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ABSTRACT

A measurement of the top quark mass from dilepton decay @taum presented, using
approximately 360 pb' of data colleced by the D@ experiment at Fermilab. The mass
is measured from a total of 21 candidate dilepton eventsigutie neutrino weighting
scheme. The measured mass is found to be 17867 (stat.) 6.0(syst.) GeV. This result

is in good agreement with the current world average of thejt@rk mass.
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CHAPTER1
INTRODUCTION

The history of particle physics mirrors the history of huntvelopment. Man has always
wondered about what makes up the world around him. From thesity of the earliest
cavemen to the ancient Greeks' conception of indivisibiéiglas to ...

Hold it.

All of that is a lie, or at least a myth. The idea that the sedmclfiundamental particles
represents something, well, fundamental about mankindbi$ af fantasy, told to make
the progress of science seem like an inexorable march rdthea drunkard's walk. Until
relatively recently, it has not been evolutionarily adweggous for man's curiosity to extend
much past the search for food, comfortable shelter, and sbree quantities that tend to

get sacri ced in the search for fundamental particles (9gare 1.1).

FIGURE 1.1. Owl shift (midnight - 8 AM) at the D@ patrticle physics taatory. Note the
lack of food, comfort, and sex.
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For all the efforts of earlier scientists, the search ford@amental particles as we know
them today did not begin in earnest until 1897, with the diecy of the electron by J.J.
Thomson. Scientists at Thomson's laboratory immediatetaliled the importance of their
discovery by declaring the electron to be useless and ggisasts to its lack of utility.

The electron has, of course, proven to be far from useless.a Practical level, it
has led to revolutions in computing, communications, anast bf other technologies.
Its discovery also paved the way to further explorationshef sub-atomic world. These
searches led to a host of newly-discovered particles, wibipgrties so outside common
experience that they can only be described as odd (in pasitgtrange (in quantum state),
or, occasionally, even charmirlg.

As these particles were being found, a theoretical framkewas being developed to
categorize each discovery and to explain the behavior ¢f paw particle. Theory and ex-
periment built upon one another, growing ever larger anceradvanced in their search for
the fundamental. Experimental apparatuses have grown diesktop-size bubble cham-
bers to miles-long particle accelerators. Theory has athédfrom quantum theory to the
Standard Model of particle physics.

This thesis describes efforts made to measure the mass diethgest known con-
stituent of the Standard Model, the top quark. The top quarthé most ephemeral of
particles, lasting for only a millionth of a millionth of a fhonth of a millionth of a sec-
ond before decaying away. From one viewpoint, this reptssamiegree of uselessness
that would surely have warmed the hearts of Thomson's cglies. From another view-
point, though, the top quark is of tremendous value. The ¢gntags that may be measured
during its brief existence can con rm the predictions of &ndard Model, or point to
as-yet-undiscovered physics.

Chapter 2 of this thesis describes the top quark’s placeimitie Standard Model, as
well as its uses in probing for new physics. Chapter 3 prav/@e overview of the only

machine currently capable of producing top quarks, the FabnTevatron, and describes

1Hey, don't blame me + didn't come up with these names!
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the equipment used to detect their existence. Chapters % angblain how collisions

containing top quark decay products are identi ed and $etein the experimental data,
while Chapter 6 outlines how the mass of the top quark is retcocted from the properties
of its decay particles. A description of the statisticalgadures used to nd the top quark
mass most consistent with observed data is provided in €h&@ptThe result of the mass

measurement is revealed in Chapter 8, and the implicatibtitésoresult are discussed in
Chapter 9.
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CHAPTERZ2
THEORY

By nearly any measure, the Standard Model is a spectacidadgessful physical the-
ory. It describes interactions of three of the four knowndamental forces: the strong
nuclear force, the weak nuclear force, and electromagnet(3he fourth force, gravity,
falls outside the purview of the Standard Model.) Standaati® calculations of particle
properties have shown exceptional agreement with expatahessults. The theory has
also predicted a number of new fundamental particles whasteace has since been con-
rmed by experiment [1] [2] [3]. The heaviest such partidiee top quark, was discovered
at Fermilab in 1995 [4] [5]. This chapter provides an ovemwfer the mechanism of top
quark production in hadron collisions within the Standardddl, as well as a discussion

on the importance of the top quark mass within the theory.

2.1 The Standard Model

According to the Standard Model, all matter is made up of ksi@and leptons. There
are three generations of each, with each quark generatimaioong a quark with charge

+ %e and a quark with charge %e. Each lepton generation contains a charged lepton
and an associated uncharged neutrino. Forces betweenpidueisdes are transmitted via
intermediate gauge bosons (Figure 2.1).

The Standard Model combines two theories: quantum chromardics (QCD), which
describes the strong force, and the electroweak (EW) thedmch uni es electromag-
netism with the weak force. Both QCD and EW are local gaugerts, meaning that
their Lagrangians are invariant under position-dependbase translations. Calculations

in each are performed by perturbatively expanding in ordétise interaction strength (de-
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FIGURE 2.1. Fundamental particles within the Standard Model.

ned by a coupling constang). In this way, interactions are modeled by summing over
individual sub-processes in increasing ordeapfis shown in Figure 2.2. Sub-processes
such as loop diagrams can introduce divergences into these $1owever, in both theories

such divergences can be circumvented through the use afnatipation procedures.

(@) (b) (c)

FIGURE 2.2. Contributions to electron-electron scattering fratested (a) leading-order,
(b) next-to-leading-order (NLO), and (c) next-to-nextkbading order (NNLO) processes.
Each vertex contributes a factor ofa to the scattering amplitude.

2.1.1 Quantum Chromodynamics

Quantum Chromodynamics is described by an SUE0, generated by theolor charge

Each quark carries such a charge, and interactions betweeksjare mediated by eight
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massless gauge bosons, called gluons. The gluons couptmlyoto the quarks, but to
themselves as well. This causes the coupling constant attbeg interaction to decrease

as the momentum transfgiincreases [7]:

4p
s= > 2.1
T 2yin(£-) &)

L2
QCD
In the above equatiom; refers to the number of quarks with masses less {hamhile

L ocp is a free parameter that must be determined experimenkaiygent data [8] sets the
value ofL gcp at a few hundred MeV.

Equation 2.1 illustrates the principle of “asymptotic fleen” — as the energy scale of
the interaction increases (or conversely, as the length deareases), the coupling constant
vanishes. Thus, quarks within a tightly con ned space (sal nucleus) behave as free
particles. If one attempts to separate a quark from suchrement, though, the coupling
increases in strength, to the point where it becomes eneatjgtmore favorable to create
a new quark-antiquark pair from the vacuum than to isolaieglesquark. This results in
hadronization of the quarks.

Equation 2.1 also provides an estimate of the perturbaggeon of QCD. In order
for the perturbative approach to be valid, the coupling tanms s must be much less that
unity. This implies that the energy scale of the interactrarst be much greater thamycp.
Energies on the order of a few hundred GeV are needed to peddpauarks, indicating
that experimental top quark production can be used as aspyadest of perturbative QCD

calculations.

2.1.2 Electroweak Uni cation

The electroweak interaction is described by an SU(2U(1)y gauge group, generated
by four massless gauge bosons. A doublet of complex scalggsHield may also be
added to the electroweak Lagrangian. Choosing a particoilamum of the Higgs eld

spontaneously breaks the symmetry of the Lagrangian, atwrpatively expanding about
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this minimum produces additional Goldstone bosons. Explpthe local gauge invariance
of the Higgs eld causes the Goldstone bosons to be absodoetéten”) by the gauge
bosons, yielding four physical particles: three massivetarebosons and one massless
boson. The massive bosons andZ are identi ed as the carriers of the weak force, while
the massless particle is the familiar photon, the elecroratg mediator. This procedure
also introduces a new massive patrticle, the Higgs bosos.i$laurrently the only particle
in the Standard Model bestiary that has not yet been obsexmetimentally.

The existence of the massive bosons was predicted by themleak theory years
before their discovery. The theory also predicted the iaahip between the bosons'

masses.:

% =1 sirfgw; (2.2)

whereqy is the weak mixing angle and is a measure of the respectivaliogustrengths
between the SU(2) and U(1) groups. As withcp, Sirfow is a free parameter, and is
measured experimentally to be 0.223 [9]. The discovery ei¥handZ bosons at CERN
in 1983, and the subsequent measurement of their masegg=3:403 0:029 GeV and
mMz=91:18 0:002 GeV [10], in exact conformation with predicted valuesnains one of
the great triumphs of the Standard Model.

For all the successes of the Standard Model, the theory isvitlobut its limitations.
The degree of weak mixing between quark states, describedebZabibbo-Kobayashi-
Maskawa (CKM) matrix, is not predicted by the theory, andriiging parameters within
the matrix must be measured experimentally. The massesdutidamental fermions
must likewise be determined empirically.

The mass of the Higgs boson presents a larger problem. Im tréld Il its role within
the Standard Model, the Higgs must be relatively light, vaitmass no more than 1 TeV or
so0. However, the theory also predicts that couplings to tiggs$iat an arbitrary energy scale

L, as shown in Figure 2.3, should introduce a radiative ctioedo the bare Higgs mass
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FIGURE 2.3. Higgs mass sensitivity to energy schle

that is proportional td. 2. At Grand Uni cation scales, this causes the so-calledrdniehy
problem”, as any massive particles associated with newiphgause the mass of the Higgs
to diverge. Furthermore, a fundamental Higgs must havefasapling that goes to zero
at some nite energy, a condition that eliminates the synmmbteaking property of the
particle.

The exact nature of the Higgs can thus provide con rmatiothefStandard Model or
point to new physics. Earnest attempts are being made totdee Higgs directly [11].
In the absence of direct observation, constraints on thgdigass can be made indirectly,

through the measurement of the mass of the top quark.

2.2 Top Quark Production

Top quarks are produced predominantlytirpairs at the Tevatron, via QCD interactions
between the partons within colliding protons and antipnretoThe dominant production
processes come frong annihilation and gluon-gluon fusion, as shown in Figure 2t
the Tevatron's center-of-mass energy of 2 TeV, perturba@CD may be used to calculate
the production cross sections for these processes.ttTdress section is found to be on
the order of a few picobarns, with roughly 85% of thgairs coming frongg annihilation
[12]. This compares to an overall inelaspip cross section o 50 mb, so that nearly ten
billion collisions are needed to create a singlpair.

The decay of the top quark is governed by weak interactionlady, term in the CKM

matrix. The magnitude of this term has been measured dir&otin observations of top
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FIGURE 2.4. Leading-ordett QCD production processes.

guark decay, but the uncertainty on this measurement is [4&]. However, limits on the
magnitude can also be inferred from decays of lighter qulayksombining the unitarity of
the CKM matrix with the assumption that there are only threeagations of quarks. This

assumption leads to a constraint that [14]

0:9991< jVipj < 0:9994 (2.3)

Such a constraint indicates that the top quark decays alexctusively to ab quark
and aW boson, as shown in Figure 2.5. If the masses ofthieoson and thé quark are

neglected, a tree-level calculation of the top quark dedayhwields:

G
Q! W)= Py, (2.4)
8p 2
where Gk is the Fermi coupling constant. For a top quark mass of 175, @e/decay

width is approximately 1.8 GeV. Of course the masses ofthboson and thé quark

are not negligible; including them reduces the decay width.4 GeV [15]. This width is
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larger than_ ocp, indicating that the top quark lifetime is less than the Q@bescale, so

that the top quark decays before it hadronizes.

W+
t b

FIGURE 2.5. Dominant decay mode of the top quark

The b quark does hadronize before it decays, producing a high-entum particle
“let”. The W boson may decay either hadronically or leptonically. Taébleshows that the
tt decay modes are categorized according to the decays W tiesons in the event.

This analysis makes use of “dilepton” decaysgtopairs; that is, decays in which each
W boson decays to either an electron or a muon. (Decays to péonke are not consid-
ered, as taus are not easily identi able with the D@ detext@uch events contain two
high-momentum jets from thequarks, two high-momentum leptons, and a signi cant im-
balance in the total measured momentum due to the undeteetédnos. Thét branching
ratio for these processes is only5%, but this low ratio is offset by the fact that the likeli-

hood of background processes producing such an eventgignatalso small.

2.3 Measurement of the Mass of the Top Quark

As mentioned above, thig production cross section at the Tevatron is on the order of a
few picobarns. As Figure 2.6 shows, the exact value of thescsection predicted by the

Standard Model is dependent on the mass of the top quark, &lpuecision measurement
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TABLE 2.1. Branching ratios folW decay modes.

WT ene [W! pn, [W! tn, [W! o
W1 en. | 1/81 1/81 1/81 2127
W! pn, | 1/81 1/81 1/81 2127
W! tn | 1/81 1/81 1/81 2127
W! g | 2/27 2/27 2127 419

of the top quark mass can be combined with a cross sectionumegasnt to provide a test

of Standard Model predictions.

T
— NLO
——— MNLC 1P
=== NHNLO FIM
==== MNLO ave

0 L L L L
150 160 170 180 1a0 200
m (GeV)

FIGURE 2.6. Dependence on thEproduction cross section anp. The NNLO average
is the average of the single-particle-inclusive (1PI) aad-mwvariant-mass (PIM) results
[12].

A measurement of the top quark mass also may be used to dartbieaallowed mass
for a Standard Model Higgs. This is accomplished by considethe effect of radiative

corrections on the mass of tié boson. At lowest order, th&/ mass is given as:

q__
ppa
_ 2G¢ A (2.5)
Mw = singw  sinqw’ '

wherea is the ne structure constant. Couplings of $heto the top quark and Higgs boson

lead to the introduction of a corrective teibn in theW mass:
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(2.6)

singy 1 Dr
In the above equatiom) contains a term proportional tqzop and a term with a loga-
rithmic dependence on the Higgs maBBiiggs _ In(%). Thus, precision measurements

on bothmp andmyy can provide a constraint on the Higgs mass (Figure 2.7).

1 —LEP1 and SLD
80.5 -~ LEP2 and Tevatron (prel.)

68% CL

150 175 200
m, [GeV]

FIGURE 2.7. Constraints on the Higgs mass from measurememtg,aindmyp.

2.4 A Note on the Top Quark Mass

Because quarks are not observed as free particles, the tgrank‘mass” does not have a

unique de nition. Different computational methods mayuksn different de nitions of
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guark mass. The “pole mass” is de ned as the pole of the quesggpator in perturba-
tive QCD. Attempts to treat QCD non-perturbatively lead e tle nition of an HQET
(Heavy Quark Effective Theory) quark mass, which introdudiferences of the order?

to the pole mass [16]. Still other model-dependent de miﬁcﬁ'r}"{')g, mGOFF’,, etc.) also exist.

Throughout this dissertation, all discussions of quarksmager to the pole mass.
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CHAPTERS3
EXPERIMENTAL APPARATUS

Top quark pairs are produced at Fermilab from collisionsveen protons and antiprotons
in the Tevatron accelerator. The Fermilab Tevatron is thedgdargest proton-antiproton
(pp) collider, a kilometer-radius synchrotron that collidestjzles at a center-of-mass en-
ergy of 1.96 TeV. Two detectors (CDF and D@) are placed atsetding regions in the
Tevatron where these collisions take place. These detectost be capable of identifying
guark jets, electrons, and muons produced in top quark deeayl must also detect the
presence of any neutrinos within the decays. This analyalemuse of data collected by
the D@ detector, a multi-purpose detector consisting ofdraktracker (for measuring the
momentum of produced particles), a calorimeter (for idgimgy and measuring the energy
of jets and electrons), and a muon spectrometer. The Tevatrcelerators are discussed
more fully in [17]. A detailed description of the D@ detectppears in [18].

3.1 Fermilab Accelerators

Protons to be used in the Tevatron are collected from fromuacsoof 18 keV H ions.
These protons are increased in energy through a series acuelerators, ending in the
Tevatron at an energy of 980 GeV (Figure 3.1). Protons acscalbided with a nickel target
to create antiprotons, which are in turn gathered and sforddter use in accumulator and
recycler rings. The anti-protons are also accelerated @8V in the Tevatron.

Charged particles may be accelerated by the applicatioxtefreal electric elds. Per-
haps the simplest method of acceleration is to place theclgartvithin a constant electric
eld, produced by two electrodes at different potentialiSlis achieved at Fermilab with a

Cockcroft-Walton pre-accelerator, an electrostatic Ecaéor that increases the energy of
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FIGURE 3.1. The Fermilab accelerator complex.

the H ions from 18 keV to 750 keV.

Electrostatic accelerators can only be used for a limitegfggnrange, as very large
energy differences lead to sparking between the electréddeleration to higher energies
require the use of alternating radiofrequency (RF) eldscharged particle exposed to an
RF eld will experience no net acceleration, as the accélegaand decelerating phases
of the eld will cancel one another. However, the accelematmay be made non-zero by
shielding the particle within conductive material duritg tdecelerating phases of the RF
eld. This is done at Fermilab in the Linac, a 146 meter-loimgelr accelerator containing
an alternating series of RF cavities and conducting tubée. Linac accelerates Hions
from 750 keV to 400 MeV.

Linear accelerators also have their limits, as space aingdrlimit the length of the
accelerators. To accelerate protons to 980 GeV with Linadds evould require an accel-
erator dozens of kilometers long! Such an arrangement woeltdoth cost- and space-

prohibitive, so circular synchrotron accelerators aredusstead for further acceleration.
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A synchrotron uses dipole electromagnets to steer chargeitlps in a circular path of
xed radius while increasing their energy. This requires arencomplex design than that
used for the Linac, as both the magnetic eld and the accefergotential on a particle
must continually increase in order to accelerate the panitiile keeping it at a xed ra-
dius while it accelerates. Additionally, because a givat®bmagnet can produce only a
limited range of elds, acceleration within a synchrotraanaot continue inde nitely.

A set of three synchrotrons is used to accelerate protohgto hal energy of 980 GeV.
The rst of these is the Booster, which accepts the 400 MeViehs from the Linac. In
their passage from the Linac to the Booster, the ions angpstd of their electrons, leaving
only protons behind. The Booster groups the protons inte¢bhes” and accelerates them
to 8 GeV. The protons then pass to the Main Injector, whichge®rll protons into a
single bunch and accelerates them to 150 GeV. From therprabens are injected into the
Tevatron.

The Main Injector is also used in the production of antipnstoProtons in the Main
Injector are accelerated to 120 GeV and are then transptwtachickel target. The tar-
get consists of 10 cm-diameter nickel disks separated bperopooling disks. Protons
colliding with the nickel targets produce 8 GeV antiprot@ighe rate of one to two an-
tiprotons per 100,000 collisions. These antiprotons atkegad with a lithium collection
lens, and are separated from other produced particles bypsraaa pulsed dipole eld.
The antiprotons are sent to the Debuncher ring, which appt@chastic cooling to reduce
the momentum spread of the particles. They are then pasgbd #faccumulator ring for
storage.

The ef ciency for gathering new antiprotons decreases asntimber of antiprotons
within the Accumulator increases [19]. During antiprotanguction, bunches of antipro-
tons are periodically sent to the Recycler, a separateratip storage ring located directly
below the Main Injector. This allows the Accumulator to nrakie its antiproton collec-
tion rate. The Recycler may also be used to gather unusqut@tatns at the end of a set of

pp collisions for later use. Antiprotons from either the Rdeyor the Accumulator may
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be accelerated by the Main Injector and passed to the Tevatro

The Tevatron makes use of superconducting niobium/titanuagnets to provide a
much stronger magnetic eld than is available to either tlem&er or Main Injector, al-
lowing for acceleration to much higher energies. Bunchesfthe Main Injector are co-
alesced into a single bunch, and are passed into the Tevakfoen the Tevatron contains
36 bunches of protons, this procedure is repeated for theratdns, producing a 36 36
store of proton and antiproton bunches.

Particle bunches are accelerated in the Tevatron from 150t6&80 GeV. Protons
and antiprotons cycle through the Tevatron in helical srlitthin a shared beam pipe.
A set of twenty-four electrostatic separators, spacedutiinout the Tevatron, keeps the
particles from colliding outside of the D@ and CDF detectof3ollisions are initiated
at those regions by means of focusing magnets, called laavdpeads, which tighten the
diameter of the proton and antiproton beams tqu40 The proton and antiproton beams

cross one another at each detector every 396 ns.

3.2 The D@ Detector

As described in Chapter 2t decays can produce jets, electrons, muons, and neutrinos.
The D@ detectors consists of three subsystems that allow identify these particles:

a central tracking system that produces precision vertexnomentum measurements,

a liquid argon/uranium calorimeter that measures jet aedten energies, and a muon
spectrometer. Locations within the detector are descrilyed right-handed coordinate
system, as shown in Figure 3.2, with thg axis pointing upward and thez axis pointing

in the direction of travel of the proton beam. Particles witine detector are also described
by the radial distance to the beamlineas well as by the azimuthal andleand the polar
angleq. The polar angle is more commonly described by the pseutbirgh, de ned as

h= In[tan(g=2)].
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FIGURE 3.2. The D@ detector.

3.2.1 Tracking

The central tracker consists of the Silicon Microstrip kexc(SMT) and a surrounding
Central Fiber Tracker (CFT) contained within a solenoid metgThe solenoid is wrapped
with two layers of superconducting Cu:NbTi multi lamentpé provides a eld of 2 T.
Together, the SMT and CFT provide precision measuremertteohomentum of charged
particles, and can locate the primary collision vertex vaittesolution of 3%um along the

z axis. High-momentum jets frofm quarks may also be tagged, with an impact parameter

resolution of under 1pm in ther f plane ath =0.

Silicon Microstrip DetectorThe SMT consists of six sets of alternating barrel and disk
detectors, capped at the ends by additional groups of digdctbes (Figure 3.3). This
arrangement allows for the Tevatron's long interactionaoeds = 25 cm) and provides
detector surfaces perpendicular to particle paths for & wadge of particlér. The barrel

detectors measure trajectories in thef plane, while the disk detectors provide measure-
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ments in bothr f andr z Together, the disks and barrels contain a total of 792,576

readout channels.

p-side: +15°
n-side: -16° "

F-DISKS ?,0\ & 5..

FIGURE 3.3. The barrel and disk assemblies within the SMT.

Each barrel contains four layers of silicon arranged radialith radii ranging from
2.6 cm to 10.5 cm. The rst and third layers of silicon in then@mmost four barrels are
made of 90 stereo sensors of double-sided, double-metal silicon.otiter two barrels use
single-sided silicon aligned along the beam axis in thest and third layers. The second
and fourth layers of silicon in all barrels contain stripsdotible-sided sensors. The p-side
strips in these layers are arranged axially, while the B-stdps are arranged at a &ereo
angle.

At the end of each barrel is an “F-disk” detector, a set of &@erzoidal wedge detectors.
Three additional F-disks sit outside the outermost balist-assembly, and are capped by
two large-diameter “H-disks”. The F-disks are made of detditled silicon, with the p-
side and n- side aligned to provide a 3lereo angle. The H-disks consist of 24 wedges of

back-to-back single-sided silicon, with an effective steangle of 15 The barrel/F-disk
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assemblies provide coverage in the rajigec 1.5, while the H-disks extend that coverage
tojhj = 3:0.

Central Fiber TrackerThe CFT is made up of eight concentric cylinders of scirtiitig
bers, ranging in radius from 20 cm to 52 cm. The two inner ngkers are 1.66 m long,
while the remaining cylinders are 2.52 m long, providind ftdverage out tghj = 1:6.
Each scintillating ber is 835um in diameter, and is arranged on a cylinder in ribbons of
ber doublets, as in Figure 3.4. The ribbons contain two fay&f 128 bers each, and are
arranged so that the second layer is offset from the rst dfdnder diameter. The eight
CFT cylinders contain two ribbons apiece, one aligned atbeg axis, and one aligned at
an stereo angle of 3 . (The stereo angle ribbons are alternated, so that all odubered
cylinders user 3 ribbons, while all even-numbered cylinders us@ ribbons.) The ber

doublets provide for an inherent CFT position resolutioalodut 10Qum.

_ Ribbon
Fiber

Curved
— Backing
Plate

FIGURE 3.4. A ribbon of scintillating ber in the CFT. Ribbons aretathed to a curved
backing that matches the curvature of the support cylinder.

The passage of charged patrticles through the scintillabies cause the bers to emit
light.  This light is re ected through waveguides to the Wl Light Photon
Counters (VLPCs). VLPCs are high-gain, fast-responseasilavalanche photodetectors
that can detect a single photon The VLPCs accept a total 8006ignal channels, from
approximately 200 km of scintillating ber. Signals fromelVLPCs are ampli ed by Ana-
log Front Boards (AFES), and those signals are used for tgadw triggering purposes.
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Tracks found in the CFT are segmented into eighby 4ectors irf . These tracks can then

be matched with information from other detectors.

3.2.2 Calorimeter

The D@ calorimeter measures the energies of all particlssipg through it, with the ex-
ception of neutrinos (which pass through the calorimetefetected) and muons (which
leave only a minimally-ionizing particle signature). Timmermost section of the calorime-
ter is the electromagnetic calorimeter (EMC), which meeswiectron and photon ener-
gies. This is surrounded by the ne hadronic (FHC) and cohesironic (CHC) calorime-
ters, which measure the energies of all other particles.

The EMC works on the principle that a collision between arident particle and
a heavy absorber will induce a shower of particles, from Whilwe energy of the inci-
dent particle may be deduced. High-energy electrons madiaérgy primarily through
bremsstrahlung, while high-energy photons dissipateggrterough pair production. Thus,
a single high-energy electron may produce a bremsstratghatpn, which then produces
an electron-positron pair of its own, and so on. The size®fé#isulting shower of electrons
and photons may then be used as a measure of the energy ofginalquarticle.

The hadronic calorimeters work similarly, with showersguoed by the collisions of
hadrons with absorber nuclei. Such showers are more itérilcan those in the EMC, given
the complexity and number of nuclear reactions that may pd&ee. Furthermore, some
reactions may produce muons or neutrinos undetectable eogalorimeter, necessarily
worsening its response. Nonetheless, the principle behmtiadronic calorimeters is the
same as for the EMC.

A typical D@ calorimeter cell is shown in Figure 3.5. A gro@adheavy absorber is
used to initiate a particle shower. In the EMC, 3-4 mm of dieggleiranium is used as the
absorber. Six millimeters of uranium/niobium alloy are digethe FHC, while the CHC

uses 46.5 mm of copper or stainless steel. A signal circ@tds covered with a resistive
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coating and is charged to a potential of 2 kV. The 2-3 mm gawden the absorber and
signal board is lled with liquid argon, which samples thenining particles produced by
the shower. This charge is collected by the signal boardei@ésuch boards at the saime

andf combine to form a single readout cell.

Resistive
Coat

Absorber Plates G10
J L Ar Gaps
PN
I A
|

|
|
| Cu
|
|
|
|
i

Pads

S -

- e e e e e = = = = -

[«—1 Unit Cell —|

FIGURE 3.5. A typical D@ calorimeter cell.

The D@ calorimeter is divided into three sections: a cemasdrimeter (CC) that pro-
vides energy measurements oujitp< 1:0 and two end cap calorimeters (EC) that provide
measurements in the regioMXk jhj < 4:0. The calorimeter cells in each region are ar-
ranged in pseudo-projective towers, as shown in Figurevdth,the center of each cell in
a given tower lying along the same line to the interactiompadihe tower size is generally
setaDh= 0:1, Df = 0:1. Cells are segmented twice as nelyhrandf in the third layer
of the central EMC, where electromagnetic showering issataximum. Additionally,
cells at largghj have increase®h andDf. The calorimeter is more fully described in
[20].

There are four layers of readout cells in the central and gm@&MCs. The CC also
contains three layers of ne hadronic modules and a sing&sshadronic module. The
EC calorimeter is divided into inner, middle, and outer mors. The inner and middle
portions are made up of four layers of ne hadronic moduled ane coarse hadronic

module, while the outer portion contains only a coarse hadnmodule.



37

o

O~ NO O N

FIGURE 3.6. Schematic view of a portion of the D@ calorimeter. Tasame formed along
pseudo-projective rays, which are labeled by their rajaslit

The calorimeter resolution is 5-7 % for electrons with energies above 20 GeV. The
hadronic resolution is worse, and is approximately 30% G2V jets. These resolutions

are discussed in more detail in Chapter 4.3.

3.2.3 Preshower Detectors

Preshower detectors between the solenoid and the calermneprove the matching be-
tween central tracks and calorimeter showers and augmemmiatticle identi cation abil-
ities of the detectors. The Central Preshower Detector JGB8ounds most of the CFT,
extending over the regiophj < 1:3. The CPS is made up of three layers of scintillation
counters, with the rst layer aligned axially and the secdiinird) layer aligned at a stereo
angle of+23:8 ( 24:0 ). This aids in distinguishing charged particles from pimstcas
CPS hits from charged particles will have a matching traoknfthe CFT, while hits from
photons will have no such track.

Forward Preshower Detectors (FPS) are mounted on the endédpe calorimeter,
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in the region 15 < jhj < 2:5. Each detector contains a double layer of scintillatapstr
(the “MIP layer”) aligned along the axis, followed by a stainless steel absorber and a
second set of double-layered scintillator (the “showeeldy These detectors allow heavy
particles to be distinguished from electrons and photoreawy particles are not likely to
shower in the absorber, and will produce only minimume-iorazarticle (MIP) signatures

in each set of scintillators. Electrons will create a simdegnature in the MIP layer, but
will shower in the absorber, leading to a large cluster ofgye the shower layer. Photons

leave no signal in the MIP layer, but create a shower signtiershower layer.

3.2.4 Muon Detector

The bremsstrahlung radiation cross section for a chargeatleais roughly proportional
to the inverse square of the mass of that particle [21]. Thusuon, with a mass 200
times that of an electron, will experience far less bremasdting than the electron in the
calorimeter. The muon leaves only an MIP signature withendalorimeter, insuf cient for
measuring its energy.

Instead, the muon is detected with three layers of scitdilaand drift tubes lying
outside the calorimeter (Figure 3.7). These layers ardddid@’, "B”, and “C” in order
of increasing distance from the interaction point. The titators provide precision timing
measurements for the muon, while the drift tubes measugoggion. A 1.8 T toroidal
eld between the rst and second layers of muon detectorsvadl for a measurement of
muon momentum. Hits in the muon detectors may also be matetiedracks from the

central tracker to provide a more precise momentum measurem

Scintillation CountersThere are two layers of scintillator counters in the region< 1.
The Af counters lie within the toroid, and tr@smic cap{CMSC) and bottom counters
triggers lie outside the toroid. Each scintillation counganade of Bicron 404A scintillator
connected to a photomultiplier tube. Thé Aounters are segmented irb4in f, to match

the segmentation of the CFT sectors. Each counter sparsi@gties irg, which allows for
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FIGURE 3.7. The D@ muon detector.

matching of the scintillator counters with the central tuibes described in the following
section. The CMSC counters cover the regiop=4 < f < 5p=4, and are arranged to
provide maximum resolution in thedirection. The bottom counters occupy the remaining
space irf , and are oriented with their narrow dimension$ im order to better match with
tracks from the CFT. Because much of the space in the bottgimres taken up by detector
supports, the coverage of the bottom counters is incomplgie central muon system is
described in more detail in [22].

In the forward region of the muon system<lhj < 2), there are three layers of scintil-
lation counters (“pixels”). The pixels are arranged in ax$@2 concentric rings, segmented
in h by 0.12 (0.07) for the inner nine (outer three) rings. As With central counters, the

pixels are made of Bicron 404A scintillator, and are segmeim 45 increments irf.
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The A-layer of the pixels is within the toroid, while the B-ch&- layers lie outside the
toroid.

Shielding placed around the beam pipe signi cantly de@sdmckgrounds seen in the
forward muon system from interactions of proton and antgondragments with the Teva-
tron's low beta quad magnets. The shielding consists of@0rdof iron to absorb hadronic
and electromagnetic radiation, an additional 15 cm of pblylene to absorb neutrons, and
a nal 5 cm of lead to block gamma rays. The three layers oflditig combine to re-
duce the occupancy of muon detectors by a factor of 50-10@ freeir unshielded rates
[22]. This reduction allows both the forward and centrahstiator systems to be used
for triggering on muons. The scintillators also providegs®n timing measurements for

reconstructing muons of ine, with a timing resolution ofali 2 ns.

Drift Tubes The central region is covered by a total of 94 proportiondt tiibes (PDTSs)
arranged in three layers. As is the case with the centraliaiars, drift tube coverage in
the central bottom region is limited by support structuegiie detector. However, nearly
90% of the central region is covered by two layers of PDTs, raughly 55% is covered
by three layers.

Each PDT chamber is made up of decks of individual 10.1 cm xB &ells, with 24
cells per layet. A-layer PDTs contain four decks of cells, and are placetiiwithe toroid
so as to overlap the fAcounters. B- and C-layer counters contain three decks each.
gas mixture of 84% argon, 8% methane, and 8% BFused within the drift tubes, and
provides a maximum drift time of 500 ns. This is longer tham 396-ns spacing between
collisions, and so PDT hits must be con rmed by scintillatimounter hits when triggering
on or reconstructing muons. Muon positions can be measuithihveach PDT cell with
an uncertainty of roughly 1 mm.

The forward region makes use of smaller mini drift tubes (Mp@omprised of 1 ch

cells. Each MDT contains eight such cells. Planes of fouritie A-layer) or three (for

1The highesihj B-layer PDTs are an exception to this rule, with only 21 cpés layer.
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the B- and C- layers) MDTs are mounted along the eld linesheftoroid. The MDTs use
a separate gas system from the PDTs, a 9:4 CEH, mixture that provides a maximum
drift time of 60 ns. The hit position resolution from the MDiEsapproximately 0.7 mm,
and the momentum resolution from hits only in the muon sydtéat is, without matches

to central tracks) is about 20% for muons below 40 GeV.

3.3 Triggering at DG

Proton-antiproton collisions occur every 396 ns at DJ, a aditover 2.5 MHz. D@'s data
acquisition (DAQ) system is only capable of writing approzitely 50 Hz to tape. Three
levels of triggering are used to Iter events and to reduaedkient rate to meet the DAQ
speci cations.

The rst level (“Level 1”) is a set of hardware-based triggérom each of the detector
subsystems. The tracker, calorimeter, and muon systenishea@ their own Level 1
triggers that search for objects consistent with detedatprasures of elementary particles.
The combined Level 1 triggers provide a trigger event raté.6fkHz. Prescales may be
applied to individual Level 1 triggers, so that only a fractof triggered events are selected
for further processing.

Events that pass Level 1 triggers are passed to the “Levea@&iviare trigger system.
The Level 2 system is a software-based digital signal pioggrigger system. It con-
sists of preprocessors that generate triggers from dataifrdividual detector subsystems,
much as the Level 1 system does [23]. Level 2 also has a globedgsor that forms event-
wide triggers based on the combined data from all subsysteevel 2 reduces the trigger
rate by a factor of two, and passes remaining events to theetl32 trigger.

Level 3is a fully programmable software trigger that pr@sdimited event reconstruc-
tion [24]. The trigger is made up of approximately 100 “farodes”. An event that passes
a Level 2 trigger is sent to one of these nodes, which unpdeksatv data from the event

and reconstructs physics objects from the data. Filtersappdied that may impose re-
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guirements on individual objects, such as a minimum monmeritwu muons or jets. Filters
may also be applied to non-physics objects, such as the sralactor sums of transverse
energy within the calorimeter. (The scalar sum tests fgdarumbers of energetic decay
particles, while a non-zero vector sum indicates the prodoof an undetected neutrino
within the event.) Events that meet the trigger Iter comatis are written to tape at a rate
of 50 Hz.

3.4 Luminosity

The triggers select only a small sample of events from itielgep collisions. In order
to make an accurate determination of the production ratargrparticular process, the
overall rate ofpp collisions must also be known. This rate is measured viautrerosity

L, de ned as

N
L = o (3.1)

whereN is the average number of inelastic collisions per crossing,396 ns is the time
between beam crossings, asgh = 460 2:6 mb is the cross section for inelaspp
collisions [25].

D@ contains a dedicated luminosity measurement systeme mjaebf two groups of
twenty-four scintillators arrayed along tzeaxis between the beam line and the Forward
Preshower Detector, as shown in Figure 3.8. Particles fsprrollisions create hits in each
group of scintillators in coincidence. These coincidenmex/ide for a counter that res
on any beam crossing with@p collision. However, since the counter does not re ect the
numberN of pp collisions per crossing, simply counting the coinciderate produces an
underestimate of luminosity whei> 1.

Instead, the luminosity is determined by counting the foacf,,; of beam crossings
in which the counter coincidence does not re. The numberalfisions per crossing

is assumed to follow Poisson statistics, so tNat In(fqun). Thus, the instantaneous
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FIGURE 3.8. Position of the luminosity counters (LM) around therngape. The silicon
tracker and endcap calorimeter positions are also shown.

luminosity may be estimated as:

L = In( fnull):

3.2

3.5 Detector Operation

A “store” is de ned as any period in which there are partiad@gulating in the Tevatron.
As of October 2006, typical instantaneous luminosities @t & the start of a store were
approximately 15 20 10%! cm 2s 1. Stores are typically kept for 24 hours or so, or
until the instantaneous luminosity drops to 20%! cm 2s 1. Data is collected during
stores in sets of “runs”. Runs generally last for 2-4 hoursymil 500,000 events have
been collected. Breaks are made between runs in order tdrirajger prescale settings
with the current store luminosity.

The integrated luminosity for a store is found by summingrtfeasured instantaneous
luminosities over the store's duration. During periods tafte data-taking, a few pB
of data are recorded to tape each day. At the end of a storeeamyining beam in the
Tevatron is dumped or recycled, and the process for creatimgyv store begins. The data

used in this thesis corresponds to an integrated luminosapproximately 360 pbl.
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CHAPTER4
EVENT RECONSTRUCTION

Data from the D@ detector are recorded in the form of digitigelse height and time infor-
mation. Event reconstruction programs use this infornmattcdform collections of detector
hits, times, and energy deposits in each detector subsydtemti cation algorithms are
applied to the reconstructed data to associate these hitshei paths traveled by electrons,
hadronic jets, and muons. These algorithms reconstruttajeetories of the particles, and
allow for measurement of their four-momenta.

The reconstruction algorithms are applied not just to evépin data, but to simulated
collision events as well. Event simulators use Monte Caidtistical techniques to emu-
late the probabilistic quantum mechanical nature of thégearinteractions. This analysis
relies heavily on templates generated from such simulatias discussed in Chapter 6.
Thus, it is important that results obtained from data andltesrom Monte Carlo agree.
This chapter outlines the Monte Carlo generators for sitedl@vents, discusses the re-
construction routines applied to real and simulated daich describes corrections made to

bring Monte Carlo results into agreement with data.

4.1 Event Simulation

Parton-parton interactions are simulated with the ALPGE&hesimulator [26]. ALPGEN

is a Monte Carlo simulator designed to model processes thdupe multijet nal states.

It calculates exact matrix elements for leading-order Q@D alectroweak interactions.
ALPGEN is used to model decays fratrsignal events as well as many of the background
processes used in this analysis, includihgndWW decays. Parton distribution functions
within ALPGEN are modeled with CTEQS5L leading-order parénigations [27].
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Jet fragmentation and radiation within the event is sinedavith PYTHIA [28]. Frag-
mentation is implemented via the Lund string fragmentatnmalel. Extra jets are generated
from initial-state and nal-state radiation of gluons.

Events generated with ALPGEN and PYTHIA are processed wehOD@GSTAR de-
tector simulator [29]. DUGSTAR, or the D@ GEANT Simulatortbe Total Apparatus
Response, is a wrapper of the GEANT code developed at CERNmaxlels the energy
deposition in the active regions of the detector [30]. A safmdetector model, the Pa-
rameterised Monte Carlo Simulator (PMCS), is also ava@laBMCS uses a parameterised
approach to simulate the detector response. It is signtlgdaster than DAGSTAR, but
does not provide a complete detector simulation [31].

The detector hits output from DAGSTAR or PMCS are digitizethWw@SIM [32]. In
addition to this digitization, DASIM:

combines simulated events with so-called “minimum bias¥rés triggered by hits

in the luminosity counters;
adds calorimeter noise and pile-up;
adds noise and inef ciencies from the central tracking anmbmsystems.

The resulting output of the Monte Carlo simulations has #maesformat as the data, and
the same reconstruction routines are applied to both. Tioegmes are described in the

next section.

4.2 Event Reconstruction

Event reconstruction is performed with the “dOreco” paekf#]. Reconstruction begins
with the formation of tracks from hits within the central ¢k&r. Electrons and jets are
reconstructed from energy clusters within the calorimeted may be matched with central
tracks to more precisely measure their momentum. Muonsem@nstructed from hits

within the muon detector, and may likewise be matched toraktracks. The total energy
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in the transverse planél() and the total missing transverse enefliy)(are then computed

by summing the energies of all reconstructed particles.

4.2.1 Central Tracks

Hits within the central tracker are recontructed into mdtitrajectories, otracks Two
complementary techniques are used to identify track caelsd The rst method applies a
road- nding algorithm to search for sets of three hits insgd@roximity in either the SMT
or the CFT. The second method forms track stubs from all coatlzins of two hits within
the tracker. A Hough transform is applied to map each stub intf ) space, where

is the curvature of the stub (assuming that the stub origthat the geographic center of
the detector) andlg is the azimuthal angle of the stub at its distance-of-cleapproach
(DCA) to the detector center [34]. In a uniform magnetic &With no absorbing material,
all stubs from the same trajectory would have identicalf(y) coordinates. In practice,
track candidates are identi ed from peaks in histogrammed {) space. A second Hough
transform into &y, dz=dr) space, wherey is thez-coordinate of the stub at its DCA, may
also be applied to SMT-based stubs.

Candidate stubs from either track- nding method are pagstech Kalman tter which
searches for additional hits consistent with the origitalb$35]. The expected trajectory
for each stub is calculated, taking into account the ceneggnetic eld as well as effects
from energy loss and multiple interactions within the ti&cf86]. A search is then per-
formed for hits near the expected trajectory at each lay¢hetracker. Hits that greatly
increase the? of the track are rejected. After the stub is propagated tjfiall detector
surfaces, a lter is applied to remove poorly- t tracks. Tks with a largec? and tracks
with a large number of missed hits are removed from the catelitfack list. Tracks that

share at least four hits with another track are also removed.



a7

4.2.2 Primary Vertex

Tracks are used to identify th@rimary vertex the initial pp collision point. The primary
vertex is initially assumed to be located at the geometritareof the detector. A new
vertexV is formed by minimizing the? from reconstructed all tracksconsistent with the
primary vertex hypothesis:

)= & (DCAY)? | o (DCAY)?.

1My A 572 (4.1)

where DCA;f and DCA; are the distances-of-closest-approach of tra¢k the detector
center along the f planes and axis, respectively, ansi,raf andsj are the respective
uncertainties in those quantities. Tracks wigh 0.5 GeV or with DCA  100spca
are not included in this minimization. For tracks with manformation, only ther f
contribution to the overati? is computed. Tracks providing the largest contributiorntho
c? are removed one by one until the overdlis less than 10.

Once a preliminary vertex has been found,¢Reninimization is repeated, with tighter
constraints on the tracks. All tracks with a DCA3 spca from the new vertex position
are excluded from the? t. The nal vertex is then calculated from the remaining tics.

In the case where more than one vertex is found phéistributions of tracks associated
with each vertex are used to de ne a probability that eactktaiginated at the particular
vertex. The vertex with the largest weighted product ofknambabilities is identi ed as
the primary vertex [37].

The ef ciency of the vertex- nding algorithm is measured bgingZ ! pu events
in data and comparing the calculated primary vertex withréoenstructed dimuon vertex.
The vertex is assumed to be correctly identi ed if the londihal distanc®zx gimuodetweenthepri
Results from data show that the vertex reconstruction ehcy is 97% for primary vertices
within 40 cm of the detector origin [37]. Monte Carlo studi@stt events give a vertex
resolution of approximately 2@m in thex andy directions, with slightly worse resolution

in the z-direction.
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4.2.3 Calorimeter Objects

Both electrons and jets are reconstructed from energy depaa calorimeter cells. Each
cell is assigned a three-momentum with magnitude equaldarteasured energy in the
cell and direction de ned by the vector from the primary esrto the cell center. Cells
are grouped into pseudo-projective towers as describetiapter 3; each tower measures
0.1 0.1inh f space.

An individual cell is excluded from the tower if the energypdsited within it is less
than 2.5, Wwheres g is the mean width due to noise in the cell. A cell is also rendove
if its energy is less thatte and if no neighboring cells have energy greater thagf
A noise-killing routine removes isolated “hot” cells frommet tower, and the four-momenta
of the remaining cells are summed to form the tower four-muton@. Any tower with
pt > 0.5 GeV is then used as a seed for a pre-clustering algorithm.

Pre-clusters are created from towers with the so-callechf® Cone Algorithm”,
which searches for energy in cells within a xed radidsn h f from the tower axis
[38]. Pre-clusters are formed from all neighboring toweithin R=0.3 of the seed tower.

Pre-clusters witlpt > 1 GeV are passed to the jet and electron clustering routines.

Jet Reconstructiodet clustering is performed with a second cone algorithrwhirch all
cells in a cone of R=0.5 from the initial pre-cluster are cameld to form a “proto-jet” [39].
If the separatiorDR between the pre-cluster and proto-jet is small enou@fx<0.001),
then the proto-jet is taken as a jet candidate. Otherwigeptbto-jet is treated as a new
pre-cluster, and the cone algorithm is repeated. Prosowéh energies less than 8 GeV
are rejected from the list of jet candidates.

Jets which share cells may be either merged together oragait, depending on the
amount of energy shared. If the sum of the shaseds greater than 50% of thpr of
a single jet, then the two jets are merged into one. Otherwiweshared cells are split
between the jets, with each cell attached to the jet closasin h f space. Midpoints

between jets are also treated as pre-clusters in order twveesensitivity to soft radiation.
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Jet Energy Scale (JES) corrections are made to account fee aod inef ciencies
within the calorimeter that may cause the reconstructedretgy to differ from the orig-
inal particle energy. Noise from the calorimeter electesrand uranium plates can create
an offsetO between the original and reconstructed energies, as caluagégnergy from
previous collisions. Energy loss in uninstrumented poriof the detector and the inef -
ciencies in the calorimeter response to jets compared ttrefes require that an additional
correctionR., be made to the measured energy. A nal correction tBghe accounts for
energy from the jet that falls outside the reconstructiameci@O].

The original particle energy is calculated as:

Emeasured @)
Rcal I:econe .

The offsetO is measured from data events collected with minimum-biggérs. The

[ Particle — (4.2)

calorimeter responde., is measured frong+ jet data events by requiring that the et
matches that of the photorRR.gne is calculated from jet pro les irmg+ jet and dijet data
events. The uncertainty in the calculation of jet energiessigni cant source of systematic
uncertainty in the measurement of the top quark mass, ansldgssed in detail in Chapter
8.2.1.

Electron ReconstructiofElectrons are identi ed with a clustering algorithm sinmita that
described above for jets. Electron clusters are formed freltls withinR=0.2 of the initial

pre-cluster. The EM fractiorfg, of each cluster is then calculated:

E
fem = —: (4.3)

whereE;qtq is the total energy within the cluster akgy is the energy within the EM cells
in the cluster. Clusters with an EM fraction of at least 909 waiith a tranverse energy of
1.5 GeV or more are categorized as “loose” electrons.

Electron candidates are also characterized by their isalditaction, fiso. This is a

measure of the difference of the energy deposited in the BMionzeter in a cone of radius
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R=0.2 around an initial precluster and the energy colleatatie entire calorimeter within
a cone of radiuf=0.4:

Eiwotal(R< 0:4) Eem(R< 0:2)
fiso = : 4.4
150 Eem(R< 0:2) (4.4)

High-pr electrons deposit most of their energy in a region narrovan theR=0.4 cone,
and are expected to have a small isolation fraction. Cutsignvariable can thus serve to
separate high-momentum electrons from signatures duede nojets.

Electrons also produce distinctive shower shapes witterctiorimeter. A chi-square
“H-matrix” function (c%aw) is formed from comparisons of energy deposits in each lafer
the calorimeter to average distributions from Monte Caldateons, as well as comparisons
of total energy. Clusters with@ ,; <50 andfiso <0.15 that also meet the loose electron
requirements are categorized as “medium” electrons.

An electron cluster may also be matched to a central tradkeifseparation between
the cluster and the track is less than 0.05 in botAndf. An additional identi cation
criterion is introduced through a 7-parameter likeliho@diable. This variable separates
real electrons from showers created by pions or photocsioes within the detector. The

likelihood variable is formed from the following parameter
fem
C(23al
ET/pT
Prob(cgpaﬁa,), the matching probability between the cluster and itsregriack
the distance of closest approachin f of the central track to the primary vertex

the number of tracks in a narrow cone of R=0.05 around theerus

the totalpy of all tracks in a cone of R=0.4 around the cluster, excludirgmatched

central track.
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The likelihood is tuned on data, usidg eedecays for signal electrons and di-jet and
gtjet events for fake electrons from QCD multijet procesgds.[Medium electrons with
a likelihood greater than 0.85 that are matched to a cemtrek tare classi ed as “tight”
electrons.

The electron reconstruction ef ciency is measured in datanfZ! eedecays [42].
Events are selected with two high tracks with a combined invariant mass between 80
and 100 GeV. One track is required to be matched with a clustierfg > 0:9, fiso > 0:15,
and energy of at least 20 GeV. The reconstruction ef ciesayalculated by measuring the
fraction of events in which the second track is also matcloeant electron cluster. The
electron reconstruction ef ciency is found to be 96@4% in the central calorimeter and

93.5 1.2% in the endcap calorimeter [42].

4.2.4 Muon Reconstruction

Muon reconstruction begins with the formation of straighé track segments from wire
chamber hits in each layer of the muon systems. An attemipéisrhade to match segments
with a con rming scintillator hit in the same muon layer. b rmed segments exist both
inside the toroid (from A-layer muon chambers) and outdigetoroid (from B- or C-layer
chambers), a local t is tried between the two segments. A ® ioitim measurement is
made from successful ts via the bend angle between the Arlaggments and B-/C-layer
segments.

Reconstructed muons are categorized by the variable “nsdgth describes the type
of segments found in an event. A muon with an A-layer segmasjriseg=1, a muon
with a B-/C-layer segment haeseg=2, and a muon with both segments laseg=3. If
the muon segment is also matched to a central track, the iadeg i¢ positive; otherwise,
nseg is negative.

Muons are also classi ed as either “tight”, “medium”, or dse”, depending on the

number of wire and scintillator hits in the muon segmentghTimuons require at least one
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TABLE 4.1. Average muon reconstruction ef ciencies

Muon Quality | Central Ef ciency | Forward Ef ciency
Loose 897 0:3% 923 0:4%
Medium 774 0:3% 859 0:5%
Tight 599 0:5% 816 0:5%

A-layer scintillator hit and two A-layer wire hits, as wel at least one scintillator hit and
three wire hits in the B and C layers. The t between the A-lagred B-/C-layer segments
must also converge. A medium muon requires only two B-/@dayire hits, but also
requires a match to a central track. A muon may also be cladsas medium if it meets
only the A-layer or B-/C-layer conditions and is located ictamt 5 or 6, where muon
detector coverage is reduced. Loose muons are formed byefurélaxing the medium
muon requirements, and generally require only one reaactsill segment [43].

The ef ciency for identifying muons is measured usidgdecays, in much the same
way as for electrons. Candidafd ppu events with two highpt tracks are selected from
data. The rst track is required to havepg > 30 GeV and to be matched with a medium
muon. The A-layer scintillator time of this muon is requittedoe less than 10 ns in order
to reject cosmic ray muons. The second track is requiredue atleast eight CFT hits as
well as a good central traaé. Both tracks must have a DCA less than 0.16 cm, and the
two tracks must not be collinear. Ef ciencies are then chdted from the fraction of events
in which the second track matches a muon segment. A summameaodge tight, medium,
and loose ef ciencies for the central and forward regionshef muon system is given in
Table 4.1. The ef ciency in the central region is systemalticlower than the forward; this

is primarily due to the incomplete detector coverage inregioictants 5 and 6.
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4.2.5 Missing Transverse Energy

Neutrinos are not detected directly within the detectod iastead manifest themselves as
“missing” transverse energigt — an imbalance in the total transverse momentum. This
guantity is calculated from the vector sum of all energy t@tssin the calorimeter. Unclus-
tered cells are also included if they pass the energy sefectits outlined in Section 4.2.3.
The &7 is adjusted for JES corrections made to jets within the eviris also adjusted
for the presence of any muon, rst by removing the muon'’s minim-ionizing calorimeter

signature from th&y calculation, then by subtracting the muon’s measured méumnen

4.3 Resolutions and Monte Carlo Corrections

The calorimeter resolution is measured in terms of paréokergy:

SE _ S N

E PEE
whereC comes from calorimeter calibration erro&s due to energy sampling, am

(4.5)

is a noise term. These terms are measured separately fang&slectrons. For electrons,
the constant term is measured fraii eeevents, and found to be@73 0:0028 in
the central calorimeter and@203 0:0059 in the end caps [44]. Since the calorimeter is
unchanged from Run I, the sampling terms are taken to be the aa their Run | values —
0:15 0:01GeV!™ in the central calorimeter, and2l 0:01GeV!™ in the endcaps. The
Run I noise term value of:29 0:03 is also used. The overall electron resolution is thus
dominated by by the calibration term. The jet resolutionrapa@ters are measured from
imbalances irg+jet and dijet events, and are given in Table 4.2 [45].

Calorimeter resolutions in Monte Carlo are seen to disagitedata resolutions. To
correct for this disagreement, an additional smearingii®paed on Monte Carlo jets and

electrons. A scale factor and offset is applied to generalectron energieBgen

Enew= aEgen+ b (46)
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TABLE 4.2. Jet energy resolution parameters from data

jhj < 0:5 0:5<jhj< 1.0 | 1:0< jhj< 15| 1:5< jhj< 2.0
C 5:045 0:833| 0:000 2177 | 2:236 3:153 | 6:424 0:680

S (GeVt™) | 0:753 0:150| 1:197 0:048 | 0:924 0:216 | 0:000 7:094
N (GeV) | 0:089 0:007| 0:087 0:006 | 0:135 0:011 | 0:097 0:008

TABLE 4.3. Electron smearing constants in the central (CC) andan(EC) calorimeter

a b (GeV)
CC | 1:0060 0:0017| 0:0953 0:0793
EC| 0:9991 0:0036| 0:7953 0:2943

The scaled energinew is then smeared by a gaussian of unit widtfilf) multiplied by

the calorimeter electron resolution:
Esmear= Enewt SE,Z(1): (4.7)

The constanta andb in Equation 4.6 are chosen so that the widtZéf eepeaks in data
and Monte Carlo agree [44]. The measured values of theseéazdssire given in Table 4.3.
Jet resolutions in Monte Carlo are also seen to differ frooséhin data (see Table 4.4).
In the case where the data resolution is worse than the Maate @&solution additional
smearing is applied to Monte Carlo jets:
q 2

s= s Sic (4.8)

A correction factor of 1.034 is applied to all jets to accofantan observed shift in energy
between data and Monte Carlo jets [46].

Muon resolution is parameterized in terms of curvaturgrl

Sl:pT =A %: (49)



TABLE 4.4. Jet energy resolution parameters from Monte Carlo

jhj < 0:5 0:5< jhj< 1:0| 1:0< jhj< 1.5 | 1:5< jhj< 2.0

C 4:263 0:585| 4:607 0:536 | 3:078 1:693 | 4:828 0:440

S GeV?) | 0:658 0:086| 0:622 0:098 | 0:816 0:190 | 0:000 0:595
N (GeV) | 0:044 0:005| 0:058 0:004 | 0:073 0:013 | 0:074 0:009
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TABLE 4.5. Muon Monte Carlo Resolutions

Intrinsic resolution parameters
jhj< 1.0 1.0< jhj< 2.0
A | 0.00152 0.00226
B 0.0279 0.0479
Data-Monte Carlo correction parameters
jhj< 1.0 1.0< jhj< 2.0
a | 0.993590 0.973077
b | 0.0236842 0.00365385

The resolution value& andB measured with Monte Carlo muons are listed in Table 4.5. An
additional smearing is applied to Monte Carlo events to camspte for observed resolution

differences from data:

1 1
o apy )
wherez(b) is a Gaussian of width. The measured values afandb are also given in

Table 4.5.

(4.10)
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CHAPTERDS
EVENT SELECTION

Candidatet events are chosen from data collected between June 2002 anes12004,
a data set comprising nearly one trillion events. Eventsracenstructed with dOreco
versions p14.03-p14.06, and are passed on to the TopAnpbadege [47]. TopAna-
lyze groups reconstructed objects in each event accorditigetidenti cation criteria de-
scribed in the previous chapter, applies energy correstiand re-formats the data for use
within the ROOT analysis framework [48]. Events are groupgd “DIMU”, "DIEM”,
and “EMU” subsamples (or “skims”), depending on the numimer type of leptons in the
events. Events in each decay channel are selected onlyapgrepriate dilepton trigger for
that channel red. Events must also contain the signatucepeaducts frontt ! dilepton
decays: two highpt leptons, two highpr jets, and signi cant missing transverse energy.
Channel-dependent topological cuts are applied to redackgoounds in each channel.
Event selection is designed to select top quark decays asdppress background
events that may mimic the top dilepton signature. Such backgls can come from phys-
ical processes with similar decay products or from eventghvtfake” such signatures
due to instrumentation uncertainties. Physical backgiquocesses includ&W andW Z
production and ! tt decays. Instrumental fakes arise fr@th ~ decays in which the
calorimeter records large amountdif, and from QCD multijet events with mis-identi ed
electrons or isolated muons. The event selection critesgal in each dilepton channel are

outlined below. The optimization of these criteria is dssed more fully in [49] and [50].

5.1 Triggering on Dileptons

An event is considered for analysis only if it causes a ddeftigger to re. Level 1 muon

triggers are formed based on the number of hits within themudetectors, while Level 1
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electron triggers re if a calorimeter tower greater thamsothreshold is found. Level 2
and Level 3 triggers provide partial reconstruction of te1®, and may reject leptons with
low energy or without a central track match.

As both the number of available triggers (or “trigger lisdif)d the algorithms for form-
ing individual triggers evolved over time, the conditions friggering on at event are not
xed. In general, all muon events must pass a Level 1 muorhttggintillator” trigger; that
is, a trigger that requires scintillator hits both insidel mutside the toroid. In the dimuon
channel, two such tight triggers must be present, while enallectron-muon channel, this
trigger must be paired with a Level 1 electron trigger. Thedld electron trigger requires
an EM calorimeter tower above a certain threshold energgrevthe value of the threshold
is dependent upon the trigger list used to collect the evatd.dLevel 2 muon triggers
require at least one medium reconstructed muon, while L&wdectron triggers require
at least two reconstructed loose electrons. AdditionakL8muon and Level 2 electron
triggers are used in some trigger list versions. A full diggimm of all triggers used in this
analysis is given in Appendix A

Trigger ef ciencies in each channel are computed using 9814 of the toptrigger
package [51]. Ef ciencies are calculated based on ef cesof single-lepton triggers as
measured on data. The ef ciencies are generally measuribdaitag and probe” method
on candidat&Z decays; a full description of these calculations is progide[51]. The
overall trigger ef ciency in each decay channel is calcetbby weighting each trigger used
in that channel by its contribution to the total recordedilupsity. The average ef ciencies
for the dilepton channels are given in Table 5.1 [49][50].

Luminosity is calculated with version v00-06-03 of the tdg package, along with the
fall2004-pass2-04 version of tapig data [52]. These packages also remove runs in which
detector performance in compromised, as determined bgussubdetector experts. Indi-
vidual blocks of luminosity that have corrupted readout e @therwise marked as “bad”
by the luminosity group are also removed. Runs marked as pahé subdetector may

be usable by other subdetectors; thus the total lumineditiethe three decays channels
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TABLE 5.1. Average dilepton trigger ef ciencies

Channel Ef ciency (%)

M 92.5 0:4(stat.)
ee 94.0 0:4(stat.)
ep 90.1 0:2(stat.)

need not be identical. As shown in Table 5.2, though, thernosities differ by less than

25 pb 1 between channels, with all channels recording at least®66 of data.

TABLE 5.2. Total recorded luminosity versus trigger list version

Trigger List FeLdt (pb 1)
Version MU ee ep
v8 22.02 | 20.08 | 18.25
v9 21.22 | 30.75 | 21.26
v10 7.99 | 15.48 | 15.46

vll 57.26 | 57.38 | 57.26
v12 209.83| 217.41| 209.82
v13 44.31 | 42.97 | 45.82
total 362.6 | 384.1 | 367.7

5.2 Common Event Selection Criteria

The three dilepton channels share a large number of evesutisel criteria. Each requires
that an event is marked as “good” by the calorimeter expantd,must contain at least two

jets with reconstructegt >20 GeV. Each jet must also satisfy the following conditions:
j hjetj < 2:5: This ensures that the jet is within the ducial region of ttedarimeter.

0:05< fgm < 0:95, wherefgy is the fraction of the total jet energy found within the
EM calorimeter. The cut at 95% reduces signals from elestrahile the cut at 5%

removes jets created from noise in the hadronic calorimeter
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fch < 0:4, wherefcy is the fraction of jet energy in the coarse hadronic layehef t
calorimeter. Since jets are expected to deposit most aféimeirgy in the inner layers
of the calorimeter, cutting on this variable removes jetedpiced from noise in the

outer layers

“hot cell ratio’< 10. This is the ratio of the highest-energy cell to the cethwhe

next-highest energy. This cut removes jets formed fromviddal hot cells.

neo, > 1, wherendS, is the number of towers containing 90% of the total jet energy

Requiring this energy to be spread across at least two toreeigces noise from

individual hot towers.

An event must also contain a “well-reconstructed” primaeytgx, meaning that the
vertex contains at least three tracks and is located lodigislly within the active region
of the SMT {zpyj < 60 cm). Two leptons witlpt > 15 GeV must also be found within
the event. Although the lepton avor and quality can diffetlween channels, each lepton

must have a reconstructed init@position within 1 cm of the primary vertex.

5.3 Channel-Dependent Selection Criteria
5.3.1 Dimuon Events

The dimuon decay channel requires two opposite-sign mudthspy > 15 GeV. Events
with a reconstructed tight electron are rejected, in ordéetp the dimuon event selection
orthogonal to that of the dielectron and electron-muon okl Each muon must have
medium quality andhseg+3, with a track-matclt? < 4. In order to distinguish muons
produced in collisions from cosmic-ray muons, the timeshef A-layer scintillator hits
associated with each muon must be less than 10 ns from thedfirttee pp collision.
Muons must also have a DCA to the primary vertex less thascg A dimuon trigger

must also have red in the event.
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Muons produced vi&dV decays are expected to be isolated from any jets in the event.
Isolation is enforced through the use of thalo(0.1,0.4)and TrkCone(0.5)variables.
Halo(0.1,0.4)is de ned as the total calorimeter energy in a hollow f cone of inner
radiusDR = 0:1 and outer radiu®R = 0:4 around the muon, whil&érkCone(0.5)s the
total pr of all tracks in a con®R = 0:5 around the muon. The ratios of each of these two
variables to the muopr, de ned asratll andrattrk, respectively, must both be less than
0.12 for the muon to be considered isolated.

High-pr muon pairs are produced not just frotdecays, buf decays as well. Opposite-
signed muon pairs may be produced directly frélsy or indirectly viaZ! tt decays in
which eacht decays to a muon. Background muons from the rst processeatgced by
assuming each event isZal  pp decay, and then applyinga® to the event based on the
momentum of the muons. The formulation of tlei§ is discussed in [53]. Events with
c?< 2 are considered to b&decays and are rejected from the analysis.

Backgrounds from muons produced either directly or indiyeitom Z's are also re-
duced by applying a cut on the to&t in the event. This is applied as a contour cut, with
the minimum require@t dependent on the angl¥ between the leading muon and e
The minimumir requirement is 35 GeV. This value increases as the direBtjaand the
leading muon become more collinear (Figure 5.1). Sincei s@gmt &7 can appear in an
event due to muons with severely misreconstructed momerdguemts with eDf of more
than 175 are rejected. A list of event selection ef ciency for eachtloé cuts described
above is given in Table 5.3. The totalevent selection ef ciency is calculated from Monte

Carlo samples, and is found to bel6 0:2%.

5.3.2 Dielectron Events

The dielectron decay channel selection requirements argasito those in the dimuon
channel. Two reconstructed tight 15 GeV electrons of ogpasgn must be present in

the event. A dielectron trigger must also have red.! eebackgrounds are reduced



61

TABLE 5.3. Dimuon event selection eff ciences

Cut Ef ciency
Two track-matched muons,0:301 0:004
oppositely-charged,
with pr > 15 GeV
Veto on tight electrons | 0:998 0:001
Dimon Trigger Ef ciency | 0:925 0:004
Two jets, 0:731 0:007
with pr > 20 GeV
Good primary vertex | 0:975 0:002
within SMT active region
Muons within 1 cm 0:829 0:007
of primary vertex,
with DCA < 3spca
Both muons isolated; | 0:754 0:009
rattrk< 0.12, rat1¥ 0.12

Zc’t<?2 0:806 0:009
&1 contour cut 0:636 0:012
Total 0:064 0:002

by applying a cut on the invariant mab&. of the two electrons. Events in which the
dielectron invariant mass is near to the mass of ZzAh @0 GeV Mg 100 GeV) are
rejected. A cut or&r is placed on surviving events to further reject backgrour@sly
events withMege< 80(> 100 GeV andir> 40(> 35) GeV are kept for analysis.

Jets and leptons from top events are expected to be digdta more spherically-
symmetric manner than jets and leptons from backgroundegsas. Backgrounds can thus

be reduced with a cut osphericity de ned as:
1
S= E(Q1+ Q2);

whereQ; andQ> are the two leading eigenvalues of the momentum tensor fbimgeall
jets and leptons in an event. Events wih 0.15 are rejected. This cut is particularly
effective in reducing Z tt ! eebackgrounds.

A list of all selection cuts for the dielectron channel appgaa Table 5.4, along with
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the ef ciency of each cut. The total ef ciency for selectiti eeevents is measured in
Monte Carlo to be 8.20.2%.

TABLE 5.4. Dielectron Event Selection Eff ciences

Cut Ef ciency
Two track-matched electrons, 0.219
oppositely-charged,
with pr > 15 GeV
and likelihood> 0.85
Dielectron Trigger Ef ciency| 0.940

7

Two jets, 0.695
with pr > 20 GeV
Good primary vertex 0.975
within SMT active region
Electrons within 1 cm 1.000
of primary vertex,
Mee Ccut 0.855
&t cut 0.762
S> 0.15 0.936
Total 0.082

5.3.3 Electron-muon Events

Event selection in the electron-muon channel requires oadium muon and one tight
electron. The electron-muon pair must be oppositely clthrged must cause at least one
eutriggerto re. Muon bremsstrahlung background is reducgddguiring the electron not
to share a track with any muons within the event. Events withdr more tight electrons
are rejected in order to provide orthogonality with the eatton channel.
Because the electron-muon channel is not contaminatedrbgtdi! * decays, its

selection criteria are somewhat looser than ingkandpupu channels. The likelihood cut
on the tight electron is reduced from 0.85 to 0.25. As will hevsn in Section 5.4, this

increases top selection ef ciency while still providing effective cut on QCD fake back-
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grounds. Each event must contain at least 25 Gel&+0fA cut is also placed ohl}, the

total transverse momentum of the leading lepton and twanggets:

Hr = & pr(2 leading jets+ pr(leading leptop> 140 GeV.

The total ef ciency of all electron-muon selection cuts tindecays is found to be

10:8 0:2%. The ef ciency of each cut is given in Table 5.5.

TABLE 5.5. Electron-Muon Event Selection Eff ciences

Cut Ef ciency
One Tight track-matched electrop, 0.494
pr > 15 GeV,
likelihood> 0.25,
containing no muon track
One medium isolated muon, 0.469
pr > 15 GeV,
with opposite charge of electror
Electron-Muon Trigger Ef ciency] 0.903

Two jets, 0.699
with pr > 20 GeV
Good primary vertex 0.960
within SMT active region
Leptons within 1 cm 1.000
of primary vertex
E&r > 25 GeV 0.892
H; > 140 GeV 0.864
Total 0.108

5.4 EventYields

The expected number of top events in each dilepton chaNpgl,is given by:

Z
Niop= € Stop BR(IT! ) Ldt; (5.1)
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wheree is the selection ef ciency for the channdR(tt! ) is the branching ratio
for the channel, andiop is the Run Itt cross section. Background yields are calculated
in a similar manner, by multiplying their cross sections bgit selection ef ciencies and
the total integrated luminosity. In the case of backgrounidlsout known cross sections,

yields are estimated directly from data.

5.4.1 Z=gDecays

The dominant backgrounds in thgp andeechannels come frord=g! ppandZ=g! ee
events, respectively. In principle, such decays shouldiberated by thegt cuts in those
channels. However, noisy calorimeter cells or towers or msueith poorly reconstructed
momentum can lead to substantial “fal®” in an event. Such events are modeled in Monte
Carlo with a sample of Alpged! * + 2 jet decays. Yields for dileptons with masses in
the range 75 Ge\k M+ < 105 GeV are compared between Monte Carlo and data. A
correction factor of 1.02 is applied to the Monte Carlo cresstion to obtain agreement
with data. The expected number of background events is tlenlated by multiplying the
Monte Carlo cross section by the fraction of Monte Carlo événat pass the selection
cuts. Backgrounds frord=g! tt decays are estimated in a similar manner for all decay

channels.

5.4.2 WW and WZ Decays

WW+2 jet andW Z+2 jet backgrounds are also estimated from Alpgen MontedCain-
ples. The cross sections in these samples come from leadileg-theoretical calculations.
Unfortunately, NLO calculations for these backgrounds dbexist. However, NLO cal-
culations foWW andW Z decay cross sections (without extra jets) do exist. andaaned
to be 35% and 38% greater than the respective leading-oedeulations. The two jet
background yields are thus scaled up by these amounts. nsytsteerrors equal to these

increases are assigned to each background.
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5.4.3 QCD Fakes

Signi cant backgrounds are also produced from QCD eventslhiith a jet fakes an elec-
tron signature. A fake muon signature may be produced bylsptanic heavy avour
decays in which the muon appears isolated from the heavilgeMonte Carlo exists that
models such processes. The probability for an event to toaither a fake electron or a
fake isolated muon must be estimated from data.

Fake muons in the dimuon channel are estimated from dimuariehich the leading
muon is required to be non-isolated. All other event sebectuts are applied as described
in Section 5.3.1. The isolation ef ciency is then measuredilee second muon in order
to estimate the muon fake ratg,. The isolation ef ciency on signal eventssig, may be
computed frontt Monte Carlo. The fake and signal isolation ef ciencies avarfd to be
2:2 0:6% and 888 0:5%, respectively. The fake backgrouhd,ke can then be cal-
culated by measuring the number of events with one tight n{tdpip and the number of

events with two tight muond\;):

Nt = Neoprz+ Nrake (5.2)
Nit = €sigNtoprz + fuNrake (5.3)

A total of 10 events are found in data for tNg sample, while two events contain two tight
muons. This leads to a fake muon background yield:®80 0:03 events.

The fake electron ratefe, is calculated from a sample of loose dielectrons in data.
Events with&r < 15 GeV and with 75 Ge¥ Mee< 105 GeV are excluded to remove W
and Z backgrounds. Remaining electrons are assumed to daqaw from QCD events.
The fake rate is taken as the fraction of electrons that pgistsselection cuts, and is found
tobe Q16 0:01% inthe central calorimeter,and?8 0:02% in the end caps. The overall
fake yield is determined in much the same way as for dimuontsyéy comparing data
events containing one tight and one loose electron withteveantaining two loose elec-

trons. An estimated fake background 089 0:03 events is found from this procedure.



66

TABLE 5.6. Expected Yields in Dilepton Channels

Source Channel

en | ee | pu
tt signal 9:80" 135 | 3:48"0:35 g4 | 254 0:07
Z! tt 0:73 0:16] 030°07 |0:07 0:02
Z! ee - 0:45 0:15 -
Z! pu - - 0:95 0:14

WW=W Z 0:74 0:27| 020'91% |0:20 003

QCDfakes | 0:32 0:29| 0:09 003 |0:13 0:03
Total Background 1:79 0:43| 1:04°05; | 1:35 0:15
Observed Yield 15 5 2

Fake yields in the electron-muon channel are calculated sim@lar manner to the
dimuon and dielectron channels. Fake events can occur &itme fake electrons or fake
muons. The electron likelihood cut of 0.25 is suf cient taegtly reduce the fake electron
background, as shown in Figure 5.2. The fake muon yield inddo be nearly negligible
in this channel.

The expected signal and background yields for this anapgsshown in Table 5.6.
The observed number of events in the dimuon, dielectroneswtron-muon channel are

2,5, and 15, respectively.
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FIGURE 5.1. Contour cut orr-Df (&7,1) for (a) tt signal and (b)z=g and WW events.
The dark solid line shows the contour cut.
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CHAPTER®G
MASSTEMPLATE GENERATION

Once candidatét events have been selected, the mass of the top quark mustédre de
mined from the resulting decay products in the event. If thergy and momentum of
all of the products were known, then the top mass could benstnacted directly from
these observables. Unfortunately, the presence of twainestwithin the decay limits
one's knowledge of the event kinematics. This chapter des€rthe so-called “neutrino
weighting” method, a procedure developed during Run | [94évaluate the top mass in

the absence of suf cient kinematic event constraints.

6.1 Neutrino Weighting

A schematic of dt ! dilepton decay is shown in Figure 6.1. A total of six decaytipkas
are produced from the pair, with each particle described by an energy-momentum fo
vector. Thus, the decay is characterized by a set of 24 kineparameters. The masses of
all the decay particles are known, leaving a total of 18 iraglent parameters in the event.
Twelve of these parameters are measured directly from mumeof the reconstructed
leading two jets and two charged leptons within the eveng Adutrinos in the event are not
measured directly. However, the vector sums of their moomanh thex andy directions
are measured &y and&y. These values provide two additional kinematic constsaint

Another two constraints are produced from energy conservat the W decays:

M. = (E+ En)? (B Pn)? (6.1)
m, =(E+En? (p+pn)2 (6.2)

A nal constraint comes from requiring that the mass of the &md anti-top be equal.
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FIGURE 6.1. Att! dilepton decay.

Thus, event measurements yield a total of 17 constraintsesytstem, one short of the
number needed to completely describe the kinematics ofytbierm. An extra constraint
is applied by simply assuming a value of the top mass. Aduttiy, the measurefly and
&y are ignored, and a rapidity; is assumed for each neutrino This approach removes
two constraints, but applies three more, making the systdwalsle. The solution for the
momentum of each neutrino is quadratic, so that there carm lve four real solutions for
eah choice of top mass and neutrino rapidities. These sohlitire derived in Appendix B.

These solutions are derived by assuming the correct pgefa each of thé quarks
within the event. However, in data events, it is not known chhjet came from a top
quark and which came from an anti-top. Thus, solutions aleulzed for both of the
permutations ob quark parentage, using the leading two jets in the evens dtubles the
number of possible solutions per event.

Once solutions are found for an assunmag, they are assigned a weightbased on

how well the calculated neutrino momengaagree with the observed MET (hence the
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name “neutrino weighting”). The weight is de ned as:

~ 0 ~ 1(5 P1; p2.)2
Wmop:h1sh2)= a O exy 5 ) sJ2 i
&

solutionsj= Xy

): (6.3)

Here,sfé andséj are the, and&,y resolutions as measured usidg 2 jets data, and

are found to be:

sg = 6:85 GeV+ 0:035 § Efnelus (6.4)
Sg, = 7:43 GeV+ 0:021 g Eunclus (6.5)

whered EY"ClUs s the scalar sum of the unclustered calorimeter energyiwih event
[55].

It is unlikely that a single randomly chosen set of valueopfquark mass and neutrino
rapidities will produce a real solution to the kinematic atjons discussed above. Thus,
the solution method is repeated for a range of assumed topemastarting at 80 GeV and
increasing in 2 GeV increments to 330 GeV. At each mass psihtitions are attempted
on multiple choices of neutrino rapidity pair values.

Monte Carlo parton-level studies show that rapidity dttions of neutrinos from top
guarks are well described by a gaussian distribution, assimFigure 6.2. Furthermore,
Figure 6.3 illustrates that the width of this distributioactleases slightly with increasing

top mass. The width is parameterized by top mass according to

Sn(Mop) = 1:485 (4:618 10 )myp+(1:038 10 )nfy,; (6.6)

This dependence allows for judicious choices of neutriqudities for use in the neu-
trino weighting method. At each assumed valuargfp, a gaussian distributiog(h9 is
de ned, with width given by Equation 6.6. The gaussian isididd into ten sections of
equal areas, and rapiditibsat the pointsRh¥ g(h9dh®= 0:05;0:15;:::0:95 are calculated.

Solutions are attempted for each neutrino at each of the@sditsapoints. This produces a
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solution for 100 rapidity pairs, arranged in a 100 grid in (h1; h2) rapidity space. Weights
from each solution are added together, producing an owseadjhtw for a given top quark

mass.

W(Mop) = & & W(Mop; h1;h2) (6.7)
hy hy

6.2 Monte Carlo Tests

If the rapidities of the neutrinos from a top decay were samaeknown a priori and
the momentum of each lepton abdjuark were measured exactly, the neutrino weight-
ing method guarantees that the event weighwould be non-zero at the mass of the top
guark. However, the method cannot guarantee that no soisixist for other mass values.
An “incorrect” assumption about neutrino rapidity or jegiton combinations may still be
kinematically consistent with a top decay. Additionallyjte detector resolutions and the
hadronization ob quarks into jets prohibit measuring the parton momentatgxasuch
mismeasurements can dramatically change an event weighigivenm,p. These effects
must be studied in Monte Carlo events in order to determiaeiiefulness of the neutrino

weighting algorithm.

6.2.1 Parton-level Tests

Event weights are rst calculated for events selected frownké Carlott samples using
parton-level information for all nal-state particles. Atal of nineteen Monte Carltb sam-
ples exist, with each sample corresponding to a differestiragd top quark mass. Event
weights are generated for top quark masses ranging in 5-Ga@¥ments from 10 GeV to
210 GeV. Weights are also generated for assumed mass of 32® 40, and 230 GeV.

In the parton-level tests, dil quarks used to generate weights are required to be iden-
ti ed with a top quark parent. All leptons and neutrinos masme fromt ! W decays.
Missing transverse energy is calculated directly from th@lcined momentum of the neu-

trinos.
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Weights are calculated for each of the nineteen Monte Gadamples. Event weight
distributions for individual events from a given sampledda peak sharply near the as-
sumed mass for the sample, as in Figure 6.4(a). This is natalthe case, as some events
contain peaks far from the assumed mass (see Figure 6.Hbyyever, Figures 6.5 and
6.6 illustrate that, when event weights are summed ovega lanmber of events, the peak
of the overall distribution nearly matches the input madsesE gures represent between

300 and 1300 events, depending on the Monte Carlo sample used

6.2.2 Reconstructed Particle Tests

The parton-level tests show that event weights generated prarton-level information
from a large number of Monte Carlo events can produce infiomabout the mass of
the top quarks used in the Monte Carlo. These tests are eghaaing information from
reconstructed particles from the Monte Carlo. Particlesraconstructed with the event
generation and detector simulation packages describedhapt€r 4.1 of this document.
This reconstructed information mimics data recorded indétector during actual colli-
sions.

In these tests, the momenta of thejuarks are replaced by the momenta of the two
largest reconstructed jets. Parton-level informatiorudlparticle parentage is lost, so jets
and leptons are no longer required to have been created dquiarks. Missing transverse
energy is computed from energy in calorimeter cells and freconstructed muons rather
than from the neutrinos. These effects cause the loss afnaibon about the top decay,
and the event weight distributions broaden signi cantlyngared to those in Figure 6.5,
as Figure 6.7 demonstrates. The peaks in the distributiaysatso be signi cantly shifted
from the input mass value, as shown in Figure 6.8.

The particle-level test assumes perfect reconstructiati particles. However, as indi-
cated in Chapter 4, the nite detector resolution createeuainties in the measurements

of particle momenta. To compensate for this, the momentumach jet and lepton is
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randomly smeared according to its resolution. Such smgaam dramatically alter the
shape of the event weight distribution for event, since setkavents may have solutions
unavailable to unsmeared events, and vice versa. EventBugeepeatedly smeared un-
til the shape of the event weight distribution stabilizesisTis shown in Figure 6.9. It is
found that smearing each event 150 times is suf cient to poed stable distribution shape.
These smearings further broaden the width of the event wdigtributions. Event weight
distributions from smeared events also show greater disagent between the distribution
peaks and input top quark masses than was seen in eitherrtio@tevel or unsmeared

particle-level tests (Figure 6.10).

6.3 Template Generation

As Figure 6.11 illustrates, the widths of the smeared evesght distributions are much
larger than the 2-GeV increments used to generate theldisons. The root mean square
(RMS) of the distributions ranges from approximately 30&8/, with the width widening
slightly with top mass (see Figure 6.12). Thus, the evenghtsimay be coalesced into
coarser mass bins without loss of information. A bin size ®fG2V is arbitrarily chosen
as a coarse binning that still remains smaller than the sstaldbserved RMS value.

Each event weight is rebinned from 125 2-GeV increments ta5kGeV increments,
as in Figure 6.13. Each event weight is also normalized ttyusw that the event may be
completely characterized by a nine-dimensional weightareg. The components of
are the weights in each bin of the coarse histogram. Theatmlteof weight vectors from
all of the events in a mass sample are referred totamalate Templates are generated for
Monte Carlo top masses from 120 to 230 GeV. By comparing dagate to templates for
each mass, the mass of the top quark may be determined. Ttethils of this comparison

are described in Chapter 7.
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6.3.1 Background Templates

Templates from background processes are generated inrtfeersanner as for top decays.
The main difference between the two is that background tetepkend to contain far fewer
events than top templates, as event selection criteria desgned speci cally to reduce
backgrounds. The typical background template size is ootther of 50 events, while top
templates contain 250-2500 events. This results in sumgesiteveight distributions that
are much less uniform for background than for top eventshaws in Figure 6.14. The
sample size of background templates is small enough thiaddgl event peaks are visible
in the distribution sums. This introduces an uncertaintyh® shape of the background

templates; the effect of this uncertainty will be exploredCihapter 8.

6.3.2 Null Weight Vectors

Even with multiple detector smearings per event, it is gueghat an event may yield no
real solution for any choice of top mass. Such events woudyxre a total event weight
of zero, and thus create a non-normalizable weight vectbes& events are ignored, and
no weight vector is produced for them.

Instead, this effect is treated asla factoadditional selection cut. It is found that one
out of every 500 or sét events has no real solution, a selection ef ciency of 99.9%.
one might expect, this effect is larger in background evenith an average of 4% of all
background events failing to produce a solution. With thests applied, the expected
yields described in Chapter 5 are revised to those shownble®l. Of the 22 events
originally selected from data, 21 pass this new selectiderasn. The remaining event
(in the pu decay channel) produces no solution consistent withdecay. Event weight

distributions for these 21 events are shown in Figures 66L57%.
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TABLE 6.1. Expected Yields in Dilepton Channels, including TeatplGeneration Ef -

ciency

Source Channel
ep ee | M
tt signal 9.79 3.48 2.53
Z! tt 0:70 0:16| 0:29'513 | 0:07 0:02
Z! ee - 0:43 0:14 -
Z! pp - - 0:91 0:13
WW=W Z 0:71 0:226| 0:19'31 |0:18 0:03
QCD fakes 0:31 0:28| 0:09 0:.03| 0:13 0:03
Total Background 1:72 0:41| 1:.00°5%; | 1:29 0:14
Observed Yield 15 5 1
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Rapidity Distributions of Neutrinos from 175 GeV Top Quarks
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FIGURE 6.2. Parton-level neutrino rapidity distributions for MerCarlott samples with
various values ofinop. Gaussian ts to each distribution are also displayed.
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CHAPTERY
LIKELIHOOD FIT

Once event weight vectors have been created for all Montéo @=ents, it remains to
compare them to weight vectors from data events in order taimla measurement of the
top quark mass. This comparison is made through the use ofiamm likelihood t. This
chapter explores the formation of the likelihood functiaed for the t, the optimization

of parameters within the t, and the results of the t on endses of simulated event data.

7.1 Principles of Likelihood Fits

A probability density function (PDFX(xja) with a set of parametera allows one to
predict the probability that a set of measurementsll take on a certain value. Conversely,
if the values ofa are unknown, they can be estimated from multiple measurenoéx.
The PDFs from alN events within a data sample can be combined to form a joieliikod
L(xja) = _Né)lf(xija): (7.1)
i=
An estimatea of the parametera may be found by maximizing the value of this
likelihood [56]. It is computationally convenient to usestltogarithm of the likelihood:
InL(xja) = g Inf(x;ja); (7.2)
i=1
rather than the likelihood itself for this maximization. & maximum of this function (or,
equivalently, the minimum of InL) occurs at the sam@as for Equation 7.1. Furthermore,
it can be shown that, in the limit of an in nite number of dataeats, the uncertainty ia
is described by the region in which the value df(rja) differs by less than 0.5 units from
its maximum value. Section 7.3 discusses the applicalafititis uncertainty estimation to

the low-statistics sample used in the determinatiomgp.
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In this analysisa is composed ofiyop and the number of signahd) and background
(np) events in the data sample. The set of observed values nenke number of observed
events in the samplé\(, the set of event weight vectorb#g), and the expected number
of background events)§ sy), as estimated in Chapter 6.

One could also include an expectation for the total numbeigifal eventsr() in the
setx. However, an estimate @k requires assuming a value for the top production cross
section. As mentioned in Chapter 2, such an assumptionmnnyplies an assumed value
of mop. Since this analysis seeks to obtain a measuremenggfwithout a prior estimate
of its value,ng is ignored in the formation of the likelihood.

The parametenss andn, may be easily treated as continuous variables for the pagpos
of the minimization of InL. Itis not so easy to treap in the same manner, as Monte
Carlo samples exist only for certain discrete top mass galle principle, one could use
these samples to create a parameterization of the PDF astafuafmyp, allowing for the

InL function to be simultaneously minimized with respeattgy, ns, andny. Alternately,
once can minimize the InL only with respect tag andn, at each Monte Carlo mass point,
and then parameterize the resulting likelihood values vagipect tanep.

The second approach is chosen for this analysis. The MINBTT package is used to
numerically calculate the minimum value ofnL at each mass point. A polynomial tis

then performed to nd the mass value at whicInL reaches an overall minimum.

7.2 Functional Form of the Likelihood

The likelihood function L{wg,ny; Sp,Njmop,Ns,Np) consists of three components. Consis-
tency between the observed and expected number of backfjewents is enforced through

a gaussian constraint:
= 1 —\2_oe 2.
9(Np; Np; Sp) pﬁem(nb Np) “=2sg]; (7.3)

wheresy, is the uncertainty in the background yield.
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A Poisson constraint requires agreement between the tosaireed number of events
and the sum o andny:

(ns+ nb)Ne (nst+ nb).

N (7.4)

p(ns+ Np; N)

The remaining likelihood componeht(f wgjmop, Ns; Ny) describes the probability that the
set of observed event weighta/g agree with the template weights for a giver,p. The

overall likelihood may thus be written as
L(f wg; Nb; Sb; NjMeop; Ns; Nb) = 9(Nb; Nb; Sb) P(Ns+ Np; N)L (f wojmop; Ns; ). (7.5)

The functionL is calculated from the probability that each observed weigictorw is
consistent with either a signal or background event. Thadability is calculated through
the use of the continous signal and background probabgitsiies,fs(wjmyp) and fy(w).
These signal and background functions are not known dydutit are instead estimated
from the event weight vectors within their respective testgs [58]. A kernel function
K is placed at the value of each event weight vector, and thieghitity densityf(w) is
estimated by averaging over all vect«w}!C within a Monte Carlo template:

1 Moo w o wMe

) (7.6)

The resulting functiorf (w) provides an estimate of the agreement of the observed weight
vectorw and the weight vectors within the Monte Carlo template. is tbnction,his a
smoothing parameter that may be tuned to optimize the préoce of the likelihood t.
This optimization is discussed in Section 7.3.

A gaussian is commonly used as a kernel function, and sesvasanvenient choice
here. The kernel function is de ned as a multidimensionalgggan over the nine dimen-

sions of the weight vectet

S o
Qe 9% (7.7)
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The normalization of this gaussian assumes#tmay take on any value. However, the

normalization of the weight vectors implies that

S

ax L (7.8)

i=1
The normalization of the gaussian should thus take place aver this allowed space.
Since such a normalization is computationally intensimeéngegration is instead performed
over the hypercube 0 x; 1, and the result is used as a normalizing factor for the kerne

K. The signal probability densit§s(mop) may then be expressed as

. 1 Nmc(Mop) 9 exy] (W le\i/IC)2=2h2]
fs(Wjmop) = N a O R : (7.9)
=1 FE exd (w0 wifC)2=2n2]dwe
0

This limits of the normalization integral are not strictlgreect, in that they allow individual
weight vector components between 0 and 1, rather than aqgptiie stricter requirement
of Equation 7.8. However, the effect of using these loosédim small, as seen in Section
7.3.

The background probability density is de ned similarly. d&eise there may be mul-
tiple backgrounds within a channel, the contribution fromele backgroundt is weighted
according to its expected contribution to the overall backgd,by:

% . ”%k (7.10)
Here,ny is the expected number of background events fronk¥hkackground, and:ill'(\"C
is the number of weight vectors within the template for thatkground. The weigHuy
may differ from the ratio ofi, to the total expected backgroungldue to the fact that the
number of events within a template is not constant for alkgasunds.

The background probability density is found by summing @leevents in each back-

ground template:

Nbg N(QAC 2 exf (W w)¢)2=2n?]
k-l FLE Texd (w0 wif€)2=2h?]dwe
0

fo(w) = (7.11)

Nbg ! by NMC



94

Finally, the overall likelihood may be expressed in termdsand fy, as

N) % Nsfs(Wjmop) + Ny fp(W)
i ns+ nb

L(f wg; Np; Njmiop; Ns; Np) = g(Np; Np; Sb) P(Ns+ Np; . (7.12)

The negative logarithm of this function is then maximizethwespect tms andn, at each
Monte Carlo top mass. A tis performed on the resulting likelod points to nd the most
likely value for the top mass. This tis discussed in the éoling section.

A full treatment of the PDE method requires transformingwlegght vectorsw; into a
basis in which the elements of the vectors are uncorrel@téule a simple linear transfor-
mation can diagonalize the covariance matrices of bothitmeabkand background proba-
bility densities, such a transformation creates computati dif culties in evaluating the
integrals in Equations 7.9 and 7.11. Preliminary attemptsvaluating the probability
densities in the transformed bases were found to incre@seammputing time needed to
evaluatefs and f,, but showed no improvement over results in the unchangedsbdse
basis change was thus abandoned for this analysis. Carreddtetween weight vector

elements were tested through ensemble tests, as deseritiedriext section.

7.3 Optimization of the Likelihood Fit

Once the likelihood function described above is minimiziegbeh Monte Carlo mass point,
it remains to t the points to a continuous function. The mimim of this function is taken
as an estimate of the top quark mass. The range between timaumrof the function and
the points at which the function is 0.5 units greater thamitsimum is used to de ne the
uncertainty on the mass measurement.

The form of the likelihood t function is not assumend befbasd, but is determined
through tests on Monte Carlo ensembles. The range over \iigh must be performed
is likewise unknown prior to ensemble testing. Lastly, tikellhood function contains a
smoothing parametdérwhose value must also be determined empirically.

Fits are tested by forming test ensembles of events from toet&ICarlo templates.

Ensembles are generated separately inethesp, and uu channels, with the number of
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events in each channel's ensemble equal to the observedanwhévents in that channel.
Events from both signal and background templates are iedliinithe ensembles through
the use of a random number generator. For an ensemi\eesents withn, expected
background events, a random number between \Naisdgenerated. If the number is less
thanny, an event is chosen from the background template. Otheraisevent is picked
from a signal template. In the case where there are multipb&drounds, an event from
backgroundk is chosen if the random numbRmeets the condition

N
1

k 1 k
o
1=

é. rTb;i R
i=1
Event weights used in the ensemble are removed from the &@splso as not to bias the
comparison between ensemble and template events. Likelgare then calculated for the
ensemble events. Ensemble tests over the combined dileptomels are performed by
summing likelihoods over the three individual channels.

Due to the nite statistics available in the templates, ikellhood values are not known
to in nite precision. An estimate of the uncertainty on tieslihood value is made splitting
each template into smaller “sub-templates”. Likelihoodsgenerated for a test ensemble
using each of these sub-templates. The resulting varianideebhood values is taken as
an estimate of the likelihood uncertainty.

The uncertainty in likelihood values is calculated by gatiag ensembles ensembles
of 21 dilepton events atyop = 175 GeV. For the sake of simplicity, ongusignal events
are used in these ensembles. For a given ensemble of evétem)@ates are divided into
10 sub-templates. Likelihood values are calculated foretmgemble at each mass point
using each of the sub-templates in turn, and the standaidtms of the values at each
mass point are calculated. These deviations are then dih’ryig 10 to provide an estimate
of the uncertainty of the likelihood measurement using thgmal templates.

Table 7.1 shows likelihood uncertainties from ve ensemialsts of 2lepevents. It
is clear from this table that uncertainties may vary greétbyn ensemble to ensemble.

However, no systematic change in the size of the uncertaisty function of top quark
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mass is observed. Thus, the average uncertainty of 0.5&s tiadm ensemble tests is used
as the estimated likelihood uncertainty on all mass poihk® exact value of the average
is less important than the assumption that the uncertaidtienot vary with mass, as it is
such variances that can affect the performance of thetigeli t. The tis described in
more detail in Section 7.3.1.

Further ensemble tests are performed using sets of 2, 5, asdi2templates. The
choice of the number of sub-templates to use for these westsnewhat arbitrary. A small
number of sub-templates may not be suf cient to calculateasonable average. On the
other hand, if templates are divided into a large number bftemplates, the individual
sub-templates may not contain enough events to providesomable estimation of the
probability density. Nonetheless, Table 7.2 shows thatdkalts of these tests are consis-
tent with those seen using 10 sub-templates.

An ideal likelihood t has the following two properties:

The mass at the likelihood t minimum for an ensemble matdhesinput top mass

Miop-

The pull distribution for a set of ensembles is a gaussiah witlth of one, where
pull'is de ned as (ntit Mop)/SL, ands is the uncertainty from the likelihood t.
A pull width of one indicates that the error estimate from ¢henimum likelihood

+0.5) points is justi ed.

Ensemble tests are performed on a number of different tfioms, t ranges, andh values

to determine the optimal values for the likelihood t.

7.3.1 Fit Functions

If the likelihood function is gaussian, then one would ngivexpect that InL would be
modeled well by a quadratic t function. Such a function hlas additional advantage that

any successful t necessarily contains points at which threfion value is 0.5 units greater



TABLE 7.1. Likelihood uncertainties for ensemble tests usingutBtemplates

Mop

(GeVv)| 1

Ensemble Test #
2 3 4

120 | 0.72] 0.59| 0.52| 0.69| 0.63
130 | 0.44| 0.67| 0.40| 0.71| 0.81
140 | 0.73| 0.74| 0.18| 0.58| 0.79
150 | 0.74] 0.60| 0.17| 0.67| 0.60
160 | 0.48| 0.55| 0.25| 0.50| 0.45
170 | 0.57| 0.47| 0.21| 0.58]| 0.52
180 | 0.35|0.29| 0.21| 0.16| 0.47
190 | 0.48| 0.51| 0.70| 0.55]| 0.26
200 | 0.36(0.41|0.31|0.55| 0.34
210 | 0.57|0.25]| 0.44| 0.67| 0.40
220 | 0.45/0.38|0.44|0.76| 0.34
230 | 0.21|0.42| 0.34| 0.58| 0.27
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TABLE 7.2. Likelihood variances for sub-templates, averaged alenass points.

Test #

Number of sub-templates

5 10

25

O~NO O~ WN

0.45 0.44
0.25 0.15
0.27 0.27
0.24 0.21
0.38 0.37
0.18 0.11
0.55 0.49
0.61 0.61

0.78 0.54| 0.74 0.38
0.34 0.23| 0.41 0.25
0.48 0.37| 0.54 0.36
0.41 0.27| 0.48 0.33
0.43 0.28| 0.55 0.35
0.38 0.26| 0.42 0.25
0.55 0.32| 0.72 0.43
0.56 0.28| 0.77 0.43

0.75
0.44
0.61
0.52
0.61
0.47
0.81
0.91

0.46
0.26
0.40
0.35
0.39
0.29
0.46
0.42




98

than its minimum value. This is not the case for higher ordeywhich may peak at a local
maximum before reaching a point 0.5 units greater than thenmuim, as in Figure 7.1.
Such tsyield a t mass but do not necessarily provide a usefitimate of the uncertainty

on that mass.
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(a) quadratic t
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FIGURE 7.1. Quadratic and cubic ts to an ensemble ofedevents. Note that the cubic
t reaches a maximum before reaching the (maximum+0.5) {poin

The function used for the likelihood t is determined fromsamble tests performed
using quadratic, cubic, and quartic t functions. Tests peeformed on 1,000 ensembles
of combined dilepton events over all mass points from 120 Ge¥%30 GeV. Ensemble

t minima less than 70 GeV are arbitrarily set to 70 GeV, with @ancertainty of 50 GeV
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assigned in order to reduce the effect of poorly t ensembleshe average t. Likewise,
minima above 280 GeV are set to 2880 GeV. It is found that minima occur at such
extreme values only for masses less than 140 GeV or greaper2h0 GeV, where the
number of mass point used in likelihood ts is reduced. Axdssed in Secton 7.3.3, these
masses are thus excluded when calibrating the likelihoted. t

It is found that the cubic and quartic ts do not provide a sigant improvement in
agreement between input mass and likelihood minimum oweqtiadratic ts. The higher
order ts do substantially increase the fraction of enseeabihich do not yield a good
estimate of the t uncertainty, as illustrated in Figure .7.@Here, a “good estimate” is
de ned as a t with local maximum values greater than 0.5 siibove the minimum value
on either side of the minimum.) For these reasons, a quaduaiction is used to t all the

likelihood points.
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FIGURE 7.2. Fraction of dilepton ensembles with good estimated ohcertainties from
guadratic and cubic ts.

7.3.2 Fit Range

Further Monte Carlo tests were performed to determine thgeraf mass values over which
to perform the likelihood t. Because templates exist folyoa few masses, a t range

that is too narrow may include insuf cient points for detenmng the likelihood minimum.
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Conversely, since the likelihood function presumably goes constant value far from the
input top mass (where the minimization ofnL yieldsng! 0), a t range that is too wide
will overestimate the uncertainty in the minimum, as in Feyd.3. The best value for the

t range is found by simultaneously optimizing the rangetwtite value of thé parameter.

7.3.3 hParameter

As with the t ranges, the choice df must be balanced between values that are too small
and values that are too large. A valuelothat is too small results in a gaussian that
approaches a delta function, yielding no information alewent weight vectors that do not
exactly match a template weight vector. Values that areaagelbroaden the gaussian and
allow for little distinguishability between weight vecsowith different values.

Ensemble tests were performed fovalues between 0.05 and 0.50, testm@ in-
crements of 0.05. Tests were also performed for t rangewbeh 10 and 50 GeV,
incrementing the ranges by 10 GeV. For each test, 100 enssmbs$ignal and background
events were generated. Fifteen events were chosen fromptbkannel, 5 from thee
channel, and 1 from thguchannel in order to mimic the results from data. The aver&ge o
the likelihood minima at each mass point was plotted ag#mesinput mass, with both the
minima average and the input mass shifted by 175 GeV. A linegas then applied to the
result:

(Likelihood minimum - 175 GeVy M(myp-175 GeV)+ B: (7.13)

Here, M is the slope of the linear t, and B is the offset at a mak175 GeV. Pull distribu-
tions were also generated, as in Figure 7.4. As not all psifitutions appear gaussian, the
root mean square (RMS) of the pull distribution rather tHamwidth of a tted gaussian
was used to characterize the width of the distribution.

One wishes to nd a set of values forand the t range that generates a t slope of
M=1, an offset of 0, and a pull RMS of 1. As the plots in Figur® §how, no combination

of hand t range meets all of those requirements. Valued aihd t range are instead
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(@) 5GeV t

(b) 100 GeV t

FIGURE 7.3. Fits in the range (a) 5 GeV and (b) 100 GeV around the minimum for
an ensemble of 1&uevents atmop = 175 GeV. In Figure (a) the red line indicates the
extension of the black t parabola beyond th& GeV t range.
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chosen to produce a t slope and offset near their optimalesiwnhile still generating a
pull RMS consistent with 1.

The values oh and t range chosen for the likelihood t are 0.15 and20 GeV, re-
spectively. Further ensemble tests were performed on L6@bined dilepton ensembles
using these t values. The resulting pull RMS values havevaage of 0:94 for masses
in the range 140 to 210 GeV, as shown in Figure 7.7. This aeesagulled down by en-
sembles at low values oftop. Values above 160 GeV show pull RMS values within a few
percent of the ideal value of 1.0. RMS values for masses of 120, 220, and 230 GeV
are not included in Figure 7.7, as a large fraction of eventisesse points have ts outside
the allowed t mass region of 70-280 GeV. Such events appsareaks at pull values of

1, asin Figure 7.6.

Figure 7.8 shows that the relationship between likelihoadimma and input masses is
adequately described by a linear t. Mass points below 14¥ Geabove 210 GeV are
again excluded due to the large fraction of poorly t minimatlaose points. The slope
and offset of a linear t to the remaining points are 0.96 and GeV, respectively. The
deviation of these values from their ideals may be due to ipgcximation used in the
likelihood normalization, as discussed in Section 7.2. 3lbpe and offset observed from
the Monte Carlo tests are used as corrective calibratidnrsor the likelihood minimum

observed in data.
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(a) 150 GeV

(b) 175 GeV

(c) 200 GeV

FIGURE 7.4. Pull distributions for 1,000 ensembles of 21 dilepteends at (a) 150 GeV,
(b) 175 GeV, and (c) 200 GeV.
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(a) 120 GeV

(b) 230 GeV

FIGURE 7.6. Pull distributions for (a) 120 GeV and (b) 230 GeV inpyt fjluark masses.
The peaks at 1 indicate events in which the likelihood t minimum is out&i the allowed
range of 70-280 GeV.
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CHAPTERS8
RESULTS

Using the likelihood t procedure described in the previattgpter, event weight vec-
tors from the 21 candidate dilepton events may be comparédetdlonte Carlo signal
and background templates. The result of that t provides asneement of the top quark
mass along with the statistical uncertainty on that measent. Further studies estimate
additional systematic uncertainties. These studies aerithed in this chapter, and a mea-

surement of the top quark mass is provided.

8.1 Likelihood Fit to Data

The log-likelihood ts for the 1%epevents, Seeevents, and ipevent are shown in Figure
8.1. The respective minima are at 1481, 198 17, and 183 34 GeV. The combined t
is performed by summing the logarithms of the likelihoodshe individual channels, as
in Figure 8.2, and the minimum occurs at 178 GeV. Calibrating according to the tin
Figure 7.8 yields a top mass of 175.6 GeV, with a statisticaref 10:7 GeV.

The large difference in minima between tegandeechannels is cause for concern,
but is not entirely unexpected. Figure 8.3 shows distrdngiof t minima over 1000
Monte Carlo ensembles @& and ee events withmop = 175 GeV. Roughly 1% otp
events produce minima less than 150 GeV, while 89%eamvents produce minima above
190 GeV. Distributions of minima fronpp events are not shown, as the low signal-to-
background ratio in these events produces a wide range afm@inThis also accounts for
the large statistical uncertainty in thg channel.

The observed overall statistical uncertainty is in lindwvékpectations, as demonstrated

in Figure 8.4. Over 1000 combined Monte Carlo samples opthie events, the average
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statistical uncertainty is 9.3 GeV, with 76% of events fadlbelow the observed uncertainty
of 10.7 GeVW.

8.2 Systematic Uncertainties

Uncertainties in measurements of jet and lepton momentaelisawin the overall jet en-
ergy within an event lead to systematic uncertainties indipequark mass measurement.
Variations in jet multiplicity, template shape, and partistribution functions (PDFs) used
in event generation create additional uncertainties. B&these variations is evaluated in
turn, and an overall systematic uncertainty is de ned byiaglthe individual uncertainties

in quadrature.

8.2.1 Jet Energy Scale

Miscalibrated jets within an event can create signi canftshin the measured top mass.

There are four known factors which contribute to jet misneasent:
a 3.4% uncertainty in jet energies for light quark jets,
an additional 2.1% uncertainty in jet energies fromuarks,
a 1% uncertainty due to ther dependence of jet energies,

and a 1.4% uncertainty from differenceshrdependent corrections between data
and Monte Carlo[59][46].

These factors produce a combined uncertainty 8f4:4% on the jet energies.

To evaluate the effect of this uncertainty on the mass measemt, event selection is
repeated over all Monte Carlo samples in each dilepton aawmith jets with the samples
shifted by 1s prior to event selection. New event weight templates areggad from
events with these revised jet energies, and sample enssmldecreated from the new

templates. Likelihood ts are made by comparing the new erisdes to the original Monte



110

Carlo templates. These ts are repeated for 1000 ensemblései combined dilepton
channels. Differences between the new ts and the originare used to estimate the
uncertainty from the change in jet energy scale. Figure Bdbvs that, for an input mass
of 176.4 GeV, jets shifted by 1s increase the value of the output minimum by 3.8 GeV,
while jets shifted by 1s decrease the output minimum by 5.3 GeV. The larger of the two

errors is taken as the uncertainty due to jet energy scaetsff

8.2.2 Jet and Lepton Resolution

The uncertainty in jet energy due to the nite resolution loé talorimeter is described by
Equation 4.5. The effect of this uncertainty on the mass oreasent is found by generat-
ing templates from Monte Carlo samples in which the jet netsmhs have been smeared by
1s from their default values. Such samples only existrfesp=175 GeV. Results from

likelihood tsto 1000 ensembles made from these reviseddasare compared with those
from the original samples. As with the jet energy systemadliiferences between the two
results are used as an estimate of systematic uncertaihtylarger of the difference be-
tween the original and 1s samples is found to be® 0:3 GeV, as shown in Table 8.1.
This value is taken as the uncertainty due to jet energy uésol

Muon resolution is described in Chapter 4.3. The uncegtalne to muon resolution is
calculated in much the same way as the uncertainty from geiuéons. However, unlike
the case for jets, no Monte Carlo samples exist in which thermmaware smeared by any
value other than their default resolutions. This smearmgpplied to all Monte Carlo
muons.

In order to estimate the effect of different muon resoluti@m top quark mass, an
“oversmeared” event sample is produced in which muons asenesared by their origi-
nal resolutions. This sample is compared to samples in wimigbns are re-smeared by
resolutions of 1s of their original values. Comparisons are made from 100@ e

tests atmop = 175 GeV for the new samples via likelihood ts. The maximéfelience
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TABLE 8.1. Likelihood t minima for smeared jet and muon samplesaf, = 175 GeV.

Jets Muons
Smearing Likelihood Smearing Likelihood
Minimum (GeV) Minimum (GeV)
No Jet Smearing 1774 0:3 Default Muon Smearing 1774 0.3
Jet Res. +& 1779 03 Oversmeared 1769 03
Jet Res. -4 1771 03 Oversmeared 4l 1769 03
Oversmeared €l 1765 0:3
of 0.4 GeV between samples is taken as the systematic umtgrtime to the nite muon

resolution.

The results of ensemble tests on summarized jets and muergsvan in Table 8.1.
Uncertainties in electron momentum resolution are far Ean#ian for either jets or muons.
The effect of such uncertainties on the measured top quass msathus expected to be

negligible relative to effects already mentioned, and isavaluated directly.

8.2.3 tt + Jet Events

Gluon radiation in dt decay can result in a nal state with more than two highjets. It

is expected that 32% of events will contain one such extra jet, while 8% will contsi
extra jets. As this analysis assumes that the two higpbegéts in an event are produced
by b quarks, this can lead to a gluon jet being treated lgea within the event selection
and weight generation processes.

A Monte Carlo ‘tt+1 jet” sample atmop= 175 GeV has been produced which contains
one extra jet per event. The effects of this extra jet on thesmmaeasurement is evaluated
as with all the previous systematics: event weight ensesrdnie generated from the new
sample and are compared to the original templates via teéHdod t. The result of this
comparison is shown in Table 8.2. The difference of 4.1 GefMiben the minima is scaled

by 32%, resulting in an uncertainty of 1.3 GeV due to eventh one extra jet.
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TABLE 8.2. Likelihood t minima fortt andtt + 1 jet samples atyop= 175 GeV.

Process | Likelihood Minimum (GeV)
tt + 0 jets 1754 0:3 GeV
tt + 1 jet 1795 0:3 GeV

There is no Monte Carlo sample for events with two extra jebsestimate this system-
atic, itis assumed that the effect of the second extra jetdoutble the fraction of events in
which at least one gluon jetis identi ed as coming fromguark. It is further assumed that
increasing this fraction leads to a doubling of the 4.1 Geffedence between the original
and extra-jet templates. The resulting difference is schie8%, giving an uncertainty of

0.7 GeV. This is added to the 1-jet uncertainty to give an alsystematic of 2.0 GeV.

8.2.4 Event Parton Distribution Functions

As mentioned in Chapter 4.1, the parton distributions in MdDarlo are determined by the
CTEQS5S parameterization. This calculates parton strudtunetions from a phenomenolog-
ical t of data from deep inelastic scattering/ boson production, Drell-Yan experiments,
and collider data. Other ts to this data also exist [60]. igtions in PDFs may contribute
to additional uncertainties in the measurement of the t@slgmass.

To account for these uncertainties, PYTHIA samples aretedefortt | e decays
for a number of leading-order and next-to-leading-ordeFRRrameterizations. Samples
are generated aty,p = 175 GeV in theep channel, and a simpli ed selection scheme
is introduced by cutting on jet and lepton energy as wel&as Events that pass these
cuts are used to form ensembles that are compared to thdtddfante Carlo templates.
One hundred ensemble tests of 15 events each are performeetheauncertainty in the
epchannel is taken as half the difference between the largessmallest t minima (see
Table 8.3). Since samples don't exist for taeand pu channels, the uncertainty in the

overall measurement is found by scaling theerror up by the square root of the ratio of
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TABLE 8.3. Likelihood tter minima for various PDF samples fep events atmgp =
175 GeV.

PDF Likelihood Minimum (GeV)
MRST(c-g) LO 1734 06
MRST(h-g) LO 1738 06
MRST(I-g) LO 1738 06
MRST(l-as) LO 1734 07
MRST(h-as) LO 1740 05
MRST(h-t) NLO 1747 07

CTEQ5M MS NLO 1736 07

the total number of events and taptotal, P 21=15. The overall uncertainty is found to be
0.7 GeVW.

8.2.5 Template Statistics

The nite statistics of the event templates lead to an uradety in likelihood values, as
noted in Chapter 7.3. This leads to an uncertainty in thetgxasition of the likelihood
t minimum. This uncertainty is evaluated in much the samenmex as for the likelihood
points themselves. Each Monte Carlo template is split imaler sub-templates, and
ensembles of dilepton events are t to each of the sub-tetapla/ariations in t minima
across the sub-templates provide an estimate of the tesryotaertainty.

Thirty ensemble tests were performed for sets of 21 dilepi@nts. Templates were
broken into 3 sub-templates, and the uncertainty in t minimwas found to be 0.9 GeV.
Repeated tests using 5 and 10 sub-templates yielded untiegaf 0.9 GeV and 1.0 GeV,

respectively. The overall uncertainty is taken as the ayeedd these results, 0.9 GeV.

8.2.6 Background Shape

The low number of background events that pass selectionleads to background tem-

plates containing only a few dozen events. The shape of teegglates is thus less well
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understood than is the shape of the signal templates, whictain upwards of one thou-

sand events. High-statistics background templates maselgsd with the PMCS simulator

discussed in Chapter 4.1. The agreement between eventéiicerariables in PMCS and

the default Monte Carlo is not strong enough for the PMCS geaknd samples to be used
in place of the original templates. However, ensembles tesing PMCS samples may be
compared to the original ensemble tests to get an estimaite efffect of the low-statistics

background templates on the t mass.

As a cross check, additional ensemble tests are perforniegl crside “dummy” back-
ground event weight templates in place of the original bamlkigd samples. Each event
weight within a dummy background is generated from a gans#igribution from 10,000
random numbers. The widths of the event weights vary rangdmmm 20 to 60 GeV, and
peaks are chosen between 170 and 210 GeV. These values aem ¢hanimic the means
and widths seen in the original Monte Carlo backgrounds. Viiees are tuned for each
dummy background so that the mean and width of the new teepiatches that of the
Monte Carlo background.

The results of likelihood ts to PMCS and dummy backgrounds shown in Figure
8.6, along with the t to the original templates. At the megei t minimum, the PMCS
t differs from the t using the Monte Carlo background tengtés by 1.3 GeV, while the
dummy tdiffers by 2.3 GeV. These small errors, even with thenmy backgrounds, illus-
trate the relative insensitivity of the likelihood tter toctuations within the background
templates. As the PMCS templates are expected to be the wmreage representations of
the background processes, the PMCS t difference is taketh@systematic uncertainty

on the background shape.

8.2.7 Dielectron Trigger Ef ciency

In the selection code for Monte Carlo events in épeandpp channels, trigger ef ciencies

are simulated from ef ciencies derived with data in thosarmtels. No such modeling
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is performed in theee Monte Carlo event selection, which means that the MontedCarl
treats thesetriggers as 100% ef cient. Since the triggers tend not toldly £f cient at the
electron momentum selection cut of 15 GeV, the events ssldcdm Monte Carlo samples
contain a larger fraction of lowpr electrons than events selected from data.

This effect is taken into account by modeling the ENEV(1,20) trigger on each elec-
tronin a 175-GeV Monte Carlo sample. The turn-on curve fartitigger has the strongest
pt dependence of any electron trigger, as described in [6dn&ware randomly discarded
based on the ef ciency of the trigger relative to the of each electron within the event.
Once again, ensemble tests are used to compare eventsgptsisimulated trigger to
events from the original Monte Carlo.

The variance in output mass between this sample and a santplaithe simulated
trigger is found to be 0.4 GeV. This is the variance that wdaddexpected if all events
were selected with the ELELV/(1,20) trigger. Since other triggers are used in sehegti
dielectron events, and since all the other triggers depessl $trongly orpt than does
ELE_NLV(1,20), the overall effect on the measured mass fronediebn trigger ef ciency

is assumed to be negligible.

8.3 Final Result of Mass Measurement

The measured top quark mass from 21 dilepton events is 17#/6The statistical uncer-
tainty on this measurement is 10.7 GeV. The systematic tainées are summarized in

Table 8.4. The total systematic error is 6.0 GeV.
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TABLE 8.4. Summary of systematic errors.

Source Uncertainty (GeV)
Jet Energy Scale 5:3
Jet Resolution 0:5
Muon Resolution 0:4
tt+jets 2:0
PDF variation 0:7
Template Fit Statistics 0:9
Background Template Shape 1:3
Total Systematic Error 6:0
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CHAPTERY9
CONCLUSION

The mass of the top quark was rst measured during Run | of thaffon, soon after the
particle was discovered. Measurements made at the timel§yir and DJ collaborations
indicated that the top quark is by far the heaviest of the kmelementary particles, with a
mass in excess of 170 GeV. Enhancements in the number argleigroton-antiproton
collisions during Run Il of the Tevatron allow this mass torheasured with much less
statistical uncertainty than in Run I. This thesis providaseasurement of the top quark
mass from “dilepton” decays df pairs, in which each top quark decays tb guark and
aW boson, and in which eadl in turn decays to a lepton and a neutrino. Events are
categorized as eitheg el or y, depending on the avor of the produced leptons.

Such events are selected from data collected at the D@ detgcsearching for their
decay signatures — two high-momentum jets fromhtyiarks, two high-momentum lep-
tons from théW bosons, and a large imbalance in measured energy withirvémg due to
the neutrinos. Selection criteria are applied to ef cigrgick tt events from data while si-
multaneously reducing background events that mimic thisgsignature. After applying
these criteria to approximately 360 pbof data collected between April 2002 and August
2004, a total of e 15ep, and 1y candidate events remain.

The two undetected neutrinos within each dilepton decayeprtethe top quark mass
from being reconstructed directly from observed kinemadicables. Instead, the mass of
the top quark is assumed, along with the rapidity of eachriteutA weight is assigned to
each assumption based on the agreement of the calculateémhamof the neutrino pair
and the observed energy imbalance within the event. A rahgesoimed top quark masses
from 80 GeV to 330 GeV are explored, with multiple rapidityasiptions for each mass

assumption. The resulting distributions of event weiglassus assumed top quark mass
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provide a means of extracting mass information from an event

The top quark mass is measured by comparing the event wegfhibdtions of the
21 events in data with distributions generated from MontdaCsamples oft decays for
assumed top quark masses between 120 GeV and 230 GeV. Daibbutizns are also
compared to event weights generated for background presesseach of the dilepton
decay channels. A likelihood t is performed to determine thp quark mass from these
distributions.

The top quark mass is measured from the 21 dilepton decaystdd6 10:7(stat)
6:0(syst) GeV. This result agrees well with the mass of 468 12:8 GeV measured on
dilepton events in Run | at D@, while improving on the uncertiaof the Run | measure-
ment. The new result has been combined with a complementetysas [63] and with
events from orthogonal dilepton selection criteria [64ptoduce a measured D@ Run I
top quark mass of 178 8:3 GeV in the dilepton decay channel [62]. The combined re-
sult, like the result from the neutrino weighting analysescribed in this document, is in
good agreement with measurements in othelecay channels, and is used in calculating
the current overall world average of the top quark mass as4172:1 GeV (see Figure
9.1).

The Run Il dataset continues to expand. As of October, 20@8e rihan 1.6 fb! of
data has been collected at D@, as shown in Figure 9.2. Thiegepts a quadrupling of
the dataset used in this analysis. The statistical unogytan mass measurements from
this new dataset can be expected to decrease by a factor ofiedding a dilepton-channel
measurement in which statistical and systematic unceieaiwill be comparable.

As data accumulates further, more work will need to be domedace the systematic
uncertainties in the measurement. Such efforts have gireaein undertaken to improve
the uncertainty on the jet energy scale, the dominant systenm this analysis. The in-
creased data yield has allowed for more precise measursioigthie response and shower-
ing corrections applied to jet energies, as described irpténd.2.3. The uncertainty in jet

energies has been reduced from 4.4% to 3% for energies abaBe\2 and it is expected
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FIGURE 9.1. World average afop, from measurements at D@ and CDF.
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that this uncertainty will eventually drop to under 1% [65].

Analysis on a 1 fb? dataset has already begun for thechannel, using the neutrino-
weighting methods described in Chapters 6-7 [66]. The nealyais revises the existing
template-generation scheme in an attempt to reduce thendiorality of the templates
and simplify the PDE calculations. Higher-order polynohtisto likelihood minima are
also being explored. A preliminary measurement on this edpd data set in thepdecay
channel yields a result of 173 6:7(stat)+Z§(1)(syst) GeV. For the rst time, a dilepton-
channel mass measurement limited by systematic unceesimather than statistics, is
within reach. It is hoped (and expected) that the furtherrompments on the neutrino-

weighting method will lead to ever more precise measures@ifthe top quark mass.
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FIGURE 9.2. Recorded luminosity at D@ versus time
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APPENDIXA
LEPTONTRIGGERSUSED IN THEANALYSIS

Data in this analysis were collected from a constantly amghset of triggers, spanning
versions 8-13 of the D@ trigger list. Although the triggermnged over time, they share
certain commonalities. For instance, all Level 1 muon &iggrequire hits in two layers
of muon scintillators, while all Level 1 electron triggeeqquire towers above a threshold
energy in the EM calorimeter. The requirements for all teiggused in this analysis are

documented below.

A.1 Muon Triggers

Muons in this analysis are required to re the so-calledlfitigcintillator” (ormulptxatxx
Level 1 trigger. This trigger res when hits are present igdes of the muon scintillator
system both inside and outside the muon toroid. In the falwegion of the detector, only
A- and B-layer pixels are used for triggering purposes. Hitthe B-layer are projected
back to the A-layer, and theulptxatxxrigger res only if the B-layer hit is within one
pixel in h or f of an A-layer hit. In the central region, either B-layer oddyer hits can
be matched to an A-layer scintillator. Since the B- and Giascintillators span different
regions inh andf than the A-layer, the matching between layers is more caad
than in the forward region. Matching roads between layegsf@med from detector hit
distributions of samples of 4 GeV Monte Carlo muons. Hitg fad within these roads
cause thenulptxatxxtrigger to re.

Dimuon triggers are formed by searching for two or momelptxatxxriggers within
an event. Twanulptxatxxriggers can re a dimuon trigger provided that the A-layésh
for the triggers are separatedhrandf by at least two scintillators. The dimuon trigger is

denotedmu?2ptxatxx
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The mulptxatxxtrigger allows for hits within the ducial area of the muonsigm
(jhj < 2:0). Other Level 1 muon triggers are formed from muon hits imitheh coverage
of the CFT. The single muon and dimuon version of these trgygee denotethulptxwtxx
and mu2ptxwtxx respectively. Other Level 1 muon triggers make use of gdokind in
the CFT and muon wire chamber hits. These triggers are ndting@is analysis, but are
detailed in [67].

Level 2 muon triggers are satis ed if at least one muon of medguality is recon-
structed at Level 2. Although the Level 2 triggers have thmabdlity of imposing a cut on
muon pr, such cuts are not used for the triggers in this analysiselL&vriggers require
at least one reconstructed muon of medium quality, and &y ralquire a minimunpy
or central track match for that muon. Exact muon trigger nespents for each trigger list

version are given in Tables A.1 and A.3.

A.2 Electron Triggers

Level 1 electron triggers are formed based on the energy antber of towers found
within the EM calorimeter. Three distinct types of Level g#alon triggers are used in this

analysis:

CEM(1,X) This trigger res if at least one EM tower with transverse eye>
X GeV is present.

CEM(2,X) This trigger res if at least two EM towers are present. Eamlvér must

contain at least X GeV of transverse energy.

CEM(3,3) This trigger res if at least two EM towers with at least 3 GeYtmans-
verse energy are present. Additionally, at least one towsst ftrave transverse energy

greater than 9 GeV.

Level 2 electron triggers are formed from the energy of imlial towers as well as

the combined energy from towers within an event. Additidnigigers may be formed by
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summing energies of a seed tower and neighboring tower®l Baviggers require at least
one reconstructed electron, and may require a minirggror that electron. Some Level 3
triggers also require that the electron meets shower slegpgrements. The Level 3 elec-

tron triggers used in this analysis are:
1LX One loose reconstructed electron with > X GeV.
2LX Two loose electrons, each wily > X GeV.
SHX One loose electron witkt > X GeV that passes a loose shower shape cut.

2SHX Two loose electrons, each wily > X GeV and passing a loose shower shape

cut.
SHTX One loose electron witkt > X GeV that passes a tight shower shape cut.

RD5 One electron reconstructed with the road method [68], a adetor nding
electrons within jets. The electron must satisf§ € E=p < 1:05 with tight require-

ments, and must have a matching track of at least 5 GeV.

Electron triggers used in theeandepichannels are listed in Tables A.2 and A.3.



TABLE A.1. Dimuon trigger requirements for each trigger list vens

Trigger List| Level 1 Level 2 Level 3
Version Condition Condition Condition
v8-v10 mu2ptxatxx| 1 medium muon None

vll mu2ptxatxx| 1 medium muon 1 track>10 GeV
-OR-
1 loose muon,
pr > 15GeV
v12-v13 | mu2ptxatxx| 1 medium muon 1 track>5 GeV
-OR-
1 loose muon,
pr > 6GeV

TABLE A.2. Dielectron trigger requirements for each triggervistsion

Trigger List | Level 1 Level 2 Level 3
Version Condition Condition Condition
v8-vll CEM(2,10) 1L20

v12 CEM(1,11)
-OR- total Et of 2L20
CEM(2,6) | two leading towers -OR-
-OR- > 18 GeV SH15
CEM(3,3)
v13.0-v13.1| CEM(1,11) 2L.20
-OR- total E of -OR-
CEM(2,6) | two leading towers 2SH8
-OR- > 18 GeV -OR-
CEM(3,3) 2L15+ SH15
v13.0-v13.1| CEM(1,11) 2L.20
-OR- total E of -OR-
CEM(2,6) | two leading towers 2SH10
-OR- > 18 GeV -OR-
CEM(3,3) 2L15+ SH15
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TABLE A.3. Electron-muon trigger requirements for each trigggnersion

Trigger List Level 1 Level 2 Level 3
Version Condition | Condition | Condition
v8.0-v8.4 | mulptxwtxx 1L10
+ CEM(1,5)

v8.4-11 mulptxatxx 1L10
+ CEM(1,5)

v12 mulptxatxx 1L12
+ CEM(1,6)

v13 SHT7

mulptxatxx | 1 medium| -OR-

+ CEM(1,6) muon 1L12

-OR-

RD5
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APPENDIXB
ALGEBRAIC SOLUTION FORNEUTRINO RAPIDITY

The neutrino weighting scheme outlined in Chapter 6 relresalculating the momentum
of each neutrino from momentum measurements ofltlggiarks and leptons in eath
decay. Values ofmop andhpeutrino must be also be assumed. These assumptions yield a
solution for neutrino momentum that is quadratic in natagein shown below.

A schematic of a top quark decay is shown in Figure B.1. Eacticpai is described
by a four-vectorp; = ( Ei; gi), with a mass given by? = p?. Conservation of energy and

momentum implies that

Prop=(Po+ P + Pn) (B.1)
and
pw =(p + pn): (B.2)
Assuming that the neutrino is massless, squaring Equaidnand B.2 yields
P Pn+ Popn = Mop ng i (B.3)
and
2ppn= MG, N (B.4)

respectively. Combining Equations B.3 and B.4 gives

2PpPn = rrEop n% nﬁv 2p pp: (B.5)
The productgy pn andp: pn can thus be expressed as:

Mop MG M
2

PbPn = az, (B.6)

and

113
P pn = mz“’z ay: (B.7)
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W+ —

b

FIGURE B.1. Top decay with a lepton nal product.

Expanding the dot products on the left-hand side of Equati®® and B.7 and using the

relations
E = prsinth (B.8)
p; = prcosth (B.9)
yields:
Eppr,Sinth  pp,pr,,costh a1 = px,Px, + Py, Pyn (B.10)
E pr,sinth  p,pr,costh  as= px px, + Py Py,: (B.11)

When both equations are solved for,, the result is:

- Pxo Py, ai
pr, = ( Epsinhh pszOSI’h)pX” * Epsinhh pszOSI’h)py“ * Epsinth  py,costh
(B.12)
_ Px Py- az ]
P = ( E sinth pxzcosrh)pXn + E sinhh pxzcoskh)py” ¥ E-sinth p-costh’

(B.13)
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If the following constants are de ned:

pr
Ao Epsinth  py,costh
Pyy
B .
b Epsinth  py,costh
ai
G Epsinth  pp,costh
A Px
E-sinth p,costh
B Py
Esinth pcoshh
c az

Esinth  p,coshh !

then Equations B.12 and B.13 may be expressed more simply as:
PT, = AoPx, * BoPx, + Co (B.14)
P, = A py,+ B px,+ C: (B.15)

Setting the right-hand sides of Equations B.14 and B.15legelals:

Px, = Kpy, + € (B.16)
where
B By
k A A
o C G,
A, A

Squaring Equation B.14 and substituting B.16 producesdh@ting quadratic equation:

0=[K*(A; 1)+ Bj 1]ps+
[2ek(A2 1)+ 2ACok + 2BColpy, + (B.17)
(A5 1)e*+ 2eACy+ CP]:
The coef cients in this equation depend only gp, §, and assumed values foggp

andh. The values chosen fon,p andh are described in Chapter 6. Equation B.17 yields
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up to two real solutions for the momentum componppt Oncepy, is determinedpy,
follows directly from Equation B.16. Thus, there may be 0,04,2 real solutions per

neutrino for each assumption wf,p andh.
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APPENDIXC
LEVEL 1 MUON MONITORING TOOLS

The University of Arizona group at D@ is responsible for thastruction, commissioning,
and maintenance of the Run Il Level 1 Muon trigger. This systerms triggers based on
combinations of Central Trakc Trigger (CTT) tracks, muoimsiator hits, and muon wire

chamber hits. This appendix outlines the monitoring andmidstic tools available for the

Level 1 Muon system.

C.1 Overview of the Level 1 Muon Trigger

The Level 1 Muon system consists of three regional triggates;, which form trigger
hits in the central, north, and south regions of the dete¢téere, “central” is de ned as
1:0< h < 1:0, “north” is de ned as 10< h < 2:0, and “south” is de ned as 2:.0< h <
1:0.) Each regional crate contains eight “MTCO05” trigger canghich form octant-level
triggers based on combinations of scintillator hits and Gfacks, and eight “MTC10”
cards, which form triggers from combinations of scintibieg and wire hits. Decisions
from these sixteen cards are combined into regional dewssio each crate at the Muon
Trigger Crate Manager (MTCM). The MTCM decisions are in taombined into a global
trigger by the Muon Trigger Manager (MTM). The MTM also cantaan MTCM, and
communicates the global trigger decisions to the Triggantawork. A schematic of the

Level 1 Muon trigger is shown in Figure C.1.

C.2 Level 1 Muon Monitoring

A number of real-time and long-term monitoring tools haverbdeveloped for the Level 1

Muon system. The real-time tools are used by CalMuon (Qaletér+Muon) shifters and
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MTCO5 (x8)
> Central
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> South
MTCM
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FIGURE C.1. The Level 1 Muon Trigger system.

\/

Shift Captains in the D@ control room for constant monitgrof the system. Long-term
tools are used by Level 1 Muon experts for daily and weeklgkbef trigger performance,
and for diagnostic purposes when there are problems witbytbiem. The available tools

are outlined below.

C.2.1 Real-Time Monitoring Tools

The real-time monitoring tools are designed to identify engjroblems with the Level 1
Muon system, and to alert non-expert shifters to the passialises of such problems.

There are four such tools in current use:

Power Supply Monitoring The status of the low voltage supplies providing power to
the Level 1 Muon regional crates is monitored by the CalMuuftex, via an online
Graphical User Interfac&qUI) located at/projects/I 1 muo/REGmonitor/CrateMonitor
This allows for monitoring of voltages, currents, and tenapgres of all the supplies
powering Level 1 Muon (Figure C.2). Supply trips are repotie shifters automat-
ically via the Signi cant Event System [69], which issuesua+pausing alarm until

the trip is resolved. This prevents shifters from unknowjirapllecting physics data



136

while the Level 1 Muon system is powered off.

FIGURE C.2. Level 1 Muon power supply monitor.

Beginning-of-Turn Triggers. Each MTCO05 and MTC10 card receives input data
asynchronously, and stores that data in FIFOs. When alllff@$-on a card goto a
non-empty state, a special synchronization trigger beiigyh. In normal operation,
all FIFOs are emptied each turn during the sync gap, and geengoty on the rst
beam crossing after the gap. Thus, the synchronizatiogdrigit should go high at
the start of each turn; for that reason, this bit is known as‘Beginning-of-Turn”
(BOT) trigger. This trigger should re at a nominal rate ofaenper turn, or 47712
Hz.

BOT triggers from all trigger cards in a region are summedhwitogical AND by
the regional MTCM and passed on to the MTM. These sums arecidiseparately
for the MTCO5 and MTC10 cards. The MTM in turn forms a logicallB2 of all
regional BOT BOT-AND signals. It also forms a logical ORBBQT-OR of these
signals. The logical AND and logical OR triggers are sentmttigger framework,

and are monitored by the dagAl [70] system. If the either esthrates differ from
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47712 Hz by more than 50 Hz, an audio alarm is sent in the cortoon. Since
problems with muon or CTT front ends can cause the BOTs toatie¥iom their
nominal value, a re-initialization of the serial commanukli(or sclinit) is issued
along with the alarm in an attempt to re-synchronize thetsiputhe Level 1 Muon
system. If this fails, a second audio alarm is issued, algtthe CalMuon shifter to

check for problems.

Deviations from nominal BOT rates are generally caused by anthree failure
modes. In the rst mode, a front end input fails to send datd.ewgel 1 Muon.
This can be caused by a power outage at the front end, an ggaucpble, or a
problem with the transmitter or receiver of Level 1 Muon ihgiata. When this
problem appears, the BOT-AND signal goes to zero, as the F&®O the problem
input never receives data. In the second failure mode, a &od sends data with
the wrong timing structure. This can be due to shorted or d@ch@ables causing
glitches in the signal. This problem manifests itself bysiag the BOT-OR signal to
re at a rate higher than 47712 Hz, as the problem input ersprells its FIFO at
incorrect times. Finally, accelerator clock problems drenttiming issues can cause

deviations in both BOT trigger rates.

The above list of problems is not exhaustive. Other issupsts cause variations
in BOT rates. For this reason, the BOT trigger rates are teethings checked by
shifters and experts. The triggers formed by the Level 1 Msystem cannot be

trusted unless the BOT triggers are also ring correctly.

Trigger Examine Plots Event data from a representative fraction of events catéct
during a physics run are collected and plotted into histogrevith Trigger Examine,
an online tool run by the Shift Captain. This tool plots dtsitions for a variety of
triggers, including the Level 1 Muon octant-level triggePots are made for three
different trigger types: scintillator triggers, wire tggrs, and BOTs. An example of

these plots appears in Figure C.3. Shift Captains can cloegkréblems in Level 1
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Muon by comparing these plots to template distributions.uhdescription of the
plots is available at:
http://www-clued0.fnal.gov/ jtemple/LIMU_GM_Plots.h tml

FIGURE C.3. Trigger Examine plots. Central triggers are in bluetmtriggers are in red,
and south triggers are in green.
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Tight Scintillator Rates CalMuon shifters constantly monitor two speci ¢ muon
triggers: mulptxctxx and mulptxbtxx. The mulptxctxx tegges when tight scin-
tillator hit patterns are found in the central region, while1ptxbtxx res based on
tight hits in the north and south. These triggers have beed tisoughout the course
of Run II; thus, their rates as a function of luminosity ardlwederstood. Shifters
can compare the rates against expected rates for a givendsityi at any point via
an online GUI located at /projects/I1muo/ratecheck/Exgad@UI.py. This compari-
son is also performed automatically whenever a CalMuonestatbmpletes an online
checklist at the end of a physics run. Rates can very widedytdioeam conditions;
however, if observed rates differ by more than 20% from tleepected values, a

warning message is sent to the CalMuon shifter.

C.2.2 Long-Term Monitoring Tools

Additional monitoring tools exist for nding problems whicaffect the ef ciency of the
Level 1 Muon trigger, but which do not disrupt data taking.iiaf these tools run auto-
matically as “cron jobs” of thélmuoonline account, and their output is displayed on the
Level 1 Muon home page:

http://www-dOonline.fnal.gov/iwww/groups/I1muo

The list of ILmuo cron jobs is kept itprojects/I1muo/cronjobs/I1muocromhe function of

each job is described below.

Trigger Simulator The Level 1 Muon trigger simulatotgimI1mug is run every
hour, and uses data read from muon and CTT front ends to dintiia Level 1
Muon trigger algorithms. At the end of each hour, compargsare made between
simulated trigger decisions and hardware decisions retftau the Level 1 Muon
MTCMs. Histograms are formed from these decisions witHinsua analyzepack-
age, and are displayed at:

http://www-dOonline.fnal.gov/www/groups/I1muo/analy zeplots.html
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This page is updated to always show plots from the past sesymn af data taking,
as in Figure C.4. Status pictures are generated based ontng of the histogram
distributions, and appear when the cursor is rolled ovedtsiibutions on the web
page. In the case where all distributions match expectstiam “A-OK” symbol is

created, as in Figure C.5a. The descriptions of individaispbelow detail how

these matches are made for each plot.

Distributions containing discrepancies show either miaomajor alert symbols,
along with the pages of the offending histograms (see Fgg@.&b and C.5c). In
the case where the simulator crashes or the histograms tchargenerated, a “?”
symbol is displayed (Figure C.5d). At the end of each day,rarsary of all major

and minor alerts is sent to the Level 1 Muon mailing list.

The plot les generated bl muaanalyzecontain detailed information about all lev-
els of the Level 1 Muon trigger, and comprise more than 10@viddal plots. Of

particular importance are the following:

— Page 1This page contains all octant-level scintillator, wireddOT triggers
recorded bytsimllmug much like the Trigger Examine tool used by Shift
Captains. This page also displays triggers from each CE&dpr thresh-
old formed by the Level 1 Muon system in each octant For therange used
in this analysis, foupt thresholds (1.5 GeV, 3 GeV, 5 GeV, and 10 GeV) were
used for triggering. Beginning with Run IIb in June, 200&, thiresholds were
used (3 GeV, 3.7 GeV, 5 GeV, 5.7 GeV, 8 GeV, and 13 GeV). FiguesBows
the number of triggers red as a function of octant number ppdhreshold for
a sample physics run.

All trigger distributions are plotted along with uncerta@s equal to the square

root of the number of entries in each histogram bin. Thesw &ars are not to
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FIGURE C.4. Level 1 Muon scintillator, wire, and BOT triggers.
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be taken as real estimates of uncertainties, but as a gatige total number of
events analyzed. Sometimes special circumstances rasudidi detector con-
gurations with few data events collected; the error bavte a visual cue for
such arrangements and serve to remind the expert that remalistributions

may not match expectations.

Regardless of the status of the rest of the detector, so Btigeanuon systems
and CTT are providing input to the Level 1 Muon trigger, all B&alues in
all octants should have the same value. Any deviation in B@finfany octant

causes a major alert to be issued.

Page 3This plot shows fractional differences between hardwarevMiig-

gers and triggers simulated directly from muon front endloeg. This pro-
vides a complete check of the entire Level 1 Muon trigger rthait present,
only a subset of available triggers are fully simulated. $heulated triggers
include: mulptxctxx, mulptxbtxx, mulptxatxx, mulptxalirulptxatlx, and

mu2ptxatxx.

As Figure C.7 illustrates, the simulation code for thegggers does not exactly
match the algorithms used by the Level 1 Muon hardware. THefFences
are due primarily to an early bug in the counting scheme offéheard tight
scintillator dimuon trigger, and to the loosening of triggequiremens for the
central loose wire trigger in central octants 5 and 6. Thésemges were made
in the hardware algorithms, but, as of October 2006, havebaeh fully im-
plemented within the simulator. Differences of up to a fewcpet are thus
expected on this plot. Larger differences indicate a prokteeither front end
or Level 1 Muon hardware, and differences greater than 3dés4itrin a major

alert.

Page 6This page shows differences from hardware MTM triggers aigdéers

simulated from the Level 1 Muon octant triggers. This prega@ simulation of
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(a) (b)

(© (d)

FIGURE C.5. Status gures for (a) good distributions, (b) minorréde (c) major alerts,
and (d) unknown distributions.
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FIGURE C.6. Level 1 Muorilmuaanalyzeplots. The plots in the upper right, upper left,
and lower left mimic those produced by the Trigger Examina.torhe lower left plot
shows triggers for each of thg thresholds in each octant of the Level 1 Muon trigger.
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FIGURE C.7. Fractional differences between hardware MTM Triggard triggers simu-
lated from front end readout.
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the MTCM-MTM chain. All triggers used in current triggertliare simulated
in this plot. At present, there is complete agreement batwesdware and
simulation on all triggers (Figure C.8). Hardware triggemts that are not
part of the global physics trigger list are used for diagiegstirposes, and are
plotted in gray. Because these terms may change over timepmearison is
made between them and simulated triggers. Any differentedasn simulated

and hardware triggers causes a major alert to be issued.

Page 24This page shows differences between the Level 1 Muon ougitke
TTK(1,10) track trigger and a simulated trigger formed froatputs from the
Central Fiber Tracker (CFT). In principle, both systemsree the same track
information, so both copies of this trigger should be ideadtias in Figure C.9.
Occasional differences between the two sometimes appethe aate of 1

per hour. Larger differences cause a major alert to be raised

Pages 26-28 hese plots perform consistency checks on allgihebased Level
1 Muon triggers in the central, north, and south regionsc&each CTT-based
trigger is threshold-based, the ring of any high-trigger should also cause all
lower-threshold triggers to re as well. These plots testttthis is indeed the
case. Threshold triggers are plotted according to whetheotthey correctly

re all lower- pt triggers.

Under normal circumstances, the histogram containingrecotriggers should
be empty, as in Figure C.10. Figure C.11 shows that rmwargsbor hard-
ware issues occasionally can lead to entries in this hiatogrThis particular
plot shows the results from a rmware bug in which 13-GeV gegs were not
correctly propagated to the 6-GeV triggers. The rmware bag since been
xed, but further problems occasionally arise due to handwfailures. When
such problems create incorrect histogram distributioitegeminor or major

alerts are issued, depending on the severity of the problems
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FIGURE C.8. Comparison between hardware MTM Triggers and triggensilated from
Level 1 Muon octant counters.
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L£1Mu copy of TTK(1,10) - Hardware| [Eties 236}  [1Mu Copy of TTK(1,10) - Simulator]  [Entries 23]
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FIGURE C.9. Differences between the simulated CTT TTK(1,10) tiggnd the Level 1
Muon hardware TTK(1,10) trigger.
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FIGURE C.10. Result of consistency check on CTT-based triggergmunadrmal running
conditions.
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FIGURE C.11. Results of consistency check with bad Level 1 Muon ranev
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— Pages 36-38hese three pages show hardware-simulator differencelsein t
mulptxalxx, mulptxatxx, and mulptxaxix triggers, respety, as a function
of region and octant (Figure C.12). These plots allow exptertquickly pin-
point the location of a failing trigger card. A common souaédailure occurs
when a trigger board daughter card lifts from its conneqgiimg, causing hard-

ware triggers to fail to re.

The mulptxalxx hardware trigger is the simplest to simulateit res on a

single layer (generally A-layer) scintillator hit. This thus the most well-
understood of the simulated triggers. Any excess of sirdlalver hardware
triggers in this channel is cause for special concern, andrg¢es a minor alert.
The mulptxatxx and mulptxaxIx require more sophisticaigdér conditions,

and are known not to be perfectly simulated. Simulator esegf these trig-
gers do not create alerts, but are still plotted for the exjoeview (see Figure
C.13).

Rate Plotter This tool makes plots of rate versus luminosity for all LeteVluon
triggers, using luminosity recorded in the Beams Divisioaotiation web page
[71]. Rates are gathered once per hour via a ahaitor instance created by the
start AOTmontool in the/projects/[1muo/ILmAOTmondirectory. This update fre-
quency is increased to once every ten minutes for lumiressiieater than 1@B0cm 2s 1
in order to better understand trigger behavior at high lwsity. Therate les subdi-

rectory stores all recorded ratelists.

Theweekscript.slscript in/projects/IImuo/ratecheck/newragenerates plots of rate
versus luminosity from the recorded ratelists. This sagptun once per hour at
41 minutes past the hour, and its output is linked to the Lévwsluon home page.
Sample plots for thenulptxatxxmulptxatlx andmulptxattxriggers are shown in
Figure C.14.

The generated plots are particularly useful for identigyians in which a hot muon
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FIGURE C.12. Simulator and hardware excesses fomtlid ptxalxxrigger.
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FIGURE C.13. Simulator and hardware excesses fomtlod ptxaxIxrigger.
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input results in a higher-than-expected trigger rate.sRgh known bad rates due
to trigger problems, incorrect luminosity reporting, ohet issues may be excluded
from the plots by adding their names to the badlistcron.pyin the newratedirec-

tory.

Checklist Plotter This tool plots the mulptxctxx and mulptxbtxx rates as réedr
by the CalMuon shifter in the run checklist. Plots are updateery four hours,
starting at 00:11, and are displayed on the I11muo web pagth thé advent of the
Rate Plotter described above, this tool has evolved fronealchn the Level 1 Muon

rates to a check on shifter awareness and alertness.

Power Supply Archiver This tool records the currents, voltages, temperatures, an
status bits of all Level 1 Muon supplies. It is updated dailyd its results are avail-
able on the Level 1 Muon web page. In the event of a power supplye, this tool
allows experts to precisely identify the cause and time eff#filure. It is viewed by

Level 1 Muon experts and by members of the D@ electrical stgpoup.

Ef ciency Monitor Code for monitoring trigger ef ciency resides on the clued0
computer cluster rather than online, in the directompms/gila6/jtemple/analysisxample
Ef ciencies are updated weekly, with cluedO scripts gemple/cronjobs These

scripts search for data reconstructed during the previaekw

Unbiased muons are selected from this data by choosingsiremthich either an
electron or jet trigger red. Trigger ef ciencies for RunHltriggers are measured
by plotting the fraction of tight muons with a Level 1 muongger in the same
octant as the muon. This fraction is plotted verpys Because muon trigger roads
were optimized on 4-GeV muons, the average trigger ef cjgeisdound by tting a
straight line to the ef ciency distribution above 4 GeV. Bmial errors are used on
the ef ciency points, to prohibit the unphysical conditiohef ciencies greater than

unity.
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FIGURE C.14. Plots of trigger rates versus luminosity for thelptxatxxmulptxatlxand

mulptxattd_evel 1 Muon triggers.
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This method for estimating ef ciency differs slightly fromhat was done in Run Ila.
During that time, an explicit 4 GeV cut was placed on recarcdéd muons. The
muon detector hit requirements on reconstructed muons agjtested so that the
selected muon quality was somewhere between medium artd Efytiencies were
measured simply by calculating the overall fraction of égen which a particular
trigger red. Binomial error bars were not employed, so thecertainties on the
ef ciency could have non-physical values. Figure C.15dthates the difference be-
tween Run lla and Run Ilb calculations of the mulptxatxxgegef ciency. For
either method of calculation, the mulptxatxx trigger isrfduo be> 95% ef cient

on tight muons withpr larger than 4 GeV.

Ef ciency distributions are also generated as functiond @indf . Dips in ef cien-
cies on these plots can indicate hardware or rmware problemindividual trigger
cards. Figure C.16 shows an ef ciency dip néar O, caused by a failing trigger
card in central octant 0. A second dip occurs rfear 4.5, where incomplete muon
counter coverage limits the effectiveness of the tighttdtator trigger. This second
dip is expected to be present, and does not necessarilyatedacproblem with the

Level 1 Muon trigger.

Ef ciencies are monitored on a weekly basis, and are pladted
http://lwww-clued0.fnal.gov/ jtemple/effic.html

These plots show the evolution of theulptxatxxmulptxatlx andmulptxattxrig-
gers over time, as in Figure C.17. Breaks in the distributialicate changes in ver-
sions of the reconstruction code and long-term interrustiof data-taking. In this
particular gure, large uncertainties appear at the staRan b as the ef ciency

code was revised and optimized.
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C.2.3 Diagnostic/Control Tools

A number of programs have been developed to supplement tioenated and shifter-
oriented tools outlined above. These allow experts to waddntify and disable prob-
lematic inputs and to quickly change MTM trigger terms foe fiurposes of special runs
or trigger commissioning.

The Level 1 Muon Register Monitor GUI is perhaps the most wisef all Level 1
monitoring tools. It is contained in the san@ojects/I1muo/REGmonitor/CrateMonitor
code as the Power Supply Monitor GUI described in sectionlC.Phe Register Monitor
checks all inputs to the central, north, and south triggatesr (labeled “MTCC”, “MTCN?”,
and “MTCS”, respectively) as well as the MTM trigger craté displays the contents of
numerous status registers for each trigger card. The gs@lee color-coded: green for
a normal state, yellow for a state of concern, and red for &lproatic state (see Figure
C.18).

The Register Monitor monitors Mask, Lock, Parity, FIFO4HHEHF Full), and Latched
Error registers on each octant-level trigger card. A pnobieith any of these registers
points to a problem in the Level 1 Muon system. The purposeoh ®f these registers is

described below:

Mask — This shows which inputs are enabled to the Level 1 Muon syste nor-
mal running, all available inputs should be enabled. Octesdly, problems with
front ends require that they are disabled at Level 1 Muon. gush disabled inputs

reduced the ef ciency of the Level 1 Muon triggers.

Lock — This indicates that the input front end is connected to tbeel. 1 Muon
system. Bad lock usually indicates that a cable is unpluggelat a front end has

lost power.

FF Full — This indicates that a FIFO from at least one front end inpebmpletely
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FIGURE C.17. Ef ciency versus time for the mulptxatxx trigger.

FIGURE C.18. Status of all register monitors in the MTCS crate. Tieeg color indicates
that all registers are reading back their normal values.
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full, and unable to accept more data. Generally, this ocalmsn one input stops
sending data. The Level 1 Muon trigger cards do not procesvamt until all their
unmasked input FIFOs contain data. If one input fails to s#ad, the remaining

input FIFOs will Il up as they wait to begin processing.

Parity — Parity serves as a comparison of the data sent by a front ghdhe data
received by Level 1 Muon. Bad parity generally indicates thaable is poorly
terminated. Bad parity values can also occur when the imoutt £nds are not in

their normal running state.

Latch Error — This register stores latched versions of the Lock and FH&gilsters.
It also contains a latched “FIFO Empty” status bit, whichassed if an input FIFO
goes empty before all of its expected data is read by Level a&rMithis may indicate

a problem with an input cable or with the data being sent byatfend.

Whenever an sclinit is issued, lock is momentarily lost asftends are reset. The
MTC10 cards also raise FF Full during an sclinit. This is apested response to the

sclinit signal, and does not indicate a problem with Level davl.

If a problem input is found, that input must be disabled todlely Muon. This may

be done by directly writing to the mask register of the appedp trigger card, or through

the use of theélmuainputs.pyGUI. This GUI is located inprojects/I1muo/vmeui, and

provides simple “point-and-click” functionality for enlitg and disabling inputs. The full

use of this GUI is described in [72]; a sample page showingritegface for disabling a

CTT input is shown in Figure C.19. This allows the Level 1 Mugputs to remotely direct

the enabling and disabling of inputs by CalMuon shifters.

The MTM trigger logic forms 256 muon-based triggers. Onlyd32hese triggers are

read out by the trigger framework at any one time. Exactlychliriggers are read out

may be determined by running tHemuainputs.pyGUI in expert mode (by attaching a -x

suf x to the command line when starting the GUI). The triggenay also be set by using
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FIGURE C.19. GUI used to enable/disable CTT inputs to Level 1 Muon.
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theComicsNotebook.pgUl in /projects/I1muo/vmegui. Figure C.20 shows the main page
of this GUI. Triggers may be set according to their triggemier (0-255). A separate GUI
page provides mapping between trigger numbers and theie cawnmonly-used trigger
names, as in Figure C.21. This GUI allows each MTM trigger ecsbt individually, so
that one trigger term can be changed without affecting gddiag. When this is done, care
must be taken to ensure that the changed trigger is not p#redfigger list in use by the

run!

C.3 Data Quality

The programs described above combine to provide robusttororg of the Level 1 Muon
system. They allow for quick diagnoses of any problems withie system. Discovered
problems are reported to the D@ Data Quality Coordinatousisin which Level 1 Muon is
determined to be malfunctioning are removed from constaerdor muon-based physics

analyses.
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FIGURE C.20. GUI used to set Level 1 Muon MTM triggers.
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FIGURE C.21. Map between trigger names and MTM trigger numbers.
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