. For the W=Z+jets samples,the ewens were
interfacedto Pythia to simulate the remainder of the ewvert, initial state radiation (ISR),
fragmertation, and hadronization. There was no matching done between the generated
partons and the parton-level jets. Thesesamplesdo not include W ! orzZ! decys.
To ensureproper represetation of thesedecys, the e ciency for the existing sampleswas
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MC Type Generator B(ph Evens
Who, (W ! e) Alpgen 3.35 100k
Whb, (W ! ) Alpgen 3.35 100k
Whb+ 1-jet Alpgen 3.0 45k
Whb+ 2-jet Alpgen 1.53 44k
Wcc Alpgen 5.89 41k
Wce+ 1-jet Alpgen 3.76 49k
Wce+ 2-jet Alpgen 2.01 20k
Wc Alpgen 64 20k
Wc+ 1-jet Alpgen 40.3 20k
Wc+ 2-jet Alpgen 15.5 20k
Wc+ 3-jet Alpgen 5.3 20k
W + 1-jet Alpgen 1652 215k
W + 2-jet, (W! e ) Alpgen 287.3 100k
W + 2-jet, (W ! ) Alpgen 287.3 100k
W + 3-jet Alpgen 228 35k
W + 4-jet Alpgen 76 46k

Table 7.7: Monte Carlo samplessimulated for selectW +jets SM physicsprocesses.

increasedby a factor correspndingto the e ciency of the selectionfor W ! andZ !
decgsin eat channel. For example,in the caseof W ! e decas, the e ciency wasscaled
by afactorof 1+ W, =w: ¢ = 1:042,wherethe ratiosforW! e andW ! ewerts
were evaluated using Pythia . The W ! ,Z! egandZ! ewerts were also scaled
in the samemanner.

Becausethe Alpgen W=Z+jets samplesdo not have matching betweenthe generator
partons and the nal state jets enforced,there is no guarartee that the nal state n-jet
spectrum matchesthe generatedevert spectrum. To avoid incorrect calculations of cross
sections,we eliminate ewerts in which there are extra jets in the nal state. We achieve this
by applying two requiremerts to the ewerts:

Original partons are matched to parton-level jets, and only one parton-level jet is
acceptedfor any generatedparton.

Everts with a greater number of nal-state jets than were generatedare removed. In
practice, this meansthat an evernt generatedasW +3 jets and reconstructedwith 4 or
more jets will be rejected,and similarly for the full n-jet spectrum.

The crosssectionsfor di erent samplesare determined as follows, and are speci c to
the speci ed nal state. Unlessotherwisespeci ed, weak-bosondecas were forcedinto the
leptonic modes.

For the Alpgen samples,we usethe generatorcrosssections. The exceptionis the tt
samples,which are normalizedto 6.77 pb [36).
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MC Type Generator B(ph Evens
Zb (Z! e Pythia 0.77 30k

Zb (2! ) Pythia 0.77 30k

Zhb, (Z! e Alpgen 0.539 100k
Zb, (Z ! ) Alpgen 0.539 100k
Zb+ 1-jet Alpgen 0.44 14k

Zb+ 2-jet Alpgen 0.22 10k

Zcc Alpgen 3.07 30k

Zcc+ 1-jet Alpgen 1.14 15k

Zcc+ 2-jet Alpgen 0.41 10k

Z+ 1-jet,(Z! ee Alpgen 90.4 100k
Z+ 1-jet, (Z! ) Alpgen 90.4 100k
Z+ 2-jet,(Z'! ee Alpgen 29.1 100k
Z+ 2-jet, (Z! ) Alpgen 29.1 100k
Z + 3-jet Alpgen 21.4 15k

Z + 4-jet Alpgen 2.3 -

Table 7.8: Monte Carlo samplessimulated for selectZ +jets SM physics processes.

For the Pythia samples,we alsousethe generatorcrosssections.

The single-top crosssections(tb and qtb) are from the results of NLO calculations
[37].

For the W=Z +jets samplesthe generatorcrosssectionsare scaledby a k-factor of 1.3.
This value is obtained by comparing LO and NLO crosssectionsusing the MCFM
generator[3§].

The cortribution of the inclusive processW + bis estimatedusing MCFM to calculatea
crosssectionratio relative to W + bb production. This ratio is Ry 4 p=w+ 1w = 0:21 for events
in which all jets are requiredto have pr > 15 GeV/c. The crosssectionfor W + b is taken
as this ratio multiplied by the NLO-normalized W + bb crosssection. In addition, the pr
spectrum for W + b was measuredusing inclusive W production generatedwith Pythia .
The expectede ciency for W + bis then calculatedusing the e ciency of W + bb ewverts in
which only onejet is reconstructedcornvoluted with the e ciency for the jet pr requiremers.

7.3 Estimation of Multijet Background

The data samplein this analysiscortains everts originating from multijet production that
mimics a W -bosonsignature. As this badkground arisespredominartly from pure QCD inter-
actions, it is commonly referredto assimply QCD badkground. Currently, MC simulations
of these processeglo not reproduce features of data well, mostly due to the calculational
di culties in the non-perturbative QCD model. Howewer, much of the data collectedarises
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from QCD processesand provides a reliable meansof predicting this badkground. To esti-
mate multijets badkgrounds,we usethe so-calledmatrix method [39]. This method proceeds
by de ning two samples\lo ose"and \tigh t". The loosesampleshould cortain a large frac-
tion ( 80%) of multijets badkground, and the tight sample should represen the selected
analysissample. Thesevaluescan be expresseds (for the exampleof W -bosonselection)

Nioose = NQCD + Nw
_ (7.1)
Night = ocpNoco + wNw
where Ngcp is the number of multijets ewerts in the loosesampleand Ny is the number
of W-bosonewrts in the loosesample. The e ciencies ocp and  represen the rate
at which multijets and W bosonspassthe tight selection,respectively. This systemof two
equationscan be solved to yield the number of multijets ewerts for a particular selection

N N
NQCD = oD W WNloose tig ht (7.2)
w QCD

To measurethe value ocp, ewerts are selectedin the Er < 15 GeV region. Here, the
fraction of real W bosonewens becomesegligible, and, as seenin Eq. 7.1, the ratio of the
tight to looseselectionsreturns a measuremenof ocp. The measuremenof  depends
on the di erence betweenthe tight and looseselectionsand will be described below.

In the caseofthe W ! e selection,the tight and loosesamplesdi er by the requiremen
of a matching chargedtrack for the electron. Often, tracks are accidenally matchedto small
shawver depositions due to soft gluon radiation or other hadronic activity. Here, the value
for \ can be measuredasthe electron tracking e ciency, and is foundin Z ! eee\erts.
Everts are selectedwith at least one electron with a matching track and a total of two
electronswhich reconstructto the Z masswithin 10 GeV=¢, thus increasingthe likelihood
of originating from a Z decg. The electrontrack matching e ciency is takenasthe fraction

of everts in which the secondelectronalsohasa matching track. For the W ! selection,
the tight and looseselectionsdi er by the requiremern on muon halo and track isolation. In
this scenario,  is measuredn Z ! ewerts in the sameway asinthe W ! e selection.
e+ jets
n'jEtS sig f ake

1 0.77 0.04 0.028 0.001
2 0.79 0.05 0.029 0.001
3 0.79 0.06 0.030 0.002
4 - 0.028 0.007

Table 7.9: The \tight" selectione ciencies for signal and multijet ewerts in the e + jets
sample.

The extracted valuesof \ and ocp usedare givenin Tables7.9 and 7.10. They are
calculatedfor inclusive multiplicities of N 1, 2, 3, and 4 jets. The statistics for N 4 are
too low to provide a reliable estimate, and we therefore usethe valuesfrom N 3 for the
larger jet multiplicities.
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+ jets
n-jets

sig f ake

1

2
3
4

0.89 0.03 0.14 0.02
0.88 0.03 0.16 0.02
0.86 0.04 0.15 0.03

- 0.15 0.05

Table 7.10: The \tigh t* selectione ciencies for signal and multijet ewerts in the

sample.
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Chapter 8
Analysis Metho ds

This chapter focuseson the details of the selectionand evaluation of the W bosonplus heavy-

avor (HF) jets sample. We descrile the proceduresfor identifying W-boson candidates,
the treatment of jets in the candidate events, and the HF-quark tagging methods. We also
include a discussionof the systematic uncertainties asseiated with the analysis methods
and the meansusedto make a comparisonbetweenthe data and SM predictions.

8.1 W-Boson Selection

Selectionof ewverts which cortain a W bosonbeginsby searding for the decg products.
Hadronic W-bosondecgs are dominart, but the nal state signatureis renderedunobserv-
able by the large QCD multijet badkground at the Tewvatron. As mertioned earlier, we focus
on two of the semileptonicW boson nal states:W ! e and W ! . Here we outline
the processof reliably selectingone of these nal states.

8.1.1 Primary Vertex Selection

W -bosonproduction beginsat the certer of the detector in pp collisions. The protons and
antiprotons are brought into collision in buncheswith some nite spatial extert, and thus
tend to collide over an extendedregionin space. As descriked previously the actual point
wherethe collision occursis referredto asthe ewvert's primary vertex (PV). As the PV senes
asthe certer of the event's physicscoordinate system,a poor measuremenof the origin can
causeerrorsin the calculationsof pr, , andthe E+.

When a PV is reconstructedwith many tracks, it's position measuremenbecomesmuch
more reliable becausethe PV t has more constraints. As sud, we reject all everts with
a PV with fewer than three assaiated tracks. With a well-reconstructed PV, the distri-
bution of the longitudinal PV position assumesa Gaussiandistribution with a meanvalue
near the geometricalcerter of the detector. In someinstances,tracking ine ciencies or mis-
measuremets can causethe reconstructedPV position to fall far from it's nominal value.
In addition, multiple interactions in ead bunch crossingcan create additional vertices and
tracks that canconfusethe PV- nding algorithm, againresulting in anomalouslylarge posi-
tion measuremets. To mitigate thesee ects, the PV acceptancas limited by requiring the
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PV z-positions (along the beam) to be within jzpyj > 60 cm from the geometrical certer
of the detector. The distributions of thesevariablesare shavn in Fig. 8.1, illustrating the

25cm Gaussianwidth of the zpy distribution andthe number of tracks usedto reconstruct
the PV.
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Figure 8.1: The distribution of the primary vertex z position (left) and the number of tracks
usedto reconstruct the vertex (right).

8.1.2 Lepton Selection

To selectleptonic decas of W bosons,ewerts are required to cortain one well-iderti ed

lepton. To reject everts arising from Z ! ™ decass in which one lepton is not detected,
as well as contamination from WW, WZ, and ZZ badgrounds, a veto on any additional
isolated leptons with pr > 8 GeV=c in the ewent is imposed. For electrons, the specic
reconstruction and quality requiremens are:

One isolated electron passingEM reconstruction criteria;
Electron shover shape t 2 < 20;

The trajectory of a chargedtrack from the certral tracking detectorsmatched to the
position of energyclusteredfor the electronin the calorimeter;

The electron must fall within an acceptable ducial volume;

pr > 20GeV=, j j < 1:1.

In the context of this selection,a lepton i%consideredisolated if it is separatedfrom all
jets in the evert by an angularradiusR = ( )2+ ()2 > 0:5. The electron shover
shape is comparedin the longitudinal and transversedirections with that expected for real
electrons. Placingarequiremen onthe 2 ofthis t increaseshe reliability of the calorimeter
measuremets. Requiring a certral track which matchesthe electron's calorimeter position
provides discrimination against particles which do not originate from the PV. In addition,
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this requiremen helpsto eliminate electronsthat are faked by neutral hadronsand gluons
(which leave no tracks), which are characteristic of QCD multijet badgrounds. As the
calorimeter is constructed of three liquid-argon cryostats that are azimuthally segmeted
into wedges,the areasbetween the wedgesexhibit slightly poorer energy resolution and
e ciency. To eliminate systematicsfrom this feature, the ducial volume surroundingthese
regionsis removed from the acceptance.ln addition, electronsare only acceptedwithin the
regionj o < 1:1 (measuredfrom the geometricalcerter of the detector) to ensurethey are
within regionsinstrumented for calorimeter triggers, and the requiremen on the electrons
pr removes electronsnot e ciently triggered upon. This last requiremen increasesthe
reliability of the luminosity measuremen for electrontriggers.
For muons, the reconstruction and quality requiremerts are:

One isolated muon passingthe medium muon reconstruction criteria;
The muon must produce hits in all three muon systemlayers;

The trajectory of a chargedtrack matchedto the position of hits in the muon detectors
with minimum track-hit requiremerts in the certral tracker: at least2 SMT hits and
7 CFT hits;

Cosmic ray muon rejection via timing requiremernts in the muon system scirtillator
detectors;

The transverse energy deposited in the calorimeter in an annular ring, de ned by
0:1 < R < 0:4 around the axis of the muon, must be smallerthan 2.5 GeV;,

The sum of the pr of all tracks in a coneof R = 0:5 around the muon direction be less
than 2.5 GeV=c This excludesthe track matchedto the muon trajectory;

pr > 20GeV=c, | j< 1.6;
Forj < 1:1, further reject the region of 4:25< < 5:15.

Muons reconstructed with fewer than three hits in the muon systemtend to have a
poorer momertum measuremen and a higher incidence of detector noise. To ensurea
reliable measuremety we require the muon to have producedhits in all three muon detector
segmets. In addition, a matching certral track rejects faked muons from neutral hadrons
and gluonswhich penetratethe calorimeter,aswell asproviding a high-resolutionmomertum
measuremen To ensurea good certral track match, minimum track-hit requiremerts are
imposed. This requiremert is more necessarythan in the electron selection becausethe
distanceto the muon detectorsis much greater than the distanceto the calorimeter (from
the tracking detectors). In addition, muons have a high incidenceof contamination due to
cosmicray muons, which is reducedvia the timing cuts. Thesetiming cuts reject muons
that are consistem with originating outside the detector. The muon ducial volume is
further reducedin the regionj j < 1:1 to remove the uninstrumerted region where the
detector is supported from belown. Finally, the pr and j j requiremens ensurethe muon
is in a triggerable region of high e ciency, thus increasingthe reliability of the luminosity
measuremen
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8.1.3 Missing Transverse Energy

The neutrino from the W-bosondecg doesnot appreciablyinteract with the matter in the
detector asit passeghrough. Thus, we rely on the transversemomernium imbalance,or E+,
to provide information onthe neutrino’'s momenium. Both selectionsW ! e andW ! ,
require a minimum E1 of 20 GeV. The Et valueis taken from the event reconstructionand
veri ed to cortain proper correctionsfor all muonsin the ewer, including those that are
not isolated. Even after corrections, the E1 value can still deviate from it's actual value
becauseof mismeasuremets in the evert. Sud mismeasuremets could arise from poor
measuremets of the jets or leptonsin the ewernt. In the casethat the lepton in the ewert
is grossly mismeasured,the E+ will tend to point in the sameazimuthal direction as the
lepton, while in real W-bosoneverts it will point in the opposite direction. Thus, to help
reject against poorly reconstructedevents and QCD multijet badkgrounds, the separation
in  betweenthe E; and the lepton is required to be at least =8. Figure 8.2 shows the
resolutionofthe B inW ! e andW ! ewerts. The resultsaredivided into everts with
oneor two jets, and events with three or more jets. Here, the e ects of the jet energyscale
correctionsare evidert asthe calorimeter responsebroadenswith an increasingnumber of
jets. Thesedistributions represen the di erence betweenthe transverseneutrino momertum
in W decas (taken from the MC parton information) and the reconstructed E1. The
distributions have been t to Gaussianfunctions, and the t parametersare shavn in the
plots. In ewerts with oneor morejets, the E+ resolutionvariesfrom approximately 6-13GeV.
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Figure 8.2: The Et resolutionin W !~ plus jets everts. The distributions have been

divided into ewerts containing 1 or 2 jets (left) and 3 or 4 jets (right).

8.1.4 W Boson Transverse Mass and E ciencies

After lepton and Et selection,the next stepis to reconstructthe massof the W bosonto en-
surearobust W sample. Becausethere is no information about the longitudinal momertum
of the neutrino from the W ! ° deca, the W bosonmasscannot explicitly be recovered.
Howevwer, if we assumethat the Et obsened in the event correspnds to the transverse
momertum of the neutrino, the projection of the W massinto the transverseplane can be
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calculated as follows:

MWT = 2pTET 1 cos - i, (81)

where p; is the transverse momertum of the lepton (e or ), and d. is the azimuthal

angle of the transverselE+ vector. The full W massis well measuredby many experimerts
and the current world averageis 80425 0:038 GeV=c [11]. Thus one expects a Jacobian
masspeak, distorted by a varying distribution of transverseW momerium [40]. When the
neutrino is producedwith low p, and the E; accuratelyrepresets its full momentum, M,

will reconstructvery nearthe full W mass,widenedby the natural width of the W and the
detector £+ and lepton resolutions. With the W width measuredo be2:124 0:041GeV[11]
and the nominal £t resolution approximately 10 GeV (seeFig. 8.2), one expectsthe upper
edgeof the My, distribution to extend to 90-95GeV=¢ (higher in casesof poor Et or
lepton measuremets). The lower edgeof the distribution will tail o to lower transverse
masswith larger neutrino p, values.

A constrairt is placed on this reconstructed massof 40 < My, < 120 GeV=¢. On
the lower cuto, this requiremen primarily rejects QCD multijet badkgroundswhich have
produceda W ! signature by chanceand have a massdistribution exponertially falling
from zero. On the upper end, the masscut rejects poorly reconstructed W bosonsand
ewverts arising from detector uctuations. Figure 8.3 shows the distributions of transverse
momertum for electron candidatesand E; in both data and MC for the W ! e selection.
Also included in the gures is the estimated QCD multijet badkground. Figure 8.4 shows
the distribution of the transversemassand py of the W, derived from the momerium of the
electronand Et. In Figs. 8.5and 8.6, we showv the analogousdistributions for the W !
selection. All four distributions do not involve jet selectionor HF-tagging and represen a
normalization of the inclusive Pythia W=Z + n-jet MC to data. Thesedistributions are
dominated by evernts with no jets presem and the obsened shapes can be seento be in
adequateagreemen with the MC expectation.

The cumulative e ciencies for W ! and W ! e MC ewerns are shovn for eat
successi® W bosonselectionstep in Tables8.1 and 8.2, respectively. The nal e ciencies
represen the valuesusedin the inclusive W selections.

ID Cut: W+n-jet(W! e) Who(W! e) tt! eqq
1 EM shower, pr, and criteria 29.4 0.2% 328 0.3%  33.2 0.2%
CorrectedE1 > 20 GeV 25.1 0.1% 274 0.2%  30.9 0.2%

(pre; E1) 24.9 0.1% 271 0.2%  28.0 0.2%
Isolated lepton veto 24.8 0.1% 27.0 0.2%  27.8 0.2%
TransverseW masswindow 24.1 0.1% 25.8 0.2% 25.6 0.2%

Table8.1: E ciencies for W ! e selectionsn Monte Carlo for channelsof interest. Everts
in the three categorieswere generatedusing the Alpgen generator. The e ciencies do not
include the impact of the branching ratio for W ! e .
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ID Cut: W + n-jet (W ! ) Whbh(W ! ) tt! qq
1 Good muon, pr, and cuts 36.9 0.2% 36.9 0.3% 33.3 0.2%
CorrectedE+ > 20 GeV 32.0 0.1% 31.7 0.2% 31.3 0.2%
(pr ;E7) 31.7 0.1% 31.2 0.3% 28.7 0.2%
Isolated lepton veto 31.4 0.1% 31.0 0.3% 28.1 0.2%
TransverseW masswindow 30.0 0.1% 28.9 0.2% 25.3 0.2%
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e channel, prior to jet

Table 8.2: E ciencies for W |

selectionsn Monte Carlo for channelsof interest. Everts

in the three categorieswere generatedusing the Alpgen generator. The e ciencies do not
include the impact of the branching ratio for W !

8.2 Jet Selection and HF-Quark Tagging

After completinga robust W -bosonselection,the next stepsin evert selectionis jet selection
and HF-quark tagging. In this step, it is very important to selectwell-understood jets and
perform the HF-tagging in a mannerthat provides high purity.

8.2.1 Jet Selection

As mertioned earlier, jets are de ned usingan iterativ e seed-basedonealgorithm (including
mid-points), clustering calorimeter energywithin R = 0:5, which is subsequetty corrected
for the jet energyscale(determined from momertum balancein photon+jet events) [43]. To
ensureproper energy-scalgJES) corrections, all jets are required to lie within j jj < 2:5,
where ; is measuredwith respect to the certer of the detector. Also, jets are required to
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Figure 8.4: Transwersemassof W bosons,and their pr in the W ! e channel, prior to jet
selection.

satisfy pi > 25 GeV=c. This constrairt selectsiets that have well-measuredJES corrections
and that are have a high reconstructione ciency. At the costof ambiguity for e ciency, the
jet reconstructionalgorithm canreconstructjets which may alsohave beenreconstructedas
electrons,asthey both appear as clusteredcalorimeter energy To minimize this ambiguity,
we therefore do not considerreconstructedjets that are within R = 0:5 of the axis of any
electron.

8.2.2 HF-Quark Tagging

After the sampleof jets in assaiation with aW ! e orw! decy is selected the HF
cortent of the jets is evaluated. This evaluation is performedusingtwo di erent HF-tagging
algorithms: secondary-ertex tagging and soft-lepton tagging.

Secondary-V ertex Tagging

The secondary-ertex tagging (SVT) algorithm relies upon the displaceddeca vertices of
long-lived hadrons. For this analysis,the Tight SVT operating de nition is used. Only the
jets that passmore stringent quality requiremens are consideredfor SVT tagging. These
criteria arenot usedto eliminate jets from an evert, but only to choosetagging candidatesfor
the SVT algorithm. The jets that do not passtheserequiremerns areretainedto characterize
the total number of jets in the ewvert. Jets usedin the SVT algorithm must be matched in
( ; ) to trackjets within a separationof R = 0:5. Track jets are de ned by:

ConesizeR = 05in ( ; )

Extent in the z-direction of z = 2:0cm
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selection.

A pr > 0:5 GeV=cfor any included chargedtrack
Tracks must have at least 2 hits in the SMT
At least 1 track with pr > 1.0 GeV=c (to be usedasthe seed)

Individual track dca of lessthan 0.2 cm in the transverseplane and lessthan 0.4 cm
in the z direction.

A list of calorimeter jets whosetrajectories match to track jets is made. The e ciency for
this matching is appraximately 85% and is at as a function of both and pr, as seen
in Figs. 8.7 and 8.8. Thesejets are then matched to the reconstructed secondaryvertices
(described in Sec.4.3). Jets are deemedSVT taggedif their axis matchesto within R = 0:5
of the axis of a secondaryvertex. Figure 8.9 shavs the SVT HF-quark and light-quark
e ciencies for the Tight SVT de nition. The operating point chosenfor this analysishas
an averageb-quark tagging e ciency of (33:4 2:7)%, and (0:22 0:03)% for light quarks.

Soft-Lepton Tagging

The secondmethod employed for HF-tagging involves low-pr muons from decgs of HF-
quarks through virtual W-bosonintermediaries. About 18% of HF-quark decas result in
a nal state with this kind of muon [11], the detection of which provides a meansto tag
a jet of heary- avor. For this HF-tagging algorithm, no requiremens are placed on the
jets, as they are for the SVT algorithm. Jets with muons closethem in ( ; )-spaceare
consideredcandidatesfor this type of HF-tag. The muons used for this ewaluation must
passthe medium muon reconstruction requiremens. No muon track match requiremen
is made, but the momertum of the track is usedto descrike the muon's momerium in
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the evert of a match. In addition, only muonswith p; > 40GeV=cand| j < 20 are
consideredfor soft-muon tagging. Muons that passcerti cation and the kinematic criteria
are matched with jets basedon their separationin ( ; )-space. Jets with muons within
R = 0:5 are consideredSLT tagged. In the caseof ambiguity, the muon closestto the jet
axis is chosenas the tagging muon. The basice ciency operating point for this tagging is
determinedby the lower muon momertum cuto . Loweringthe momerium cuto lets light-
guark badkground into the algorithm. This occurs becausea low-pr muon is much more
easilyfaked becauseof it's large curvature in the muon toroids. This featureis compounded
by a higher combinatorial probability for low-pr tracks in jets to match the faked muon hits
position. The operating point chosenfor this analysisresultsin a SLT b-tagging e ciency
of 44 0:3%and 0:85 0:08%for light-quark jets.

In instancesin which oneof the muonsfrom a Z ! deca by chancelies within a jet,
the event can easily mimic the signatureof a W ! plus SLT taggedjet. To reject any
Z! badkgrounds, we require p; < 150 GeV=c This requiremern is performedfor both
theW! e andW ! samplesto eliminate any bias betweenthe two. In practice, no
ewverts are rejectedfrom the W ! e data sampledue to this cut.

Events with a SLT cortain a muon which can impact trigger e ciency. The single-
electrontriggers usedfor W ! e decgs depend on calorimeter trigger inputs, and do not
receiwe input from the muon detectors. Howeer, the single-nmuon triggers usedfor W !
decgs canbe impacted by the presenceof an additional muon. This e ect hasbeenstudied
and shown to increasesingle-nuon trigger e ciency from (62.1 3.4)%to (684 3:5)%. The
details of this study can be found in Appendix A. This increasedtrigger e ciency will be
usedin the normalization of MC ewerts in which a SLT tag is required.
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Figure 8.7: The SVT jet taggability e ciency asa function of , with no requiremen on pr.

8.3 Monte Carlo / Data Normalization

Reconstructionalgorithms are newer fully e cient, neither on data nor on MC. Howeer, it
is important for thesee ciencies to match in order to extract reliable measuremets from
data. With this in mind, we normalize all selectione ciencies in MC to data to accoun
for any discrepancies.Similarly, distributions in variablesusedfor selectioncriteria may not
agreebetweendata and MC, and thesemust consequetty be adjusted to match data. We
identify below the instancesin which we modify e ciencies or distributions of variablesin
MC.

8.3.1 Electron Selection

The reconstruction e ciency for electronsin data is de ned by the D EM-ID group [41],
andis foundin datato be %% = 850 1:96%for electronsin the certral cryostat (j j < 1:1)
and for the electron reconstruction criteria outlined in Section4.4. In MC, this e ciency
is found to be MS = 9654 1:98%. From these valueswe derive a data/MC e ciency
correctionfactor of f 1, = 0:880 0:024,which is usedto normalize (downward) the electron
reconstruction MC e ciency .

The track-matching e ciency in MC also di ers from that found in data. The EM-
ID group has measuredthe electron track-matching e ciency as %@ = 7691 2:67%in
data [41]. For MC, the electron track-matching e ciency is found to be M = 8251
1:96%[41]. We must therefore correct (downward) the electrontrack-matching e ciency in

the MC by the ratio of thesetwo numbers: f & = 0:932 0:037.
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Figure 8.8: The SVT jet taggability e ciency asa function of pr, with no requiremen on

8.3.2 Muon Selection

The data/MC e ciencies for muons have been studied extensiwely in [42]. These studies
indicate that the reconstructione ciency for muonsis the samefor data and MC, within the
uncertainty of the measuremen As sud, there is no normalization for this e ciency. The
isolation e ciency is foundto be i, = (87:.0 0:4)%in dataand s, = (89:0 0:3)%in MC,
resulting in an e ciency normalization factor of f,,, = 0:978 0:005. The track-matching
e ciency for muonsis found to be ¢ = (921 0:5)% in data and ¢ = (984 0:2)% in
MC, resulting in a track matching e ciency normalization factor of f,,, = 0:936 0:005.

8.3.3 HF-T agging

Di erences in tracking e ciencies betweenMC and data must be kept at a minimum to be
able to extract reliable results for HF-tagging. Any detector ine ciency not modeledin the
MC will widen discrepanciesand to mitigate thesekinds of de ciencies,we always normalize
the MC HF-tagging resultsto match data.

Primarily becauseof di erences in tracking e ciency betweendata and MC, the SVT
tagging algorithm is more e cient in MC. To accour for this discrepancy the B-ID group
provides functions parameterizedin (pr; ) for normalizing the MC SVT tagging results to
data. Thesefunctions act as scalefactors, e ectively reducing the e ciency for MC. The
details of this procedurecan be found in [44].

For the SLT tagging algorithm, di erencesbetweenMC and data are correctedby scaling
the MC muon selectione ciency to match data. We correct for the muon identi cation
e ciency in jets and for the track matching e ciency in jets for muons with a matched
track. The correctionsare applied per tag and the averagee ciency for thesecorrectionsin
MC is fStT = 0:842 0:056.
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Figure 8.9: The heary- a vor and light-quark tagging e ciencies for the SVT algorithm.

8.3.4 Smearing of Lepton pr

To obtain agreemeh betweenelectronand muon py spectra for data and MC, the MC must
be smearedto match the resolution in data. To perform this smearingfor electrons, we
modify the electron energyas follows:

E°= . E (1.0+ G) (8.2)

where E° is the resulting energy E is the energy before smearing, . is an -dependert
scalingfactor, and G is a random number selectedfrom a Gaussiandistribution certered at
zerowith an -dependen standard deviation . For electronswith j ¢ < 1:1, = 1:003
and . = 0:045. All 3 componerts of electronmomenum are scaledaccordinglyto maintain
the electron mass. For muon py smearing,we modify the muon momenium componerts as
follows: L L

— = +G (8.3)

Pr Pr
where p? is the resulting transverse momertum, pr is the transverse momenum before
smearing, is an -dependernt scaling factor, and G is a random number selectedfrom
a Gaussiandistribution certered at zeroand -dependen . For muonswith j j < 1.6,

= 0:991and = 0:00226. For muonswith j j > 1.6, weuse = 0:999and =

0:00465. The remaining componert of the muon momertum (p,) and the muon energyare
both scaledaccordingly to maintain the muon mass. The parametersin Egs. 8.2 and 8.3
re ect the shifts neededin absolute scaleaswell asresolutionto match MC to data.
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8.4 Systematic Uncertain ties

We classify the sourcesof systematicuncertainty in the analysisinto two categories:those
that impact the overall normalization of the selection(i.e., the number of W bosonswe
select), and those that a ect the shape of the selectedjet distributions. Of course,some
sourcesof error will fall into both categories,and are consideredaccordingly

8.4.1 Systematics from Normalization

The analysisbeginsby selectingan inclusive W-bosonsampleand comparing the normal-
ization and shapes of distributions of interest of data with MC. Uncertainties in selection
procedurespropagateto the normalization, and canin uence the expectednumber of everts.
We considerthe impact of the following sourcesof systematicuncertairty:

E ciencies for electronID (em,p) and track matching (emy k)
E ciencies for muonID ( ,p) and pr ( py) resolution
Measuremen of the absoluteluminosity

Trigger E ciency

The systematicuncertainties in variablesusedfor lepton selectionare availablein [46]. In
particular, the uncertainty in emyp is 2:1%, the uncertainty in emy is 3:1%,in |p it is
0:8%,and 3:0%for p;. Theseparametersdo not dependsigni cantly onjet multiplicit y.
For the integrated luminosity, we assigna systematic uncertainty of 6.5%, assaiated with
the absolute uncertainty on the inelastic pp crosssection [45]. The uncertairties on the
trigger e ciencies are taken from Sec.7.1.
We furthermore considerthe systematicuncertairnties assaiated with the MC generation:

MC crosssections
W ! 17| Factors

We assaiate a conserative uncertainty of 15% on the crosssectionsusedto normalize the
W + X Alpgen MC samples(where X includes all quark avors). We use a value of
6:4% [36] for the samples,and 18%for the single-top samples.Futhermore, we assiate a
1% uncertainty with the inclusion of W ! 2! e ciencies in MC samplesthat do
not include thesedecas (seeSec.7.2).

8.4.2 Systematics from Discrepancies in Shapes

After selectingthe W-bosonsample,we ched&k whether the jets in eat evert can be HF-
tagged. Taggingde nes our nal selection,and requiresfull understanding of the shape of
distributions of variablesmost a ected by criteria that causeeerts to shift from bin to bin,
or to be rejected. The sourcesof systematicswe considerare:

Jet Energy Scale(JES)
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Jet Identi cation
SVT tagging e ciency
SLT tagging e ciency

MC jet-parton matching

The uncertainty in the JES impacts the measuremen of E+, which also impacts the
normalization. Changesin jet pr cana ect the acceptancebecauserequiremerts on jet pr
in the analysiscan shift everts from bin to bin, or reject them outright. The e ect of the
uncertainty in JES is studied by changingthe pr of ead jet by  one standard deviation
( 1), wherel isde ned by the systematicuncertainty in the JES. The systematicuncer-
tainty assaiated with jet iderti cation is measuredo be 4%in [47]. To gaugethe impact of
a changein HF-tagging e ciency on the shape of distributions in HF-taggedeerts, we also
vary the SVT HF-tagging e ciency by 1 for eat taggedjet, wherel is de ned by the
systematic uncertainty in the normalization of the SVT data and MC e ciencies. For the
SLT HF-tagging e ciency, we include a systematic uncertainty of 8% obtained by varying
the R = 0:5 tagging cut by 15%. The uncertainty assaiated with the matching of MC
partons to reconstructedjets is taken as 3%, which is obtained by varying the R matching
valueby 15%.

All major systematicuncertairties assa@iated with this analysisare summarizedin Table
8.3, asa function of the exclusive number of jets in ead event (including any taggedjets).

Systematic Njet =1 Njet =2 Njet =3 Njet 4
emp 2:1% 2:1% 2:1% 2:1%
eMmy k 3:1% 3:1% 3:1% 3:1%
ID 0:8% 0:8% 0:8% 0:8%
oT 3:0% 3:0% 3:0% 3:0%
Lumi 6:5% 6:5% 6:5% 6:5%
Electron Trigger 2:.0% 2:0% 2:0% 2:0%
Muon Trigger 5:2% 5:2% 5:2% 5:2%
MC CrossSection 10=18% 10=18% 10=18% 10=18%
W ! 2! Factors 1.0% 1.0% 1:0% 1:.0%
JES 2:0% 2:0% 2:.0% 2:0%
Jet ID 4:0% 4:0% 4:0% 4:0%
SVT tagging 9:5% 9:5% 9:7% 9:7%
SLT tagging 8:0% 8:0% 8:0% 8:0%
Parton matching 3:0% 3:0% 3:0% 3:0%

Table 8.3: Summary of systematic uncertairties assaiated with results for HF-tagged jets,
as a function of the total exclusive number of jets, including any taggedjets.



Chapter 9

Results and Discussion

This chapter focuseson the details of the ewaluation of the W boson plus heary- a vor
(HF) jets sample. This measuremen is performed on the selectedW +jets sample using
secondary-ertex and soft-lepton tagging algorithms, all of which are descriked in the pre-
vious Chapter 8. We comparethese selectionsto SM predictions and the previous CDF
anomalousW+HF-quark production result.

Results reported in this section correspnd to 164 pb of integrated luminosity in the
e+ jets selection,and 145pb linthe + jetsselection.As detailedin the previoussection,the
MC are normalizedto theseluminosities and correctedfor di erences betweendata and MC
in HF-tagging and lepton ID e ciencies. Also, any discrepancyin trigger e ciency between
MC and data is takeninto accoun for eat set of selections(e+ jets and + jets). Because
these selectionshave di erent integrated luminosities, we treat eat one separately before
combining. After a the normalizations, we sum the two samplesto improve the statistical
uncertainty of the analysis.

9.1 Event Selection Results

To ensurea robust analysis,we examinethe evert sampleat di erent points in the selection
process. First, we will discussthe W +jets samplebefore HF-tagging has been performed.
After this step, we will imposethe HF-tagging requiremens to producethe nal selected
evert samples.

9.1.1 W plus Jet Selection

Figure 9.1 shows the exclusive number of jets in ewverts with a selectedW boson. The

fourth bin in the plot includesthe sum of four or more jets and the plot legendindicates
the expected SM processescortributing to the obsened data sample. The numbers of

expected and obsened ewerts for this distribution are summarizedby sourcein Table 9.1,

demonstrating reasonableagreemet betweendata and SM predictions at this stage of the

analysis. At this point, it is prudert to test whetherthe obsened W -bosonselectionvariables
agreewith the SM predictionsfor the exclusiwe jet distributions. Theseresults are discussed
in Appendix B, and shav adequateagreemen

87
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Figure 9.1: The exclusive number of jets with pr > 25 GeV/c in ewerts with a selectedW
boson, prior to requiring HF-tagging.

9.1.2 W plus HF-Quark Selection

Figure 9.2 shavs the exclusive number of jets in events with at leastonejet taggedwith the
SVT algorithm. The last bin in the plot cortains the sum of four or more jets and there
can be more than one SVT-taggedjet in any event. Figure 9.3 shaws the pr distribution of
SVT-tagged jets. Any SLT tag is simply ignored in theseplots and can be included if the
ewvert alsocorntains a SVT tag. The distributions of expected and obsened events with at
leastone SVT-taggedjet are summarizedby sourcein Table 9.2.

Figure 9.4 shaws the exclusive number of jets in everts with at least one SLT-tagged jet.
The format for these plots is the sameas that for the SVT plots in the previous section.
Figure 9.5 shows the pr distribution of SLT-tagged jets. The distribution of expected and
obsened ewens with at leastone SLT btaggedjet is summarizedby sourcein Table 9.3.

It is important to ensurethat the processof HF-tagging doesnot introducea signi cant
bias in the transverse W-boson massdistribution for selectedeverts. Sud a bias could
emanatefrom the primary lepton momertum or the E+. In practice, the decgs of b quarks
will cortain neutrinos which canimpact the E; value. This e ect can, in turn, impact the
reconstructedW bosonmass. Figure 9.6 shows the distribution of the measuredtransverse
W bosonmassfor ewvents in which at least one jet was HF-tagged with either the SVT or
SLT tagging algorithms. Herewe seea small enhancemenof the high-My 1 tail, asexpected
for inclusive b-quark decas. Aside from this, no signi cant departure from the transverse
massdistributions obtained before HF-tagging.

Jets tagged with both algorithms should provide a cleanersample of heavy- a vor jets.
The results for everts with at least one\doubly-tagged” jet, supposedlyenriched in heavy-
guark cortent, is shavn in Fig. 9.7. The distribution of expectedand obsened events with
at least one jet tagged by both the SLT and SVT algorithms is summarizedin Table 9.4.
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Source W +1jet W+2jets W+3jets W+ 4jets
W=Z +jet 11146 2190 1448 284 203 40 25 5
Multijet 1113 391 323 114 80 28 23 8
WWWzZ,Zzz 11.2 1.8 149 24 1.2 0.2 0.1 0.01
Wc 2749 54.0 83.8 16.5 13.6 2.7 1.6 0.3
W=Zcc 97.5 19.2 377 74 6.2 1.2 05 0.1
W=Zb 20.7 4.1 7.8 15 1.2 0.2 0.1 0.02
W=Zhb 127.1 25.0 60.9 12.0 11.1 2.2 0.9 0.2
tt, Singletop 6.6 1.0 21.2 3.4 218 3.4 155 25
SM prediction 12796 2685 1997 441 338 78 66 16
Data 12928 1899 289 58

Table 9.1: Summary of the exclusive number of jets with pr > 25 GeV/c in ewerts with a
selectedW boson, prior to requiring HF-tagging. The fourth bin represets the integral of
four or more jets.

The correlation betweenthe SVT and SLT algorithms hasbeenstudiedin MC. Thesestudies
nd no signi cant correlation betweenalgorithms, and the details about these correlations
can be found in Appendix C.

9.2 Limits on Anomalous Heavy-Fla vor Quark Pro-
duction

Upon nding adequateagreemeh between data and SM MC predictions in the W+HF-
taggedjet samples,we can derive limits on anomalousHF-quark production in assaiation
with W bosons.We have three selectionsfrom which to derive limits (SVT, SLT, & doubly-
tagged). Howewer, only the doubly-taggedjet samplehas the sensitivity to yield limits on
the scaleof the dominant SM cortributions.

9.2.1 Mo del Indep endent Limits

Becausewe have not suggesteda possiblemodel for the production of anomalouseverts,
we cannot baselimits on any model for new physics. In the absencesud a model, we
quote limits on the number of expectedewerts per exclusie jet bin. To determinelimits, we
calculate the 95% con dence level (C.L.) for additional evert production in ead bin using
a modi ed Frequerist method, alsoreferredto asthe CL s method [48].

We begin by de ning the valuesNg and N, as the number of anomalous(signal) and
expected SM (badkground) ewens, respectively, for ead distribution. The value Ng,p IS
then de ned as the sum of thesetwo numbers: Nsi.p, = Ng+ Np. To ewaluate a limit,
we assumea Poissondistribution for repeated trials of eady measuremenh We begin by
populating a normalized distribution with a large number ( 10°) of Poissontrials with a
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Source W+ljet W+2jets W+3jets W+ 4jets
W=Z +jet 56.1 11.0 7.2 14 38 0.7 0.6 0.1
Multijet 134 47 6824 1505 06 02
WWWz,zZz 0.26 0.04 0.71 0.11 0.08 0.01 0.01 0.01
Wc 10.7 212 38 0.8 08 0.2 0.1 0.02
W=Zcc 22 04 1.8 0.4 0.41 0.08 0.05 0.01
W=Zb 2.8 0.6 1.8 0.4 0.32 0.06 0.03 0.01
W=Zhb 139 2.7 124 24 27 05 0.23 0.04

tt, Singletop 1.0 0.2 5.0 0.8 6.2 1.0 5.1 0.8
SM prediction 100.3 21.7 395 86 157 3.1 6.6 1.2
Data 104 37 18 6

Table 9.2: Summary of obsened and predicted W -bosoncandidate everts with at leastone
SVT-taggedjet.

meanvalue given by Nq. . For ead ertry in the Poissondistribution, the Ny valueis drawn
from a Gaussiandistribution with a meanvalue given by the expected SM badkground found
in this analysisand a width given by the error on that expectation. The value Ny is held
xed at the number of anomaloussignal everts being tested. Next, we de ne the value
CLs+p asthe integral of the normalized Poissondistribution belowv the obsened number of
ewerts in data for Ng > 0, and CL, asthe integral below the obsened number of everts for
Ns = 0. The value of Ny is increaseduntil the value

CI-s+b
CLyp

falls belov 0.05,0r CLs < 0:05. The Ng value at which this test is satis ed is de ned as
the 95% C.L. limit for the event rate for anomalousheavy- a vor production in assaiation
with a W boson. Table 9.5 shows the values extracted for ead exclusiwe jet bin. These
limits represen the number of additional ewerts, per jet bin, that could be obsened and
still remain consistem with SM results at 95% C.L. Given a particular model, a researber
could extract cross-sectiorlimits by calculating the model acceptancein ead exclusiw jet
bin, with the luminosities for ead sub-hannel (e+ jets and + jets).

CLs =

(9.1)

9.2.2 SM Anomalous Pro duction Limits

Assuming that anomalousheavy- a vor quark production has the sameewen topology as
someSM processthe event limits derived above canbe translated into upper limits on cross
sections. To this end, we considerthree scenarioswhich cover the full exclusiwe jet range:

\ Whi-like" production in which two b quarks are producedin asseiation with a W
boson. In this scenario,additional light quarksor gluonscanbe produced,and thereby
shift the evert topology to more than two jets. Jets not within the acceptanceof the
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Figure 9.2: Exclusive jet multiplicit y for events with at leastoneSVT-taggedjet. The fourth
bin represets the integral of four or more jets.

detector can also causethe ewvent topology to drop to lessthan two jets. We model
this production using the cross-sectionand e ciencies for SM W=Z + bb production.

\Single-top-like" production in which one heavy particle is produced in assaiation
with one or more quarks, that could possibly be possibly b quarks. The ewent can
cortain additional light or heary quarks and gluons. We model this scenariousing
the cross-sectiorand e ciency for SM singletop production, dominated by two- and
three-jet topologies.

\tt-like" production in which a two heavy particles are produced and deca to a W
bosonand a HF quark. The ewert can also cortain additional light or heary quarks
and gluons. We model this scenariousing the cross-sectiorand e ciency for SM ttb
production, dominated by three- and four-jet topologies.

We evaluate an upper cross-sectionlimit on exclusiwe jet production for ead scenario,
but rst ignorethe e ciency for reconstructingthe predicted jets. The remaining e ciency
represeits W-bosonselectionand HF-tagging. To extract limits for a speci ¢ model, this
e ciency must be multiplied by the probability to reconstruct the number of jets given in
eat exclusiwe jet bin. Given a model with W-boson production similar to that obsened
in one of the three scenarios,a researber can calculate the speci c jet acceptancesn the
exclusiwe jet bin(s) of interest. Theseresults are presened in Table 9.6.

To evaluate a limit on inclusive jet production for ead scenario,we reintroducethe e -
ciency for reconstructing the predicted jets. For inclusive W bb-like anomalousproduction,
we sumthe rst two exclusive W + n-jet bins, asthe cortribution from the remainingbins is
negligible. For tt-like and single-top-like anomalousproduction, we sum all W + n-jet bins,
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Figure 9.3: Transwversemomertum for jets which have beentagged with the SVT tagging
algorithm.

exceptfor the n = 1 bin, wherethe cortribution is alsonegligible. For theselast two scenar-
ios, we alsoreport limits basedon a sum of the ewerts in the W+2,3 jet bins for comparison
to the CDF anomalousresult. Table 9.7 shovsthe 95%C.L. ewert limits for the conmbination
of jet bins for thesethree hypotheses,and also the correspnding anomalousheavy- a vor
guark production crosssection limits. The jet reconstruction e ciency is included in the
calculationsand the limits cortain the expectede ciency of the speci ed SM processes.

9.3 Discussion and Conclusions

9.3.1 Comparison to SM Predictions

We have measuredthe HF-tagging rates in data ewerts that also cortain a W bosonand
comparedtheseresultsto SM MC predictions. The MC prediction for the SVT-tagged jet
sampledemonstratesa 2 deviation from the data obsenation of 0.94for the four exclusive
jet bins, while the SLT-tagged jet samplehasa 2 sum of 3.38. In theseselections,we nd
no signi cant departure from SM predictions. The largest e ect in thesetwo distributions
is a small systematicdata de cit in the W + 2-jet bin. This deviation could be explainedby
either the modeling of the processesn that bin, or by a statistical uctuation in the data.
In either case,the data obsenation is still within 1 of the SM prediction. Furthermore,
the W bosonplus doubly-taggedjet sampledemonstratesgood agreemeh betweendata and
SM MC processes.Thesetests increaseour ability to limit the rate of rare processesn W
plus heavy- a vor quark production.
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Source W +1jet W+2jets W+3jets W+ 4jets
W=Z +jet 422 10.3 104 2.0 3.2 0.6 0.26 0.05
Multijet 10.2 36 39 14 12 04 051 0.18
WW WZz,Zzz 0.15 0.02 0.36 0.06 0.04 0.01 0.01 0.01
Wc 86 1.7 21 04 0.68 0.13 0.05 0.01
W=Zcc 21 04 147 0.29 0.31 0.06 0.02 0.003
W=Zb 1.2 0.2 0.84 0.16 0.13 0.03 0.02 0.003
W=Zhb 59 1.2 53 1.0 1.1 0.2 0.13 0.02

tt,Singletop 0.36 0.06 1.8 0.3 22 04 19 03
SM prediction 80.7 17.4 26.1 5.7 89 1.8 29 0.6
Data 81 21 8 2

Table 9.3: Summary of obsened and predicted W -bosoncandidate everts with at leastone
SLT -taggedjet.

Source W+ljet W+2jets W+3jets W+ 4jets
W=Z +jet 22 04 0.05 0.01 0.15 0.03 0.0 0.0
Multijet 1.2 04 05 0.2 0.1 0.1 0.0 0.0

W=Zb;W=c 0.58 0.11 0.18 0.03 0.04 0.01 0.02 0.003
W=Zbb;W=Zcc 0.91 0.18 0.87 0.17 0.20 0.04 0.02 0.004
tt, SingleTop 0.07 0.01 0.32 0.05 0.44 0.07 0.33 0.05
SM prediction 5.0 1.2 2.0 0.5 1.0 0.2 0.4 0.1
Data 5 1 1 0

Table 9.4: Summary of obsened and predicted W -bosonewerts with at leastonejet tagged
by both the SLT and SVT algorithms.

9.3.2 CDF Anomalous Result

Usingthe cross-sectionimits we've derived, the anomalousHF-quark production result from
CDF can be addressed.The CDF result was introducedin Sec.6.1.3and is characterized
by an excessof ewverts in the W+2,3 jet bins, shavn in Fig. 6.9. As is evidert, there are
seeral interpretations that canbe madeabout the distribution of everts in the CDF W plus
doubly-taggedsample. We will addressthe three most relevant scenarios.

1. The excessseenin the rst three bins of the CDF W+SLT distribution (seeFig. 6.8)
indicates an underestimation of the SLT e ciencies between MC and data. The
SLT-only distribution for CDF consistsof appraoximately 75%light-quark badgrounds
(mistaggedjets), with the rest consisting of HF-quark processes.The CDF SLT e -
ciency measuremen for HF quarks (used for MC normalization) could be underesti-
mated by performingits measuremenin a samplewith an over-represeted light-quark
cortent. With the additional requiremen of the SVT tag (for doubly-taggedjets), this



CHAPTER 9. RESULTS AND DISCUSSION 94

g 90F Dé
80F

”>J = B i, qtb, tb MC
708 W/Zbb, W/Zb MC
60 = W/ZcT, WiZec MC
50F Wi/Z+light jets MC

= B QCD Multijets

405 —e— Data
30F
201 ¢
10k
OL—‘—¥

=
N
w

34
Exclusive Number of Jets

Figure 9.4: Exclusive jet multiplicit y for events with at leastone SLT-taggedjet. The fourth
bin represets the integral of four or more jets.

Source W+ljet W+2jets W+3jets W+ djets
Data obsenation 5 1 1 0

SM prediction 49 1.2 20 05 0.94 0.18 0.37 0.05
95%C.L. Limit (everts) 6.68 3.86 4.14 3.00

Table 9.5: Obsened and predicted W-bosonewerts with at least one jet tagged by both
the SLT and SVT algorithms. Also shown is the 95% C.L. limit in the form of additional
expected ewerts.

discrepancywould becomemore pronouncedin the richer HF sampleasthe light-quark
cortribution is reduced. Assumingthat the light-quark SLT rate is measuredwell, a
simple calculation can be performedto determinethe proper per-jet SLT HF-tagging
e ciency:

fre(n) = (Pfalse:Ptrue)n (9.2)

where f g (n) is the fraction of the correct HF cortent for ead n jet bin, Ps e IS
the incorrect per jet SLT HF-tagging e ciency, and Py . is the true e ciency 1. This
condition is most closely satis ed with a value of Ps 5s¢=Py e = 0:787, determined by
increasingthe HF-contribution of ead bin to eliminate the data excessobsened and
minimizing the deviation over the jet bins. Correcting for this factor and assumingno

LIf oneassumeshat the data and MC predictions should agree,then the true e ciency is determined by
the additional SLT rate neededto achieve agreemer.
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Figure 9.5: Transwersemomenum for jets which have beentaggedwith the SLT tagging

algorithm.

Model W+ 1ljet W+ 2jets W+ 3jets W+ 4jets
W hb-like 35.0 9.1 6.0 4.5
Single-top-like 33.3 16.2 12.5 8.5
tt-like 26.4 10.2 11.7 12.6

Table 9.6: Cross-sectionlimits in pb, basedon the hypothesesof \top-lik e" anomalous
production and \ W bb-like" anomalousproduction of exclusive number of jets. Eac valueis
correctedfor the e ciency of reconstructing the predicted number of jets in ead jet bin.

SVT/SLT correlations, the excessin the W+2,3 jet bins of the CDF doubly-tagged
sampledrops from 8.6 events to 4.7 everts. As a fraction of the SM prediction, the
excesdrops from 194%to 54% of the SM prediction.

2. The one-jet bin in the CDF doubly-taggeddistribution is de cit in data. Considering
that the generalshapesof the CDF and D MC distributions agree,sud a de cit is
unexpected. Sudh an o set can occur if there is a di erence betweenthe jet selection
e ciencies between MC and data. In particular, dierences in the jet energy scale
correction could causesuc an e ect by causingmore jets to be acceptedby the pr cut
than would otherwisebe accepted.If this bin is summedwith the W+2,3 jet bins, the
excesver the SM prediction falls from 8.6to 5.6. As a fraction of the SM prediction,
the excesdalls from 194%to 66%.

3. The third interpretation, which hasbeenusedmost by the CDF collaboration, is that
the excessn obsened ewerns in the W+2,3 jet bins represeits a cortribution from a
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Figure 9.6: TranswerseW -bosonmassfor ewverts with at least one HF-tagged jet.

non-SM sourceof physics. This scenariocannot be dismissedwithout an independert
measuremen Sud a measuremenhasbeendiscussedn this dissertation, and we will
addressthe hypothesisof anomalousHF production in detail below.

Making a direct comparisonof the results and limits descriked hereto the CDF anoma-
lousresultis di cult. Dierencesin e ciencies, crosssections,and the certer-of-momerium
energycauseinconsistenciesn comparisonsbetweenthe two results. Howewer, we caniden-
tify a scenarioin which a direct comparisoncan be motivated: with the samemethod of
calculating upper cross-sectiorlimits usedin Sec.9.2.2,we can calculatean anomalouscross
sectionfor the CDF sampleusing the SM production scenariosoutlined above. Theseval-
uescan be compareddirectly to the limits found in this dissertation, and a comparisonof
these numbers can be found in Table 9.8. To calculate these numbers for the CDF result,
the crosssectionsand selectione ciencies from the CDF study are used. This allows the
sameprocessto be comparedwith the luminosity, cross-sectionand certer-of-massenergy
di erencesfactoredout. Table 9.8indicatesthat usingthe W bb-like scenario,no exclusionof
the comparableCDF obsenation can be made. Howe\er, for the single-top-like and tt-like
scenariosan exclusionof the CDF result canbe obsened at alevel of CLg = 2:2 10 2 and
CLs= 40 10 2, respectively.

9.3.3 Conclusions

We have preseited an analysis of ewverts in which a W bosonwas selectedin either the
W! e orW! decy channel. After this selection,we examinedthe jets in these
ewerts for possibleHF-tags, using both secondary-ertex and soft-muon tagging algorithms.
In the e+ jets channel we analyzed164 pb ! of data, and 145pb ! of data in the + jets
channel. At this time, we seeno signi cant departure from the predictions of the standard
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Figure 9.7: Exclusive jet multiplicit y of everts with at least one jet that has beentagged
with both the SVT and SLT algorithms. The fourth bin represets the integral of four or
more jets.

model (seeFigs. 9.2-9.7). Usinga W bosonplus doubly-taggedjet sample,we seta 95% CL
limit on the rate of anomalousproduction as a function of the number of jets in the ewerts
in which at leastonejet is taggedwith a simultaneousSLT and SVT tagging algorithm (see
Table9.5). Interpreting theseresultsasanomalousSM production of W bb-like events, single-
top-like everts, and tt-like everts, we are able to set upper crosssectionlimits of 26.2 pb,
15.6pb, and 14.7 pb, respectively for sudh anomalousHF-quark production (seeTable 9.7).

Finally, we made a comparisonwith the anomalousW bosonplus HF-quark production
result published by the CDF collaboration. Using the upper cross-sectionlimits derived
usingthe D data, we excludethe CDF result at greaterthan 99%C.L. in the W+2,3 jet
bins,andin the W+ 2 jet binsin single-top-like and tt-like scenariosyespectively. We nd
we cannot excludethe CDF result in the W+1,2 jet bins for a Whb-like scenario,as these
combined bins do not constitute a signi cant departure from the SM predictions. Basedon
thesecomparisons,and the further considerationsdiscussedn Sec.9.3.2, we concludethat
the CDF result doesnot represen su cien t evidenceto indicate a non-SM sourceof physics
in W bosonplus HF-quark production at the Fermilab Tevatron pp Collider.
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Source W+ 1,2jets W+ 2,3jets W+ 2jets
Data obsenation 6 2 2

SM prediction 6.9 1.2 29 05 3.3 0.5
95%C.L. Limit (everts) 6.58 4.51 441
Model

W hbrlike 26.2pb { {
Single-top-like { 16.7pb 15.6pb
tt-like { 23.7pb 14.7pb

Table 9.7: 95% C.L. limits for the number of everts summedover the indicated jet bins.
Also shownn are cross-sectiorimits basedon the hypothesesof W bb-like, single-top-like, and
tt-like anomalousproduction for the selectednumbers of jets.

Source Whblike (1,2 jets) Single-top-like (2,3 jets) tt-like( 2 jets)
CDF Anomalous 4.3 20.7 15.6

D 95%C.L. Limit 26.2 16.7 14.7
Exclusion C.L. { 22 10°7? 40 1072

Table 9.8: Comparisonof CDF and D results for a W plus doubly-taggedjets selection.
The three rows correspnd to the CDF anomalouscrosssection,the D 95% C.L. upper
crosssectionlimit, andthe C.L. at which the CDF result can be excluded.



App endix A

Muon Trigger Enhancement in SLT
Events

In this analysis, W bosonselectionbeginswith requiring a single-leptontrigger to re, as
discussedin Sec.7.1. The e ciency for ead trigger ultimately determinesthe maximum
W -boson selectione ciency. The analysis further vetos ewerts cortaining more than one
isolated lepton, which helpsto eliminate certain badkgrounds, but also helpsto reducethe
complication of trigger overlaps. Howeer, in the instancesin which a jet is b-taggedusing
the SLT algorithm, an additional (non-isolated) muon is presen in the evert. This muon
will not impact the W ! e triggering e ciency, astheseewerts are selectedby requiring a
single-electrontrigger and the muon bias in thesetriggers is negligible. Howeer, there is a
signi cant probability that sud a muon canimpact the W ! triggering e ciency.

A.1 Single-Muon Trigger Enhancemen t

The dominant single-nuon triggers usedin this analysis are MUW W _L2M3_TRK10 and
MU _W_L2M5_TRK10, with the following trigger terms

MUW W _L2M3 _TRK10
{ Level1: mulptxwtlx (wide regiontight scirtillator trigger with looserequiremerts
on hits in the wire chambers)
{ Level 2: 1 medium muon, idertied at L2, with pr > 3 GeV=c
{ Level 3: One L3 track, with pr > 10 GeV=c

MU ‘W _L2M5 _TRK10

{ Level 1. mulptxwtxx fz (wide regiontight scirtillator trigger with fast Z coinci-
dence)
{ Level 2: 1 medium muon, idertied at L2, with pr > 5 GeV=c

{ Level 3: One L3 track, with pr > 10 GeV=c
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The muonsresulting from the semi-leptonicdecgy of a B mesongenerallyhasa small pr,
as shown in Figure A.1. Therefore,the L3 requiremen will generallybe dicult to satisfy
with thesemuons. Howe\er, the preseits of oneor more jets and another high-pr muon will
serne to augmert this e ciency. Thus, the largestincreasein single-nuon triggers will occur
at L1 and L2.
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Figure A.1: Transversemomertum for SLT muonsin data ewerts.

To ewaluate the impact of this e ect, we usedata ewverts which have beenselectedusing
a single-electrontrigger. The single-muon trigger e ciency for SLT muonswill be measured
by courting the frequencyin which these muons satisfy the selectedsingle-rmuon triggers
in W ! e plus SLT ewents. To model most closelythe W ! plus SLT nal state,
we perform a looseW ! e selectionwith a soft-muon btag requiremen. The W ! e
selectionperformedis idertical to that described in Sec.8.1, with the following changes

pr > 15GeV=
Corrected £+ > 15 GeV
30< My, < 150GeV

Thesechangesare performedto increasethe statistics of the test sampleand shouldnot intro-
ducesigni cant systematicerrors. The SLT b-tagging requiremen is descriked in Sec.8.2.2.

The shape of the jet distributions doesnot dier betweenthe W ! e and W ! se-
lections, and the requiremen of a matched-trad for the electronwill provide a similar L3
enhancemenasin W ! ewerts. With theseconsiderations,we do not assaiate a sys-

tematic uncertainty with this method of measuringthe single-rmuon trigger enhancemendue
to SLT muons.

The rst stepin this evaluation isto measurethe single-nuontrigger e ciency inW ! e
plus jets everts in which no SLT is obsened. This residual single-nuon trigger e ciency is
determined by courting the number of everts selectedas descriked above, with a veto on
SLT btaggedewens. The fraction of theseewens satisfying a single-rmuon trigger is kept
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asthe residual e ciency. Eacdh trigger was consideredonly during the runs in which it was
active, asspeci ed in Sec.7.1. Theseresults can be found in Table A.1.

Trigger Total Evts PassedTrigger E ciency
MUW W _L2M3_TRK10 437327 515 0.12 0.005%
MU_W _L2M5_TRK10 98789 35 0.04 0.006%

Table A.1: Numbers of selectedewens for a looseW ! e + jets requiremen and the
number of everts which also red the specied trigger. All ewverts which cortain a SLT
b-taggedjet are vetoed.

Next, the number of everts which cortain a SLT b-taggedjet is evaluated. The results of
the measuremencanbe seenin Table A.2. The total number of events indicatesthe number
of W ! e plus SLT ewens. The number of these everts passingthe speci ed trigger is
evaluated and listed in the table. The errorslisted are statistical errors.

Trigger Total Evts PassedTrigger E ciency
MUW W _L2M3_TRK10 1631 317 19.4 1.2%
MU_W_L2M5_TRK10 378 27 7.1 1.4%

Table A.2: Numbers of selectedewens for a looseW ! e + SLT requiremen and the
number of everts which also red the speci ed trigger.

Given a single-rmuon trigger e ciency of P; and a SLT muon trigger e ciency of Py, the
total trigger e ciency for W ! plus SLT ewerts can be evaluated as
Pot =1 (1 P)@ Py) (A1)

wherethe SLT muon trigger e ciency, P,, is calculated by subtracting the residual single-
muon trigger e ciency measuredin W ! e plus jets everts with a SLT veto from the
e ciency found for ewverts requiring a SLT b-tag.

P> = Psit Prosit (A.2)

Trigger P, P, Piot
MUW W _L2M3_.TRK10 630 42% 193 19% 701 42%
MU_W _L2M5_TRK10 583 33% 71 21% 613 41%

Table A.3: Combined selectione ciencies for single-nmuon triggers as given by Eq. A.1.
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and the results are shovn in Table A.3. Thus, the luminosity-weighted single-muon trigger
e ciency for W ! ewerts risesfrom 621 3:4%to 684 3:5%in SLT btaggedewens.



App endix B

W -Boson Selection in Exclusiv e Jet
Distributions

Although good agreemeh was obsened for the W-bosonselectionvariablesin Sec.8.1, it
is important for the transverseW -bosonmassdistributions to agreeatfter requiring jets in
the ewverts. The distributions showvn in Sec.8.1 were dominated by ewverts with no jets and
were thus normalized to the large-statistics Pythia W=Z+jets MC samples. Here we will
presen thesedistributions for eat exclusiwe jet selection,asdescrikedin Sec.8.2.1. At this
point, we will normalizethe selectionsto the Alpgen MC sampleslisted in Sec.7.2.

Bl W! e Selections Variables in Exclusiv e Jet Dis-
tributions

The distributions for W ! e + 1, 2, 3, and 4 jets are shovn in Figs. B.1- B.2. The
distributions showv a slow decreasdn Et resolution with increasingnumber of jets, which
leadsto a broader My, distribution. This feature forti es the needfor the upper cuto on
the transversemassdistribution. The agreemeh betweendata the MC predictions is good
within the limits of statistics.

B2 W Selections Variables in Exclusiv e Jet Dis-
tributions
The distributions for W ! + 1,2, 3,and 4 jets are shavn in Figs. B.3- B.4. The

distributions follow the generaltrend seenin the W ! e decas, with a noticably lower
QCD multijet cortribution. Again, the agreemeh betweendata and MC predictionsis good
within statistics.
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Figure B.1: TranswerseW-bosonmassdistributions for events with exactly one (left) and

two (right) jets with pr > 25GeV=candj j < 2:5. Theseewerts are selectedw !
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App endix C

Correlations between Tagging
Algorithms

The heary- avor quark cortent of everts can be enhancedby applying an HF-tagging al-
gorithm to the jets in the evert. Even after this requiremen, a signi cant number everts
cortaining only light- a vor quarks can cortaminate the sample. Requiring the simultaneous
overlap of two or moretagging algorithms cansigni cantly increasethe purity of sud a selec-
tion, although at the costof e ciency. It isimportant to understandthe correlationsbetween
the two tagging algorithms when requiring sud an overlap. In this Appendix, we evaluate
the correlationsbetweensecondary-ertex tagging (SVT) and soft-muon (SLT) tagging. We
de ne jets which have beentaggedby both of thesetwo algorithms as doubly-taggedjets.

BecauseSLT and SVT algorithmstag heary- a vor quarksdecaing into di erent (but not
orthogonal) ways, we expect the e ciency for ead taggerto dependondi erent properties of
the jets. The SVT algorithm relieson chargedtracks from the deca/ of heary- a vor quarks.
The number of these tracks is larger for fully hadronic HF-decgs than for semi-leptonic
decgs. Howewer, the SLT algorithm intrinsically requiresa muon presen in the jet (ideally,
from b! corb! c! g decgs). This di erence should causethe SVT e ciency to
be lower for jets that are SLT tagged(i.e., semi-leptonicHF decas) and can be obsened as
a negative correlation betweenthe tagging algorithms.

To study the performanceofthe SVT and SLT algorithms, we rst measurethe e ciencies
per jet asa function of pr. We perform this study on two groupsof MC samples:

Top-lik e: the rst group are ewerts that cortain high pr b-quarks from decgs of
heavy particles. We include the following ewvert types: tt, qtb (W-g fusion), and tb
(s-channel).

W bb-lik e: the secondgroup are ewerts in which the b-quark pr is lower than in the
rst group. Here, we include the following evert types: Whb, Zbb, and Zh.

We ensurethat any muonsusedfor the SLT algorithms arisefrom HF-quark deca/s and not
decgs of primary W or Z bosonsby matching with generatorpartons.

To measurethe tagging e encies, we match jets in eah ewert to b-quark partons using
generator information. Next, the tagging algorithms are applied to ead jet. The pr is
recordedfor eaty sample, before and after applying the tagging algorithms. The tagging
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e ency is then given by the ratio of the two py distributions:

_ TaggedJets Matched to a b-parton

= C.1
9 ™ Total Jets Matched to a b-parton (C.1)

In the following, this e ciency is measuredusing good jets (described in Sec. 4.6) with

pr > 20 GeV/c, good PV selection(described in Sec. 4.2), and no additional evert selec-
tion. The measuredSVT e ciencies include the ine ciency assaiated with jet taggability

requiremens (seeSec.4.6).

C.1 HF-tagging E ciencies for Inclusiv e b Decays

Figures C.1 and C.2 shov the SVT, SLT, and doubly-tagged jet e ciencies, for top-like
and W bo-like inclusive b-quark decgs, respectively. To measurethe correlation betweenthe
taggers,we divide the doubly-taggede ciencies by the product of SVT and SLT e ciencies.
These distributions are shovn in Figs. C.3 and C.4, for top-like and W bb-like samples,
respectively. In the evert of no correlations, we expect this distribution to be equalto unity
for all pr values. We t the normalizede ciencies to a straight line:

f(pr)=a+a pr (C.2)

Table C.1 shows the t parametersfor the two evert samples. A negative correlation is
obsenedin thesesamples,ndicating that the doubly-taggede ciency is lower than expected
from the SVT and SLT e ciencies alone.

Sample a a
Top-like 0:931 0:034 0:0001 0:0004
W bb-like 0:801 0:048 0:0016 0:0007

Table C.1: Parametersfor alinear t to the normalizeddoubly-taggede ciency for inclusive
b-decys.

C.2 HF-tagging Eciencies for Semi-Leptonic b De-
cays

Figures C.5 amd C.6 shav the SVT, SLT, and doubly-taggedjet e ciencies for the top-like
and W bb-like samplesfor semi-leptonicb-quark decgys. We determinethe correlationin the
sameway asin the previoussection. The normalizeddoubly-taggede ciencies are shavn in
Figs. C.7 and C.8 for top-like and W bo-like samplesrespectively. The resultsfor a linear t
are givenin Table C.2. As expected,limiting the measuremen of tagging e ciencies to jets
matched to semi-leptonicdecygs of b-quarks producesa correlation much closerto unity.
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Figure C.1: Tagginge ciencies for SVT, SLT, and doubly-taggedalgorithms in the top-like
sample(denotedtt in the plot) asa function of taggedjet pr. The e ciency is derived for
inclusive decygs of b-quarks.

Sample a a1
Top-like 1:008 0:057 0:0003 0:0007
W bb-like 0:988 0:075 0:0004 0:0013

Table C.2: Parametersfor a linear t to the normalized doubly-taggede ciency for semi-
leptonic b-decys.

C.3 Drop in SVT Eciency for Semi-leptonic b Decays

We have obsened a negative correlation for the overlap of SVT and SLT algorithms in jets
not constrainedto arisefrom semi-leptonicb-quark decass. Provided this negative correlation
can be explained by a decreasen the number of tracks produced by b decas, we should
obsene a correspnding decreasen SVT e ciency for the two samples.At the sametime,
we should be able to measurea decreasen the number of tracks per secondaryvertex in
MC and data.

FiguresC.9and C.10show the decreasen SVT e ciency whenrestricted to semi-leptonic
b decgs as a function of pr for top-like and W blr-like samples,respectively. Also shown is
the ratio of e ciencies asa function of pr. Table C.3 shows the resultsof alinear t to this
ratio. The valueswe nd are very closeto thoseobsened in the negative correlation of SVT
and SLT e ciencies in inclusive b decgs, indicating that this decreasan SVT e ciency is
the sourcefor the negative correlation.
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Figure C.2: Tagginge ciencies for SVT, SLT, and doubly-taggedalgorithmsin the W bl-like
sample (denoted Whb in the plot) asa function of taggedjet pr. The e ciency is derived
for inclusive decas of b-quarks.

Figure C.11 shaws the di erence in the number of tracks per jet betweenjets that have
beentaggedwith the SVT algorithm and the SLT algorithm for the top-like and W bo-like
MC samples.The samedistribution is shown for data in Fig. C.12. In both plots, thereis a
marked decreasen the number of tracks per jet for semi-leptonicb-deca/s. The decreasen
the meanvalue of the distributions asa percerage of the SVT meanvalue is 32.3%,24.7%,
and 27.2%for W bb, tt, and data, respectively. The number of tracks in jets tagged with
the SVT algorithm starts at two, asthat is part of the requiremen for forming secondary
vertices (seeSec.4.6).

Sample a a
Top-like 0:926 0:.027 0:.0001 0:0003
W hb-like 0:846 0:032 0:0007 0:0006

Table C.3: Parametersfor a linear t to the decreasen SVT e ciency for semi-leptonicb
decys.

C.4 Conclusions on SVT/SL T Correlations

In this Appendix, we studied e ciencies for secondary-ertex (SVT) and soft-muon (SLT)
tagging. We have seenthat there is a negative correlation when a jet is required to be
taggedsimultaneously with both algorithms. Futhermore, we shoved that nearly all of this
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Figure C.3: Doubly-taggedjet e ciency normalizedby SVT and SLT e ciencies in the top-
like sample(denotedtt in the plot) asa function of taggedjet pr. The e ciency is derived
for inclusive decgs of b-quarks.

correlation can be attributed to a decreasean the SVT e ciency for jets that have a SLT,
and that this decreasen SVT e ciency canbe accouned for by a decreasen the number of
tracks in jets that results from semi-leptonicdeca/s of heavy- a vor quarks relative to fully
hadronic heavy- a vor quark decays.
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Figure C.4: Doubly-tagged jet e ciency normalized by SVT and SLT e ciencies in the
W bb-like sample(denoted Whb in the plot) asa function of taggedjet pr. The e ciency is
derived for inclusive decgs of b-quarks.
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Figure C.5: Tagginge ciencies for SVT, SLT, and doubly-taggedalgorithms in the top-like
sample(denotedtt in the plot). The e ciency is derivedfor semi-leptonicdecass of b-quarks.
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Figure C.6: Tagginge ciencies for SVT, SLT, and doubly-taggedalgorithms in the W bb-
like sample(denoted Whb in the plot). The e ciency is derived for semi-leptonicdecas of

b-quarks.
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Figure C.7: Doubly-taggedjet e ciency normalizedby SVT and SLT e ciencies in the top-
like sample(denotedtt in the plot) asa function of taggedjet pr. The e ciency is derived
for semi-leptonicdecygs of b-quarks.
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Figure C.10: Left: SVT e ciency for inclusive b deca/s and semi-leptonicb decass as a
function of pr. Right: The ratio of SVT e ciencies for thesetwo scenarios. These gures
correspnd to the W bb-like evert sample.
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Figure C.11: Left: Number of tracks per tagged jet in the W bb-like MC sample. Right:
Number of tracks per taggedjet in the top-like MC sample. Plots are shavn for SVT and
SLT taggedjets separately
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