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Abstract

Data, collected at the D@ Detector using the online trigger list from version 8 to
version 14, is used to calculate a combination of triggers useful in top quark searches.
The single electron and electron + jets triggers were then folded into Monte-Carlo
created single top signal events to create a logical OR of the triggers. These are
then compared to the original pre-combination triggers to determine the amount of

efficiency gained for the triggers.
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Introduction

The top quark was discovered in 1995 by two collaborations at the Fermi National
Accelerator Laboratory in 1995, at a high energy pp collider known as the Tevatron.
This discovery involved searching for a top quark pair that was produced in the
collisions. The current search involving the top quark is for the production of a
single top quark, which is the only quark known to decay into its constituents
without undergoing a process known as hadronization. This makes the single top
an important observation for reasons that will be covered in the following chapters.
The first chapter will describe the theory behind the Standard Model of particle

physics, the top quark, and the characteristics of how a top quark decays.

The second chapter is an overview of the D@ Detector, which is situated at
a location on the ring of the Tevatron at a site known as D@. The Tevatron was
completed in 1983 and has collected analysis quality data since 1988, and completed
an upgrade in 1998. The upgraded Tevatron increased its centre of mass energy
of the collision from /s = 1.8 TeV to /s = 1.96 TeV. Two particle detectors
were commissioned at the Tevatron, the CDF detector and the DQ@detector [1].
The D@ Detector was also upgraded to account for the increased rate of collisions
supplied by the Tevatron. A short history, and an accounting of the upgraded

systems will be covered.

The third chapter describes caf _trigger, a trigger efficiency tool created for the
purpose of studying the efficiency of triggers used in detector. The triggers are the
algorithms that make decisions on whether a given collision is interesting, based on
the information detected, and stores this information if it is accepted. caf _trigger

allows for the study of these triggers by using data events that have passed or failed a



trigger, which have been derived from unbiased data. It then folds these efficiencies
into offline simulated events (Monte-Carlo) to give a final trigger weight, which is

the probability that an event has or has not passed a given trigger.

The fourth chapter is a trigger study of the triggers used in the analysis for the
single top quark. Triggers are important in isolating groups of events which may
contain the signal of an interesting occurance. The top quark (t-quark) is one such
particle that requires the triggers chosen to be efficient in rejecting the background
and keeping the signal. The triggers used are the single electron triggers and the
electron + jets triggers. The logical ORs of the single electron triggers and the logical
ORs of the electron + jets triggers will be produced. The caf_trigger package will
then be used to study the combination, through logical ORs, of these triggers as a
possible improvement of the triggers that have been used to collect the data. The
goal of this is to judge whether there is a significant gain in the efficiency of the

trigger combination, single electron ORs or electron + jets ORs.



Chapter 1

Theory

1.1 The Standard Model

Our current theories on particle physics began its developement in Einstein’s
theory of the photoelectric effect in 1905, which gave the first insights into the
wave-particle duality of particles. This was further developed by de Broglie in 1923
[2] to describe all material particles in terms of waves as photons had been. During
the 1930s, H. Yukawa proposed the meson as the mediator of the strong force, W.
Pauli proposed the existence of the neutrino leading to the theory of the weak force
and Carl Anderson found evidence of the anti-electron (positron). During this time,
many physicists were laying the foundation of the quantum mechanics of these par-
ticles. Many particles were found over the course of the years including with the
strangest being the aptly named “strange” particle, discovered by G. D. Rochester
and C. C. Butler which introduced the quantum number “strange”. These particles
could be grouped together, conserved charge and strangeness, and had other bewil-
dering properties. The baryons and mesons, with their charge and strange quantum
numbers, were then organized into geometric groupings called the Eightfold Way
by Murray Gell-Mann in 1961 [3]. This lead to the idea of quarks by Gell-Mann in
1964 as the elementary constituents of the baryons and mesons. This would group
the elementary particles into leptons, like the electron and the neutrino, and quarks
which made up the baryons and mesons. Over the years, more particles would be
found and a few more quantum numbers such as quark colour and the mediators

of the weak force, the intermediate vector bosons. These would lead up to what is



now known as the Standard Model (SM).

The Standard Model is the current understood theory which describes the 3
of the 4 fundamental forces of physics. It is a theory which describes the strong,
electromagnetic and weak forces but does not currently provide a description of the
force of gravity. In the standard model, the elementary particles can be divided
into two groups: the fermions and the bosons. The fermions and bosons are de-
lineated by their intrinsic angular momentum known as their spin. The fermions
have half-integer spins while the bosons have integer spins. Particles composed of
other particles may be a fermion or a boson depending on their total spin state.
The quarks and leptons are both fermions while the mediators of the strong, weak
and electromagnetic force are bosons. These fundamental forces are carried by the
gluon (strong), the W and Z bosons (weak) and the photon (electromagnetic). In
the standard model, there is also another fundamental boson which is not a medi-
ator of a force, and that is the Higgs boson [4]. The Higgs has not been observed
in experiments but it is theorized to be key in explaining the origins of masses and
the differences in the masses of the mediator bosons. The fermions themselves are
divided into three generations (Table 1.1), where ordinary matter consists of the
stable first generation fermions. As the generation increases, so does the mass. The
first generation particles are stable whereas the second and third generation parti-
cles will decay to first generation particles. As can be seen in the table, the leptons
and quarks have integral and fractional charge, respectively. The colour quantum
number is the defining feature of the strong force with the quarks having non-zero
colour of red, green or blue. This lead to the theory of quark confinement which
states that all naturally occurring particles are colourless, which means that the

leptons have zero colour charge.

The neutrinos, v, v, and v;, have no charge and and were thought to be mass-
less until recently. The neutrino was seen to change its flavour from as it propagates
from the core of the sun to the Sudbury Neutrino Observatory, which can be ex-

plained by neutrino oscillations requiring a mass difference between the different



Table 1.1: The Elementary Particles & their categories

Generations | I | II | IIT | Charge
Leptons Ve | Vy | Vr 0
Leptons e | u | 177 -1
Quarks d| s | b -1/3
Quarks u | ¢ |t 2/3

d Vud Vus vub d

s = Vea Ves Ve s

v Via Vis Vi b

Figure 1.1: The Cabibbo-Kobayashi-Maskawa matrix.

neutrino flavours [5]. The lack of charge allows the neutrinos to pass through most
matter without interacting. This poses a challenge as the neutrino can carry away
a significant amount of energy in a particle decay. In practice the vector sum of the
neutrinos, represented by an imbalance in the total transverse momentum in the
event, is known as the missing transverse energy (Fr). The transverse momentum
is used due to physical restrictions on where detection equipment can be placed rel-
ative to the direction of the beam. The leptons and quarks both have anti-particle
counterparts, which are the negative energy solution to the Dirac equation [6], the
relativistic quantum mechanics equation for the energy. The anti-quarks play an
important part in the formation of anti-baryons and mesons. As an example, the
proton is a baryon formed from the combination of (uud) quarks while the J/v is a

combination of (cc).

The forces in the SM are mediated by an exchange of a particle, the bosons. In

Vaal [Vus|  [Vio] 0.97377 +0.00027 0.2257 4+ 0.0021 0.00431 & 0.00030
Veal |Ves|  [Vie| | = 0.230+£0.011  0.957+0.017  0.0416 = 0.0006
Vidl  |Vis| Vil 0.0074 + 0.0008  0.0406 + 0.0027 > 0.78

Figure 1.2: Values taken from Volume 33, July 2006 of the Review of Particle Physics
[16]



Quantum Electro Dynamics (QED), the mediator for the electromagnetic force is
the photon, which couples to charged leptons. All force processes can be reduced to
an elementary primitive vertex. A primitive vertex is simply the smallest interaction
possible with the mediator, which forms a vertex that can be glued together with
other primitive vertices to form more complex interactions. The electromagnetic
primitive vertex is shown in Figure 1.3a, where [ is a lepton and ~y is the photon. In
Quantum Chromodynamics (QCD), the mediator for the strong force is the gluon
which couples to coloured particles, much as the photon couples to charged particles.
In this case, since only quarks and gluons carry colour, the primitive vertex is
shown in Figure 1.3b, where ¢ is a quark and ¢ is a gluon. In weak interactions,
the mediators for the weak force are the charged W’s and the neutral Z’s, which
participate in charged and neutral interactions respectively. The fundamental weak,
charged, primitive vertex is shown in Figure 1.4a, where [ is a lepton, v; is a lepton
neutrino and W is our charged mediator. Similarly, the neutral primitive vertex
uses the Z as a mediator and is shown in Figure 1.4b, where the particles v; can
also be leptons as the Z couples to both. The weak force also interacts with quarks
but does not conserve the flavour of the quarks in Table 1.1, but in fact, couples the
known quarks in what is know as the Cabibbo-Kobayashi-Maskawa matrix [7] shown
in Figure 1.1. This is a 3 x 3 matrix which says that the weak force does not simply
couple u-d (up-down), c-s (charm-strange), and t-b (top-bottom quarks). Instead,
it couples u-d’, c-s’, and t-b', where the d’, s’, and b’ quarks are linear combinations
of the actual d, s, and b quarks, describing the mixing of weak and flavour states of
particles. It has been found experimentally that the CKM matrix is not the identity
matrix (Figure 1.2), which accounted for the cross-generation transitions such as a
strange quark going to an up quark in reaction A — p* + 7~. The values of the
matrix can have imaginary numbers which is an indication of the amount of CP
violation. CP symmetry is the symmetry of charge conjugation, which converts a
particle into its anti-particle, and parity, which mirrors the physical world reversing
left and right handedness. A violation of CP is incorporated in the SM through the

CKM matrix by the introduction of a complex phase. It is thought to be the reason



for the imbalance of matter and antimatter in the universe.

(a) (b)
l q
l q
Figure 1.3: Feynman diagrams for the primitive vertex of: (a) the electromagnetic
force with propagator 7, and (b) the strong nuclear force with propagator g.

(a) (b)
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l:l: 14
Figure 1.4: Feynman diagrams for the lepton primitive vertex of the weak force with
propagator: (a) W boson, and (b) Z boson.

So far, the Standard Model has successfully predicted many quantities and has
withstood the test of time for its theoretical prowess. There is, however, still one
predicted particle left unobserved and that is the Higgs boson. The SM Higgs
”field” is a scalar field which has a non-zero expectation value within the vacuum.
This vacuum expectation value is thought to be the mechanism through which all
elementary particles acquire mass and is important in understanding the breaking
of the electroweak gauge symmetry. The force mediators are expected, in the SM,
to be symmetric. This symmetry is required for the unification of the weak and

electromagnetic forces into an electroweak force, and does not allow for the mediators



to have a non-zero mass. Unfortunately, unlike the photon, the W and Z bosons
have masses of 80 GeV and 91 GeV respectively which breaks the symmetry in what
is known as electroweak symmetry breaking. Although the Higgs itself has not been
found, indirect bounds for the mass of the Higgs boson may be found from fits to
electroweak observables such as the t-quark and the W mass. The t-quark was the
last quark that was predicted by the SM, but had not been experimentally verified.
The discovery of the t-quark in 1995 by the CDF and DO collaborations brought the
first available data for the electroweak fitting and found the mass for the top quark to
be my = 178484441055 GeV/c? for CDF [8] and my = 199420544: 225,51 GeV/?
for DO [9], where the first uncertainty is from the sample size statistics and the second
uncertainty is from the systematic uncertainties. The fit for the bounds on the Higgs
mass is sensitive to log(m o) where the best fit for mpyo = 91735 GeV/c?, with the
mass value < 186 GeV? with a 95% confidence level [16]. The top quark, with the
most recent mass measurement of m; = 171.4 + 1.244 + 1.85y5 GeV/c? [10] from
up to 1 fb~! of data, also tends to play a special role in the dynamics of symmetry
breaking in models beyond the SM. This, along with confirming another cornerstone
of the SM, is why the discovery of the top quark by the D@and CDF collaborations

has been so important.

1.2 The Single Top Quark

In hadron colliders like the Tevatron, the top quark is produced predominantly
in pairs through the QCD processes of q¢ — tt and gg — tt. At the Tevatron
energies of 1.96 TeV, and with a mass of m; = 175 GeV/c?, the pair production
cross section is expected to be 6.7 +£-Z pb combined for the s-channel and ¢-channel
[11]. Pair production of top quarks allow act as an excellent probe into the QCD
properties of the top quark, but production of a single top quark will allow for a
study of its electroweak interactions. The single top has three predominant modes
of production with three different cross sections at the Tevatron for a mass of my

= 175 GeV: the t-channel Figure 1.5 (2.4 pb), the s-channel 1.6a (0.86 pb) and the

tW~ mode of production Figure 1.6b (0.088 pb) [17]. This is far less than the ¢t



cross-sections, and with both involving the creation of t-quarks, the tt provide a

significant background for single top identification.

(a) (b)

q q q q
w
w t
Vib
b t 9 b
Figure 1.5: Feynman diagrams for the t-channel: (a) leading order diagram with a

t, and a ¢’ quark produced and (b) an NLO diagram with a ¢, a ¢’ and a b quark
produced.

(a) (b)
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Figure 1.6: Leading order Feynman diagrams for the (a) s-channel and (b) tW~—
process for the production of a single top quark.

As can be seen in Figure 1.5 and 1.6, the production of the single top depends
strongly on the CKM matrix element Vy,. The value of |V;4|? from the CKM matrix
can be extracted directly from a measurement of the cross section which is also one
part of the complex number Vi, x Vj;/Vi, x V. The decays of the BY meson also
depend on the CKM matrix element Vi, [12], and so the single top measurements

can provide another measurement of this number.

Due to the predicted cross sections for single top at the Tevatron, the tWW ™~ mode



of production is far less likely to be detected when compared with the relatively
abundant ¢ and s-channel production. The discovery of the single top is further
hampered by the abundant background events that share a similar signature to the
signal events; pair production of top quarks is one such background. To understand
the background events that hamper the discovery of the single top, the signature of
the single top must be understood. In the ¢-channel (Figure 1.5a), a ¢’-quark and
a t-quark is produced as the leading order production, with a similar process with
the b-quark provided by a gluon (Figure 1.5b). In the s-channel (Figure 1.6a), a
t-quark and a b quark are produced. In any case, a quark that is produced, that is
not the t-quark, which will tend to undergo hadronization; the process in which a
quark, through the asymptotic freedom of the strong force, fragments into a quark
anti-quark pair. These quark pairs can further decay in a repeated process until
what remains is a cluster of colour-neutral mesons and baryons known as a jet. The
momentum of the original quark, carries the jet into the detector and it is seen in
the calorimeters as a cone shaped deposit of energy. The t-quark, however, does
not undergo hadronization due to its short decay lifetime of < 10724 s [13]. Since
the single top is a free quark that decays instead of undergoing hadronization, the
spin states of its decay products are determined by the spin state of the t-quark [14]
which can then be used to test the predictions of the spin polarization of quarks.
As well, the s and t-channels are sensitive to different new physics decays such as
the flavour changing neutral current (FCNC) decays of the top quark. These FCNC
decays, such as t — g7, are suppressed in the SM and are not observable in the
current or near future particle colliders. The observation of these decays would be

an indication of new physics.

The dominant decay (= 100%) of the t-quark is given by t — Wb, which is the
primary weak vertex for the W boson, and the b and t quarks. The other decays
involve a change in the quark flavour by converting the t-quark into an s-quark
(t — Ws) or a d-quark (t — Wd) which have not been observed in experiments.
The b-quark produced in this decay will undergo hadronization into a jet while the

W boson may decay into a lepton () and a lepton neutrino (1), preferably an

10



electron or a muon with their associated neutrinos (e + v, and p + v,). The decay
of the b-quark will produce a jet from a vertex that is displaced from the main
interaction vertex. The W boson may also decay into a ¢-¢ pair, but this will not
provide a good search signature since the two quarks will hadronize into jets. Due
to the decay signature of the single top events, the signal is obscured by a number

of backgrounds, one of which is the ¢ production.

11



Chapter 2

The DO Detector

2.1 An Overview of the Detector

The D@ Detector collected data from 1992-1996 known as Run I, of proton
anti-proton collisions at a center of mass energy of /s = 1.8 TeV [18], leading to
the discovery of the top quark among others. The Tevatron was then upgraded and
began running again in 2001 where this later period is known as Run II. During Run
I, the peak luminosity provided by the Tevatron was typically 1.6 x 103! cm™2s™!
[19]. This was produced as six bunches of protons and anti-protons with a 3.5 us gap
between bunch crossings. During this first run, the D@ detector recorded 140 pb~!
of integrated luminosity [19]. After the Tevatron was upgraded with a new Main
Injector, the Tevatron operated with 36 bunches of protons and anti-protons with
only a 396 ns gap between bunch crossings, and with a center of mass energy of

Vs = 1.96 TeV [18].

The D@ Detector was upgraded in order to process the larger amount of data
from the upgraded Tevatron. The following is an introduction and broad overview of
the detector which will be explored in detail in the later sections of this chapter. The
tracking, calorimetry and muon systems will be discussed which will be followed by
a discussion of the triggering system. The upgraded D@ detector consists of three
detector subsystems surrounding the beam pipe in which the proton anti-proton
collisions occur, where the scale of the components can be seen in figure 2.1. The
central tracking detectors are closest radially to the beam pipe, consisting of the

Silicon Microstrip Tracker (SMT), the Central Fibre Tracker (CFT), a 2 T solenoidal
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Figure 2.1: The beam pipe, the tracking system, the calorimeters and the muon
system. [20]

magnet and the preshower detectors. Moving out from the preshower detectors
are the uranium/liquid-argon calorimeters which consists of a Central Calorimeter
(CC), an End Calorimeter North (ECN), and an End Calorimeter South (ECS).
The tracking and calorimetry systems are then surrounded by the muon detection
system, which consists of toroidal magnets, the Central Muon Detector and the

Forward Muon System.

The addition of new detector components for Run II, along with the increased
luminosity and the reduction in the bunch spacing required an improvement of the
data acquisition system. To this end, the readout electronics have been improved
and the trigger system has been enhanced. The trigger system is a decision making
system which decides whether to keep or discard a detected collision event. It is
a hardware and software system which emphasizes speed in order to handle the
significant amount of data coming from the detector. Such a system is required
since the 7 Mhz of collision data would require writing out at a rate and storage

capacity that are far beyond the capabilities of the system. The trigger system is still
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expected to reduce the data rate to 50 hz before it it written to tape. The trigger
consists of three trigger levels; a hardware level (Level 1 or L1), a combination
of hardware and software level (Level 2 or L2) and software level (Level 3 or L3)
which is the slowest of the three. Acceptance of an event within the L3 trigger
requires acceptance from the previous triggers. The three distinct levels allow for
more complexity in the algorithms used to determine which events should be stored

for further analysis and which are unimportant.

In the following subsections, a right handed coordinate system is used: the z-axis
is along the proton direction, the y-axis is upwards, the angle ¢ is the azimuthal
angle, the angle 6 is the polar angle which is represented by the pseudorapidity

17 = —Intanf/2, and the r coordinate is the perpendicular distance from the z-axis.

2.2 The Tracking System

The Central Fibre Tracker (CFT) and Silicon Microstrip Tracker (SMT) are the
tracking detectors which are used to locate the primary vertex of the collision event,
measure the tracks of particles and are used to match these tracks to objects in
the calorimeter and muon systems. This is accomplished by linking detector hits
together and projecting them back to the interaction point. The tracking detectors
can locate the primary vertex to a resolution of 35 pm [18]. They also provide an
accurate measurement of the lepton pr, the jet Ep, the Fr, and can tag b-quark
jets with an impact parameter resolution of 15 pum [18]. The solenoidal magnet is
used to provide a way to measure the momentum of particles, optimize the momen-
tum resolution, 6Pp/Pp and tracking pattern recognition. This is accomplished by
the creation of a nearly uniform (the near uniformity is shown in figure 2.2) 2 T
magnetic field within the tracking chamber. The trajectories of charged particles
will bend in the magnetic field, and it is this curved track that provides a measure-
ment of the momentum. The large strength of the magnetic field will cause a larger
bend in the track which enables for a high momentum resolution. The magnetic

field also serves to seperate particles where the seperation distance will increase as
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Figure 2.2: y-z view of the magnetic fields for the toroidal and solenoidal magnets
in units of kG. The central toroid is approximately 1.8 T while the end toroids are
about 1.9 T. [20]

the magnetic field increases. The fourth components of the tracking system are the
preshower detectors. The preshower detectors can function as calorimeters and also
provide accurate position measurements. This enhances matching between tracks
and calorimeter showers, which aid in electron identification and background rejec-
tion during triggering and offline reconstruction. These systems and their physical

relationship to the calorimeters are shown in figure 2.3.

The SMT, located radially near the beampipe, provides for high resolution vertex
and track reconstruction, for over nearly the full n range, |n| < 3, where 7 is the

pseudorapidity. The detection of these charged particle tracks is accomplished by

15



Forward
Preshower
Detector

Luminosity

Intercryostat
Detector
Central Fiber Tracker
Central Calorimeter /
Solenoidal Magnet
N T el VAL enir
i i —
| E===1l I
/ = Beam
; = Pipe
End
— Calorimeter
Silicon
Central Preshower Microstrip
Detector Tracker

Figure 2.3: The tracking systems which include the Central Fibre Tracker, the

Silicon Microstrip Tracker, the Preshower Detectors and the Solenoidal Magnet.
[20]

RGN

B WY b p=— 7 —={{{{

16



6 Barrel

4 H-DiSlkS sections/modules
(forward, high-n)

Figure 2.4: The barrel and disk detectors used for the Silicon Microstrip Tracker.
[20]

creating a depletion zone, a region without charge carriers, within the silicon. When
a charged particle enters the silicon, it ionizes the silicon, which produces a signal to
a connected electrode. This will provide one or two coordinates for single or double
sided silicon wafers. To maximize the accuracy of this detection, the detector was
designed to minimize the number of tracks that hit the detector surfaces at shallow
angles for all of n; this required a combination of barrel and disk detectors. In the
central region covering |n| < 2, six 12 cm long barrels with 4 detector layers each,
are used. These measure the r — ¢ coordinates. These are further layered by 12
disk detectors, which surround and cap each barrel called F-disks which measure
the r — z as well as r — ¢. Farther along the beampipe from the center, sit two
larger disks on either side of the barrel detectors and F-disks (Figure 2.4). These
larger disks are called H-disks and cover the remaining region of 2 < |n| < 3 [18].
This minimizes the number of tracks which will hit the surface of the detector at a
shallow angle; barrel detectors for tracks of low 7 and disk assemblies for tracks of
high 1. The SMT sends the signals it recieves to the Level 2 and Level 3 triggers,
so that the information can be used to trigger on displaced vertices from b-quark

decay.

While it is required for the SMT to be high resolution, given its proximity to
the beampipe, the CFT is situated radially outward from the SMT and thus farther
from the beampipe. This extra distance provides for the detector to be constructed

of scintillating fibres, which have a lower accuracy than the silicon microstrips of
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the SMT. When a passing charged particle encounters one of these fibres, they
emit light with a frequency of 340 nm, which is absorbed by a wave-shifter and re-
emitted at 530 nm. This wave-shifted wavelength of light is well transmitted in the
polystyrene core of the fibres. This light then travels through clear fibre waveguides
and is collected by Visible Light Photon Counters (VLPC). These are impurity-band
silicon avalanche photodetectors that sit in a cryostat of liquid helium, and operate
with a maximum efficiency at a temperature of 9 K [18]. The VLPCs can detect
single photons and work well in high noise environments, sending the electrical
signals to the preamplifiers that sit on analogue front end boards (AFEs). Since the
particle tracks will diverge due to their directions of travel and the magnetic field
imposed on them, the scintillating fibres do not need to be as fine grained as the
silicon microstrips. The CFT consists of eight concentric support cylinders which
hold these fibres. The fibres themselves are 835 pm in diameter and 1.66 or 2.52 m
in length, which are formed into layers. Doublet layers are formed by aligning the
fibre centers of one layer with the spaces between the fibres on a second layer. Each
of the eight support cylinders houses a doublet layer of fibres aligned along the beam
axis (axial layers) and at a stereo angle (stereo layers) of u (+3°) or v (-3°). From
the VLPC converted electrical signals sent to the AFEs, the CFT is able to provide
a fast and continuous readout of discriminator signals to the Level 1 trigger system.
If Level 1 accepts the event, it sends track information to Level 2 for triggering.
Level 3 recieves a slower readout of the digitized analog signals, in addition to Level

1 and Level 2 information.

Around the tracking detectors are the preshower detectors; the Central PreShower
detector (CPS) covering the central region of || < 1.3 and the two Forward PreShower
detectors (FPS) covering the end regions of 1.5 < |n| < 2.5, on the faces of the end
calorimeters. The preshower detectors provide fast energy and position measure-
ments, before the particles undergo a shower, which can be used at L1 for triggering.
They work much like the CFT in that they use scintillating fibres and VLPCs to
provide a readout. While the CPS works much like the CF'T, the FPS is a little dif-

ferent. In the FPS, charged particles pass through 2 layers: the Minimum Ionizing
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Particle (MIP) layer and shower layers past the absorber. Charged particles will
pass through the MIP layer and register minimum ionizing signals which provide a
measure of the location of the track. Electrons will shower (a shower will be defined
in the calorimeter section) in the absorber which will be detected in the shower layer
and can be matched spatially with a MIP layer signal. Photons may not interact
with the MIP layer but will tend to shower in the shower layer, and heavier charged
particles are less likely to shower at all, prodicing another MIP signal in the shower

layer.

2.3 The Calorimeters

The calorimeters are used to measure the energy of the electrons, photons and
jets in the absence of a magnetic field, as well as measure the transverse energy
balance in events. They also assist in object identification of the electrons, pho-
tons, jets and muons, as well as providing an estimate of the energy missing from
the event from low-interacting particles such as neutrinos. The calorimeters remain
unchanged from Run I, even with the addition of the 2 T solenoidal magnet. The
calorimeters are uranium - liquid argon ionization detectors, which detect particle
showers. A particle shower occurs when a particle interacts with a material through
scattering, creating a photon which can decay through pair production. The re-
sultant secondary particles may further interact with material creating a cascading
shower of particles. With further cascades, the energy will be low enough to be
absorbed through ionization in the material. Muons, being more massive than elec-
trons, will tend not to shower in such a way as their mass lowers the probability of

a cascading energy loss through scattering.

The calorimeter is split into three separate cryostats, which weigh 300 metric
tons and contains 15,000 litres of liquid argon: a Central Calorimeter (CC, cov-
ering |n| < 1), and two End Calorimeters (EC, covering 1 < |n| < 4) [18]. The
use of three seperate cryostats provides for easy access to the CC, and ECs when

pulled apart. Each cryostat is further segmented into three regions: an electromag-
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Figure 2.5: The segmented regions of the calorimeter: the outer, middle and inner
hadronic regions, and the electromagnetic regions. [20]

netic (EM), followed by a fine hadronic (FH) region, and a course hadronic (CH)
region further out, which are shown in figure 2.5. Such a calorimeter is known as
a compensating calorimeter which uses methods such as varying the thicknesses of
absorber plates in order to achieve an electron:hadron ratio of 1:1. This ratio is the
difference in response signals of the calorimeter from EM and hadronic particles of
the same incident energy and a ratio of 1 is required for a linear energy response
during hadronic showers. A calorimeter optimized in such a way is able to achieve
an energy resolution which improves with increasing incident energy and was the
goal of the calorimeters. Each region uses different absorbers: 3 mm (CC) or 4 mm
(EC) depleted uranium plates in the EM section, 6 mm uranium-niobium plates in
the fine hadronic section, and 46.5 mm copper (CC) or stainless steel (EC) plates in
the coarse hadronic section. The use of three separate cryostats for the calorimeter,
leads to gaps in the range of the pseudorapidity covered (0.8 < |n| < 1.4). Within
these gaps sits a scintillating layer known as the Inter-Cryostat Detector (ICD),
which covers a region of 1.1 < |n| < 1.4. The ICD provides sampling in an other-

wise unsampled area which would have degraded the energy resolution. Particles

20



traversing the high density uranium can either cause an EM shower or in the case
of hadrons, cause a hadronic shower through inelastic scattering. The shower of
charged particles from the uranium then ionizes the liquid argon and the charge
drifts to signal boards 2.3 mm from the absorber plates with a charge collection
time is 450 ns [18]. The absorber plates and signal boards all sit within a liquid

argon cryostat and this mechanism makes up the calorimeters.

The readout cells for the calorimeter form pseudo-projective towers, named for
the fact that the center of each cell lies on a ray that projects from the center of the
interaction region (Figure 2.6). Each readout cell has a transverse size comparable
to that of the showers: 1-2 cm for EM showers, and farther out, 10 cm for hadronic
showers which increase in size for larger values of 7 to avoid having very small cells.
The readout cells form a tower of An x A¢, where An = 0.2 and A¢ = 0.2. The
energy within these 0.2 x 0.2 towers are used in the L1 and L2 calorimeter triggers.
The signals from the detector are transferred to charge preamplifiers, which send
the signal to be digitized in signal shapers and then sent to storage circuits. The
signal is held for the Level 1 trigger decision for 4 us in analogue storage devices
(switched capacitor arrays), which are located below the cryostats. The signal is held
further for the Level 2 trigger decision for an additional average time of 2 ms, with
a maximum time of 25 ms. Precision signals from the storage is then transmitted

to the data acquisition system for an L3 decision.

2.4 The Muon System

Muons are much like electrons in that they have the same charge but are around
200 times more massive than an electron. This means that they lose for less en-
ergy than an electron when passing through matter, and so they pass through the
calorimeters and the pre-shower detectors freely. It is for this reason that the muon
detection system is the farthest out radially from the collision event and it is designed
with the intention of detecting muons which travel through the rest of the detector.

To detect the incoming muons, the muon system is split into a central muon system,
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Figure 2.6: The pseudo-projective towers which form the cells that together consti-
tute a signal readout. [20]

covering |n| < 1.0, and a forward muon system, which covers 1.0 < |n| < 2.0 [18].
The central and forward muon systems use drift tubes, which are cylinders of gas
which can be ionized by a muon surrounding a central high voltage wire used to

generate and detect the signal.

The central muon system uses Proportional Drift Tube (PDT) chambers, a
toroidal magnet, the cosmic cap, and scintillation counters for triggering on muon
events. The toroidal magnet allows for better triggering on the muons and a mea-
surement of the pp which is independent of the calorimeter system. The PDT system
itself registers hits which record the electron drift time, the difference At in the ar-
rival time of the signal pulse and the readout of the signal which has a maximum
of 450 ns, and the charge deposition. The cosmic cap provides a fast timing signal
which can be used to associate a muon hit in the PDT with the appropriate bunch
crossing. Since the cosmic cap covers the top and bottom of the detector, it can also
detect hits which pass through the top and bottom to reject them as hits from the

cosmic ray background. The PDT system is also supported by sets of scintillation
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counters on the top, upper sides, lower sides, and bottom of the central muon drift
tubes. These provide for an association between a muon in the PDT with the bunch

crossing from whence it came, which provides additional background rejection.

The forward muon system uses three layers of Mini Drift Tubes (MDT), end
toroidal magnets, three layers of scintillation counters and shielding around the
beam pipe for the muon system. The MDTs are similar to the PDTs, but have a
shorter electron drift time below 132 ns [18]. The toroidal magnets work in the same
way as with the central muon system, and allow for the measurement of the muon
momentum. The system itself is not as good as the central tracker but provides for

low resolution tracking and identification of muons.

2.5 The Trigger

Due to the high interaction rates of particles at the Tevatron, from high lumi-
nosities and energies of the incoming particles, a three tiered trigger system was
implemented. The three levels of the trigger system were chosen due to the speed of
the readouts of the different detector components discussed. The goal of the trigger
system was to filter the incoming data into a more manageable size for data storage.
At Level 1 (L1), the detector subsystems have only a short period of time to make
available the information necessary to determine an accept for the event (35 us or
less). The rate of data accepted at L1 provides the Level 2 (L2) trigger system a
greater amount of time to make a decision. This additional time is used by the
detector subsystems to either send a more complete readout of the data to L2 or to
hold the data in storage for Level 3 (L3), at which time the trigger system will have

access to the full readout of the detector subsystems.

The three distinct levels form a trigger system which accepts events at a lower
rate at every level, but with a greater allowed complexity for the determination of
an accepted event at the higher trigger levels. The rate of trigger accepts at L1, L2
and L3 are about 2 kHz, 1 kHz, and 50 Hz respectively [18]. The trigger framework

(TFW) interacts with L1 and L2 which determines the events that are passed to
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Figure 2.7: The Trigger Framework and its relation to Level 1, Level 2, Level 3, and
the data acquisition system. [20]

L3, shown schematically in figure 2.7. The first level (L1) is a hardware trigger that
filters over simple variables such as the existence of a charged lepton. The second
level (L2) is a combination of hardware and software which obtains a greater readout
from the detector subsystems and can use this readout along with the information
from L1. This allows for trigger decisions to be made based on individual objects
such as electrons, muons, and jets, as well as correlations between the objects. The
third level (L3) is sent candidates that have passed the L1 and L2 triggers, along with
the full readout of each detector subsystem. At L3, physics objects and relations
between the objects are generated by software algorithms called filter tools. The
event is crudely reconstructed by these filter tools, and accepted events at this level

are written to tape for offline reconstruction.

2.5.1 Level 1 trigger

The L1 trigger is a hardware trigger which examines every event, where an event
is a collision or bunch crossing within the detector, and determines an interesting
event from 4 subsystems: L1CAL, L1CTT, L1IMUO and L1FPD. Within TFW for
LL1, 128 specific triggers can be programmed using up to 256 7 AND-OR” terms which
determines whether a given bunch crossing meets the conditions required to pass
the trigger. Elements of the L1 trigger are allowed to be AND’d and OR’d together
to form pseudo-terms. These will increase the efficiency of the triggers which may

reduce backgrounds or the rate from low-pr triggers. The L1CAL subsystem consists
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of the EM and hadronic energies which are formed into trigger towers from sums,
in depth, and in transverse coordinates (An x A¢ = 0.2 x 0.2) which were described
earlier for the calorimeter. The EM transverse energies and the total transverse
energies (EM and hadronic) are used as variables for the trigger, which are converted
from the tower energies into Fr on input which also use ICD towers in the trigger
calculations. The upgraded L1CAL subsystem had a set of trigger thresholds: 4 for
the EM tower energy, and 4 for the total energy (EM + hadronic). Requirements,
such as requiring 2 towers over a certain energy, are used in the trigger calculations.
Future implentations at L1 will use a clustering algorithm to determine the proximity
of one tower with an energy deposit to another. The L1CTT subsystem uses the
discriminator data provided by the CF'T, the CPS and the FPS detectors to perform
simple reconstruction of the trajectories of charged particles, which also triggers on
the STT subsystem from the STT/SMT. The discriminator data provided are logic
bits that are generated from wire signals from the subdetectors. LICTT triggers on
the tracks reconstructed in firmware which can be matched with EM cluster energy
from the CPS detectors, while the FPS detector triggers on EM clusters on the
FPS. The LIMUO subsystem uses the muon wire chambers, the muon scintillation
counters and the tracks provided by L1CTT to look for muons within the event.
Finally, the L1FPD subsystem can trigger on events using a combination of the
nine FPD spectrometers, but it is currently not used in online triggers. As an
example, the trigger MUW_W _L2M3_TRK10 has an L1 condition requiring a wide

region, tight scintillator trigger, with a loose wire requirement for the muon.
2.5.2 Level 2 trigger

The L2 trigger is a combination hardware and software trigger which analyzes
the inputs from events that have passed L1. The events are selected by a processor
known as L2Global, which uses the 128 specific triggers applied at L1. As a starting
point, inputs from the calorimeter, CFT, CPS, FPS, SMT and muon subsystems are
put through preprocessors which reconstruct the objects. These are then sent to the

L2Global processor to decide whether an event has passed the trigger. There are 1.2
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preprocessors for each of the detector subsystems along with the L2Global proces-
sor: L2Cal, L2Muon, L2PS, L2STT, and L2CTT. The L2Cal preprocessor identifies
jets, electrons, photons and is planned to also calculate the transverse energy (Er)
in the calorimeter. The L2Muon preprocessor refines the muon candidates from L1
and contains the track pr, n coordinates, ¢ coordinates, and quality and timing
information. The L2PS preprocessor provides information on early shower develop-
ment, and allows for a comparison with the calorimeter clusters or tracks that are
found. The FPS detector also functions as a source of forward tracking, which is
the only available source before L3. The L2STT preprocessor reconstructs charged
particle tracks found in the CFT at L1 by using data from the SMT, which allows
it to tag the decays of long-lived particles. The hits required in the SMT help reject
the false track patterns found in the CFT and provide a more precise measure of the
tracks and impact parameter of the tracks. Finally, the L2CTT preprocessor takes
the input from L2STT as well as LICTT and provides a pyr and impact parameter

sorted list of tracks to the L2Global processor for triggering.

The L2Global processor examines correlations across all of the listed detec-
tor subsystems from the preprocessors listed earlier. It does this by creating global
physics objects, from these subsystem preprocessor objects, on which trigger deci-
sions can be made. The trigger conditions are specified by a configuration file to
which changes can be made for inclusion in the next run, of which a run is simply
a period of time with stable beam and no change in the trigger conditions. This
file can be downloaded to L2Global at the start of every run, and processes each
event based on which trigger bits fired at L1. These trigger bits are associated, by
the trigger list, to a script at L2 which contains the trigger condition that specifies
whether an L2 trigger fired for that particular L1 bit. If any of the L2 scripts accepts
an event, the event is accepted by L2 and is sent to L3. An with the example for
L1, MUW_W_L2M3_TRK10, at L2 we require 1 medium muon with a pr > 3 GeV.
If these conditions are satisfied, the event passes L2 and is sent to L3 for additional

rejection of events.
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2.5.3 Level 3 trigger

The data from L2 is sent to the L3 framework which runs the trigger software
on a distributed set of farm nodes. The farm nodes are controlled by ScriptRunner,
which interfaces the L3 framework to the physics object tools. Each of these physics
object tools has a reference set and a set of filter scripts: L3 jets and electrons, L3
muons, L3 missing transverse energy and L3 tracking. The reference sets define the
physics objects and are input into the filter tools through the trigger list. These
filter tools generate the physics objects and the relationships between them such as
reconstructing leptons, vertices, F'r, and more. Through the trigger list and through
these filters, conditions can be applied to the objects for the event to be accepted.
The conditions, and order of the objects to be examined, are specified through the
trigger list which will apply the L3 trigger for each L2 trigger bit that has been set;

an event passes L3 if it passes all the filters for the given L2 trigger.

The L3 jets and electrons tool has the full calorimeter and primary vertex po-
sition readouts for its reconstruction algorithms. It applies a simple jet cone of
(An)? + (A¢)? = 0.25, with a requirement on the transverse energy, an electro-
magnetic fraction > 0.9 and the transverse shower shape. The L3 muons use wire
and scintillator hits to reconstruct the muon tracks, and matches the tracks to those
in the central tracker. At this point, the cosmic ray top and bottom caps are used
to recognize muon hits that have a timing which indicates that it is not from the
collision event. The L3 Fr tool calculates the Fp by summing the calorimeter en-
ergy geometrically with sums of rings in pseudorapidity. It provides the ability
to trigger on K, the ¢ angle of Fp, the total scalar Ep and the Fp resolution in
the event (called the Fp significance). Lastly, the L3 tracking tool uses clustering
algorithms on the hits in the CFT to form track candidates which exceed a mini-
mum trigger pr, and a modified method similar to the CFT is used for the tracks
in the SMT. This tool provides a primary vertex for triggering, and together with
the track information, it provides the overall L3 trigger system with the ability to

have an increased efficiency for low Ep triggers. Continuing the example trigger of
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MUW_W_L2M3_TRK10, at L3, we require a track with pr > 10 GeV.
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Chapter 3

Caf Trigger

3.1 Purpose

Physics analyses use data that is accepted by the D@ trigger System, with certain
prescribed triggers for their area of analysis. The triggers used to obtain the final
data contributes to the overall error in the final calculations from the data. The
triggers are used to define and determine which events contain the relevant physics
without losing events to incorrect identification of the relevant physics. The triggers
will be biasing the accepted events so it is important to understand how the events
are biased. The efficiency of a given trigger can be calculated as a function of various
parameters and used to determine the probability of that trigger firing for a given

event.

The caf_trigger package is based on the top_trigger [21] package used by the
top quark analysis group at D@, with the intention of providing a flexible and
extendable trigger efficiency tool for other physics groups. Towards this end, it was
designed from the ground up for use with D@’s Common Analysis Format (CAF)
Environment, which is itself an extention of the high energy physics environment

ROOT.

The trigger efficiency is determined by using Monte Carlo simulated events to
determine whether a trigger would have fired. The Monte Carlo events are created
first with an event generator such as PYTHIA [28] and the detector response to the

event is simulated in GEANT [29]. The trigger requirements can now be simulated
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on the Monte Carlo generated events which would, by definition of the simulated
trigger, account for correlations and overlaps between the triggers. Directly simu-
lating the trigger requirements is generally not adequate for precision measurements
of the trigger efficiency. The focus of this package is to use the probabilities of a
trigger to fire in data, instead of simulated events, to obtain the trigger efficiencies.
These probabilities can then be used to form a trigger weight within [0, 1] for each
event by folding them into Monte Carlo events for a single trigger object. The total

event probability can be calculated as follows

P(L1,L2,L3) = P(L1) x P(L2|L1) x P(L3|L1,L2), (3.1)

where P(L2|L1) is the conditional probability for an event to fire the L2 trigger,
given that it has fired the L1 trigger. Similarly P(L3|L1,L2) is the probability of
an event firing the L3 trigger, given that it has fired the L1 and L2 triggers. This
gives flexibility in the combination of the trigger conditions at the three trigger
levels. The user can be given a total event probability for all the trigger levels or
with individual probabilities for each trigger level. These probabilities are obtained
assuming that the probability for a single object to satisfy a trigger condition is
independent of the presence of other objects in the event. In situations where the
single objects lack the correlation described, the probabilities can be reduced to a

product of the probabilities for each object as in

P(obj1,0bja) = P(obj1) x P(obja), (3.2)

where P(obj1,0bj2) is the probability of the first and second objects passing the
trigger condition, which is not separable as shown if the objects are correlated.
The technical methods of measuring the single object efficiencies that are used by
caf_trigger, vary depending on whether the object is an electron, a muon or a jet.
To calculate the efficiencies, these three types of objects share the need for unbiased
real data samples. These data samples are then put through one of three packages

which calculate the fraction of the offline reconstructed objects that satisfy the
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trigger conditions: em_cert, muo_cert and trigef f_cafe for electrons, muons and

jets respectively.

3.2 Design and Implementation

To understand the advantages of building the package as a CAF processor, it
is useful to understand the advantages of a CAF based analysis over a traditional
ROOT [22] based analysis. CAF uses C++ classes which it calls processors. These
processors are given a set of classes which holds the content of the root files: recon-
structed objects, trigger information, object identification and detector data. Along
with these objects, CAF provides a framework which automates event loops, and
calls the processors for initialization, and termination of each event. There are two
other useful features, of many, provided within CAF: the ability to link processors
together, the ability to store information in the event loop for another processor
called afterwards, and the use of a user written configuration file to specify what
CAF will run and what specified values the processors will use. The value of this
common framework comes from its flexibility and simplification in the implementa-
tion of an analysis; a set of code may be reconfigured and used for different tasks,
and the linked processors can be reordered for different conditions. This allows for
a trigger efficiency measurement, topological cuts, b-quark tagging, and many more

which may use information provided by other packages through CAF.

The top level design of the package uses the concept of a chain of processors: the
initialization processor, the probability processors and the final output processor.
The probability processor will calculate the probability that a given trigger condition
will pass an event. It contains the necessary combinatorics to apply the trigger
condition to objects in the event. Any number of probability processors can be
placed between the initialization and output processors, and their individual trigger

weights can be combined as the user sees fit (see Figure 3.1).

In the first processor, cafTriggerEfficiency, an event is first searched for the

physics objects that may be used in the probability calculations: electrons, muons,
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The Process Flow
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processor

Probability Processor Probability Processor

Probability Processor

ejetsl channel
calculations

ejets2 channel
calculations

template channel
calculations

All one line:

trigeff.Run: cafTriggerEfficiency(mycalcs),
probTopEjets1({mycalcs),
probTopEjets2(mycalcs), L
probTemplate(mycalcs), Output and Finish
cafTriggerOutput(mycalcs) processor

cafTriggerOutput

Figure 3.1: A hypothetical chain of caf_trigger processors which would produce
a trigger weight for each of the three probability processors: probTopEjetsl,
probTopEjets2, and probTemplate.

jets and K, as well as the number of each of these objects. The trigger lists and
their associated luminosities are also retrieved from the user specified configuration
files at this time. These objects are then temporarily stored in the event being

processed for the next processor in the chain, the probability processors.
3.2.1 Probability Processor

The probability processors inherit from a C++ template class which provides
the writer of the processor with an interface to the turn-on curves and to the physics
objects. Additionally, the base probability processor will place these objects back
into the event with a specified name for further processors to use. The turn-on curves
are text files which have been converted from the formats of em_cert, muo_cert and
trigef f_cafe. These text files contain the histogrammed turn-on curves for the
objects, stored in bins of variables pr, 1, and others. These text files are specified
through configuration files or can be hard coded into the probability processors.
The efficiencies are accessed through methods which return the values of the bins,

the efficiency specified by index variable, for a given object and variable.

The main method available to the processor is one which takes as its arguments
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the physics object and a variable to hold the error in the probability that is returned.
This uses the text-file stored turn-on curves to return a trigger efficiency in terms
of variables such as 1, ¢ and pr. The simplest use of the returned probabilities is
to calculate the probability that a group of physics objects fires the trigger. As an
example, if there are n muons in the event, then one could calculate the probability
of that event to fire a given muon trigger by looping over the n muons in the event
to obtain the probabilities for each of the n muons. One minus the total probability
of none of the muons passing the trigger condition would give the overall probability

for the event to fire the given trigger,

P(u) =11~ P(u), (33)
=1

This processor will also calculate a standard deviation, which adds or subtracts
the error in the turn-on curve from its given value. Since the calculated error takes
the turn-on curve and estimates an upper and lower error by moving the curve up
or down by one sigma, this is a conservative estimate for the systematic uncertainty.
If the probability is calculated by being split into the 3 trigger levels, the errors
of the 3 levels are calculated independently so the sigma variations are added in

quadrature.

There are also 4 other methods provided for each object that calculate the
probability for the event to satisfy the trigger condition that X objects (where
X = 1,2,3,4) of N in the event meet a threshold requirement. These methods
assume that the probability of a single object to satisfy a trigger condition is inde-
pendent of other objects in the event. These are only for utility purposes since they
do not calculate the correlations between the objects, and important triggers must
have their own combinatorics to account for the correlations. The calculations in

these methods are shown in the following equations,

X
P(X of N)zl—Z[l—P(only obji of N)] (3.4)
k=1
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1 — P(only obji of N) = (1— P(obji)) % kl:[lP(objl) (3.5)
=1

where P(X of N) is the probability for X of N total objects to pass the trigger
conditions, P(only obji of N) is the probability that only object k of N total
objects has passed the trigger condition, and P(objy is the probability that object k
of N has passed the trigger condition. The last definition for P(objy is irrespective
of requirements on any of the other N-1 objects. The advantage of being able to
create a chain of these processors is to allow for combinatorics that would otherwise
be prohibitively difficult in a single processor. It is also possible to use the several
single object trigger processors with a processor at the end of the chain to combine
the probability results from each processor while accounting for correlations between
the triggers. Each of the processors are specified with a name denoted as a “channel”
which is used as an identifier by processors that come after. This gives each processor
a unique identifier for event weights that it puts into the event. The event weight
and the sigma errors are then mapped to the specified channel name and passed to
the next processor in the chain, which may be another probability processor or the
final output processor. At the end of every event, the event weights are sorted by
their channel name and by the trigger list version that had been used to calculate
the weights. Each of the trigger lists are associated with a luminosity which is
used to calculate an average event weight of the used trigger lists based on their

luminosities.
3.2.2 The Output Processor

The final processor in the chain is the output processor, cafTriggerOutput. This
processor stores, event by event, the values of the probability calculations that have
been passed to it from the probability processors. These event weights are summed
with the weights from previous calculations to give a total summed event weight
when all events have been processed. This total weight is then divided by the
number of events that have been processed to give an averaged trigger efficiency

for all the events. These probability averages are displayed to the user along with
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the sigma variations on the values. The event by event probabilities are also stored
in histograms which aids in diagnostic of the combinatorics within a processor by

showing a distribution of the event weights.

Additionally, the output processor will write the individual event weights back
into the event which allows another package after caf _trigger to use these event
weights. As an example of a simple use of this is to plot a histogram of an object
and its variable before caf_trigger is run, and after, in order to note the changes
changes to the original distributions. As an example, when studying an electron
trigger, one may plot a histogram of the leading electron py. The event by event
weights are then applied to a second histogram which is plotted after caf_trigger in
a chain. Dividing the weighted histogram by the unweighted histogram will give a
probability curve which is similar to a trigger efficiency turn-on curve. This shows
how the turn-on curves will look when folded into events and so it can be used to
provide a rough check of the prediction with data. It is difficult to accurately check
caf trigger with data because caf _trigger is calculating a probability for an event
to pass the trigger. This is not the same as passing an event or failing an event
so it will give different results when compared with a set of trigger weights where
each event is passed or failed. The way to ensure that caf_trigger is giving sensible
results is by comparison with simpler trigger efficiencies made with ca f_trigger with
combinatorics that are known to be correct, and to ensure that the turn-on curves
provided by the em_cert, muo_cert and trigeff_cafe packages are correct. The
latter can be achieved accurately through comparisons with data since they are

providing a pass or fail criteria for each event to produce the turn-on curves.
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Chapter 4

Electron Trigger ”OR’ing”

4.1 Triggers of interest and ”OR’ing”

The single top t-channel and s-channel have well defined signatures: a high
energy lepton, Fp, either one b-quark jet or two b-quark jets, and possible jets
from free quarks. The single top signal signature is overwhelmed by a multitude
of backgrounds, the closest of which to the top signal are the ¢t production and
the W + jets background. The W + jets background, may include a Wej, Wjj,
Wbb and others. In the case of the Wbb background which is prevalent in samples
with 2 b-tagged jets, and it may also include a lepton and neutrino, this background
cannot be decreased by just looking at the identified particles. This background will
decrease as the requirement for the mass of the reconstructed top quark increases.
A cut on the t-quark mass, the angular distribution of the decay particles, the
particle momenta and other variables, are used to form a discriminant to reduce this
background. The tt background will have the signature of a t-quark. The strategy
noted earlier of looking for a lepton, B, and a number of jets is still useful against
this background. The ¢t events may produce two high energy leptons (dilepton
events) instead of one, and thus it is possible to reject these events by requiring
only one lepton or high energy jet that has faked a lepton in the event. Such a
rejection on additional “hard” jets or leptons can be loosely defined [23] as any jet
or lepton with Ep > 15 — 25 GeV, and || < 2.5 — 4. If only one of the t-quarks
decay leptonically, then a restriction in the number of jets can be made to further

filter the sample. The samples which maximize the signal to background ratio are
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W + 2jets and W + 3jets events, where two of the jets are from a b-quark®.

The signature of the event as it has been described clearly indicates that an
optimal trigger to use for this type of event is one which looks for an electron
or muon and some jets. The focus of this trigger study is on electron triggers, the
electron and jets trigger (e+Jets) and improvements that can be made to the trigger.
The current trigger used is the e+Jets trigger that identifies a signal-like event based
on criteria imposed on the electron and the jets in the event. The goal is to look at
the improvements to the signal acceptance by first taking the OR, of all the e+Jets
triggers and the OR of all the single electron triggers for each trigger list. The
reasoning behind this is that the single electron triggers have tighter constraints on
the definition of an electron than the e+Jets triggers. In most cases, the py threshold
of the electron triggers are higher than those of the e+Jets triggers meaning that
the OR of these triggers will accept signals of the e+Jets type or electron events
without the jet requirement. First, the e4Jets and single electron triggers will be

defined, followed by the results of performing an OR of the triggers.

The generic definitions for the trigger terms such as CEM (z,n) and L2CALEM (n, x)
are shown in Table (4.1) and (4.2), which also hold a glossary of terms used by the
single electron triggers. The trigger list version is denoted with v8-v14. Within this
table, the term “transverse shower shape (_T)” and “tight shower shape” are de-
fined by the electromagnetic showering on each of the EM layers of the calorimeter.
The EM layers are divided into 4 radial distances labelled EM1, EM2, EM3 and
EM4, of which EM4 is the closest to the hadronic layers and farthest from the beam
pipe. The transverse shower shape is defined as the width of the shower on the
3 EM layers, labelled EMxW. The transverse shower shape cut (_T) is defined as
EM1IW < 0.09, EM2W < 0.08 and EM3W < 0.05. This is a tighter requirement
than the “tight” shower shape requirement because it is an older definition preceed-

ing the current definitions of tight and loose. The tight shower shape requirement

! Although a jet may be from a b-quark, the ability to identify a b jet is based on the tracking
efficiency, misreconstructed jets, the detection of jets and jets that have been incorrectly identified
as jets or as other particles. These, among others, make the tagging of b jets a non-trivial exercise
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Table 4.1: Glossary of L1, and L2.

Term Definition

L1:

CEM(x, n) x Calorimeter EM trigger towers with Ep >
n GeV

CJT(x, n) x Calorimeter jet trigger towers with Ep >
n GeV

ncu Not Calorimeter Unsuppressed readout

L2:

EM(x, n) EM candidate with an EM fraction > = and with
Er >n GeV

L2CALEM(n, x) requires a standard EM cluster with a threshold
>n GeV

L2CALEM(x, n, 1) | requires a single EM object with isolation < [
and Ep > n GeV

xJET(n) x jet candidates with Ep > n

is similarly defined for the CC (EM1W < 1.8, EM2W < 1.4 and EM3W < 1.15)
and EC (EM1W < 1.0, EM2W < 1.0 and EM3W < 1.2) regions of the calorime-
ter. The loose shower shape requirement is defined for the CC (EM1W < 2.3,
EM2W < 1.7 and EM3W < 1.5) and EC (EM1W < 14, EM2W < 1.35 and
EM3W < 1.4) regions of the calorimeter. The terms LOOSE and VLOOSE elec-
tron are determined by the EM fraction, which is the faction of the energy deposited
in the EM layers of the calorimeter: EM fraction > 0.9 for LOOSE, and EM fraction
> 0.8 for VLOOSE. The trigger terms with ncu refer to hot cells in the calorimeter
that would provide an incorrect measurement of the energy deposition. The require-
ment of the trigger is for events not using the calorimeter with unsuppressed hot

cell readout.

The detailed break down of the e+Jets triggers for trigger lists v8-v14 are shown
in Table (4.3) and (4.4). Generally, the e+Jets trigger requires a low pr electron
with 2 jets which may be defined with differing energies. Changes to the triggers
were made over time in an attempt to improve the efficiency of the triggers with
techniques such as isolation of the electron and track matching on the jets. The

threshold for the electron pr was raised at L1 as the trigger lists progressed (from

38



Table 4.2: Glossary of L3 terms.

Term

Definition

L3:

Ele(ELE_LOOSE, x, 1, 0., 1)

x LOOSE electrons, |n| <, with Er > n GeV

Ele(ELE_-VLOOSE, x, 1, 0., 1)

x VLOOSE electrons, |n| < [, with transverse
shower shape (_T), and Bz > n GeV

Ele(ELE_LOOSE_SH.T, x, n, 0., 1)

x LOOSE electrons, |n| < [, with transverse
shower shape (_T), and Ep > n GeV

Ele(ELENLV, x, 1, 0., 1)

x LOOSE electrons, |n| < [, with non-linearity
and vertex corrections used, with no shower
shape requirements and Ep > n GeV

Ele(ELE.NLV_VL, x, 1, 0., 1)

x VLOOSE electrons, |n| < [, with non-linearity
and vertex corrections used, with no shower
shape requirements and Ep > n GeV

Ele(ELENLV_SH, x, n, 0., 1)

x electrons, |n| < [, with non-linearity and ver-
tex corrections used, with loose shower shape,
and E7 > n GeV

Ele(ELE_NLV_SHT, x, n, 0., 1)

x electrons, |n| < [, with non-linearity and ver-
tex corrections used, with tight shower shape
requirements, and Er > n GeV

Ele(ELE_NLVNC, x, 1, 0., 1)

x electrons, |n| < [, with non-linearity and ver-
tex corrections used, and Ep > n GeV

Jet(SCJET.9, x, n)

x jets are found with Ep > n GeV using a simple
cone algorithm on jets of b GeV

Jet(SCaJET_b_PVg, x, n)

x jets with E7 > n GeV using simple cone al-
gorithm with cone size 0.a on jets of b GeV,
and using the primary vertex tool with tracks of
c GeV
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Table 4.3: e+Jets triggers for trigger lists v8-v13.

v8-vll EM15 2JT15

L1 all terms CEM(1, 10)CJT(2, 5) ncu

L2 all terms EM(0.85, 10)_2JET(10)

L3 all terms Ele(ELE_LOOSE_SH_T, 1, 15)
_Jet(SCJET.9, 2, 15)

v12 Ex_SHT152J20 (x = 1, 2, 3)

L1 E1 terms CEM(1, 11)_ncu

L1 E2 terms CEM(2, 6)-ncu

L1 E3 terms CEM(2, 3)CEM(, 9)_ncu

L2 all terms unrestricted trigger

L3 all terms Ele(ELE_NLV_SHT, 1, 15)
_Jet(SC5JET_9_PV3, 2, 20)

v13 Ex SHT152J_J25 (x = 1, 2, 3, 4)

L1 E1 terms CEM(1, 11)_ncu

L1 E2 terms CEM(2, 6)_ncu

L1 E3 terms CEM(2, 3)CEM(1, 9)_ncu

L1 E4 terms CEM(1, 11)_ncu

L2 E1, E2, E3 terms | L2CALEM(15, x)

L2 E4 terms L2CALEM(x, 11, 0.2)

L3 all terms Ele(ELE_NLV_SHT, 1, 15.)
_Jet(SC5JET_9_PV1, 2, 20.)
_Jet(SC5JET9_PV1, 1, 25.)

EM15_2JT15 to E1_2J terms), as well as changes to the jet thresholds. This was to

counter the rising luminosity and was not done to improve the trigger efficiencies.

As well as the e+Jets triggers, triggering on a single electron in the event is
also used, which generally trigger on a higher energy threshold than with e+Jets.
The break down of the single electron triggers for trigger lists v8-v14 are shown
in Table (4.5) and (4.6). The basic single electron triggers are more varied than
the e+Jets triggers, which is a result of triggering only on the electron. These
triggers require additional cuts to keep the trigger rates low because there is less
to cut on; there is no jet requirement. The marked difference is seen at L3, as the
electron triggering is similar to that of the e+Jets triggers at L1, and L2. At L3,
the electron requirements for the e4Jets trigger have a threshold at electron pr >

15 GeV/c, whereas the single electron trigger varies from a 20 GeV/c threshold
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Table 4.4: e+Jets triggers for trigger lists v13.3-v14.

v13.3 Ex SHT15 27 J30 (x = 1, 2, 3, 4)
L1 E1 terms CEM(1, 11)_ncu

L1 E2 terms CEM(2, 6)_ncu

L1 E3 terms CEM(2, 3)CEM(1, 9)_ncu

L1 E4 terms CEM(1, 11)_ncu

L2 E1, E2, E3 terms | L2CALEM(15, x)

L2 B4 terms L2CALEM(x, 11, 0.2)

L3 all terms Ele(ELE_NLV_SHT, 1, 15.)

_Jet(SC5JET_9_PV1, 2, 20.)
_Jet(SCHJET_9_PVL, 1, 30.)

vid Ex_SHT15 2J J30 (x = 1, 3, 4)
L1 E1 terms CEM(1, 12)_ncu

L1 E3 terms CEM(2, 3)CEM(1, 9)_ncu

L1 E4 terms CEM(2, 6)-ncu

L2 all terms L2CALEM(15, x)

L3 all terms Ele(ELE_NLV_SHT, 1, 15.)

_Jet(SCHJET_9_PV3, 2, 20.)
_Jet(SC5JET_9_PV3, 1, 25.)

to one at 90 GeV/c. The difference is in the cuts applied to the shape of the EM
shower, and the EM fraction. The single electron triggers have a more efficient event
acceptance for high energy electrons, although it may reject single top events. This
is because the triggers have no requirements on the jets and a higher requirement
on the electron. Single top events with the required jets but with a lower electron

pr than required may be rejected.

The single electron triggers are high pr electron triggers which have a good
efficiency for high pr events like single top. The e+Jets triggers have a low pr
threshold which includes a jet requirement. The lower requirements lead to lower
efficiencies due to the high background rates compared to the signal events. Taking
the OR of one with the other should provide a higher acceptance for our signal.
Given two triggers, T4 and 15, the combination of firing can occur in four ways: T4
and T both fire, T4 fires but not Ty, T fires but not T4, and neither T4 nor T

fire. This shows, through a simple Venn diagram, the following probability equation
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Table 4.5: Single electron triggers for trigger lists v8-v13.

v8-v1ll

EM_MX, EM_MX_SH, EM_MX_EMFRS,
EM_HI, EM_HI SH, EM_HI EMFRS

L1 EM_MX terms

CEM(1, 15)ncu

L1 EM_HI terms

CEM(1, 10)-ncu

L2 all terms

unrestricted trigger

L3 EM_(MX/HI)

Ele(ELE_LOOSE, 1, 30. ,0. , 3.)

L3 EM_(MX/HI)_SH

Ele(ELE_LOOSESH.T, 1, 20., 0., 3.)

L3 EM_(MX /HI)_EMFRS

Ele(ELE_VLOOSE,1,40.,0.,3.)

v1l2

Ex_SHT20, Ex_SH30, E1_L50, E1_VL70
(x =1, 2, 3)

L1 E1 terms CEM(1, 11)_ncu
L1 E2 terms CEM(2, 6)_ncu
L1 E3 terms CEM(2,3)CEM(1,9)_ncu

L2 all terms

unrestricted trigger

L3 Ex SHT20 (x = 1, 2, 3)

Ele(ELE_NLV_SHT, 1, 20., 0., 3.6)

L3 Ex_SH30 (x = 1, 2, 3)

Ele(ELE_NLV_SH, 1, 30., 0., 3.6)

L3 E1_L50

(
Ele(ELENLV, 1, 50., 0., 3.6)
(

L3 E1_VL70 Ele(ELE_NLV_VL, 1, 70., 0., 3.6)

vi3 Ex SHT20, Ex SH30, E1 L50, E1 NC90
(x =1, 2, 3, 4)

L1 E1 terms CEM(1, 11)_ncu

L1 E2 terms CEM(2, 6)_ncu

L1 E3 terms CEM(2, 3)CEM(1, 9)_ncu

L1 E4 terms CEM(1, 11)_ncu

L2 E1, E2, E3 terms L2CALEM(15, x)

L2 E4 terms L2CALEM(x, 11, 0.2)

L3 Ex SHT20 (x = 1, 2, 3, 4)

Ele(ELE_NLV_SHT, 1, 20., 0., 3.6)

L3 Ex SH30 (x = 1, 2, 3, 4)

Ele(ELE_NLV_SH, 1, 30., 0., 3.6)

L3 E1_L50

L3 E1-NC90

(
Ele(ELENLV, 1, 50., 0., 3.6)
Ele(ELENLV_NC, 1, 90., 0., 3.6)
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Table 4.6: Single electron triggers for trigger lists v13.2-v14.

v13.2 Ex SHT22, Ex SH30, E1 L70, E1_ NC90
(x =1, 2, 3, 4)

L1 E1 terms CEM(1, 11)_ncu

L1 E2 terms CEM(2, 6) ncu

L1 E3 terms CEM(2, 3)CEM(1, 9)_ncu

L1 E4 terms CEM(1, 11)_ncu

L2 E1, B2, E3 terms L2CALEM(15, x)

L2 E4 terms L2CALEM(x, 11, 0.2)

L3 Ex SHT22 (x = 1, 2, 3, 4)

Ele(ELE_NLV_SHT, 1, 22., 0., 3.6)

L3 Ex SH30 (x = 1, 2, 3, 4)

Ele(ELE_NLV_SH, 1, 30., 0., 3.6)

L3 E1.L50

L3 E1_.NC90

(
Ele(ELE_NLV, 1, 50., 0., 3.6)
Ele(ELELNLV_NC, 1, 90., 0., 3.6)

vl4

Ex_SHT25, Ex_SH35, E1.L70 (x = 1, 3,
4)

L1 E1, E3 terms

CEM(1, 12)_ncu

L1 E4 terms CEM(2, 6) ncu
L2 E1, E4 terms L2CALEM(15, x)
L2 E3 terms L2CALEM(x, 11, 0.2)

L3 Ex SHT25 (x = 1, 3, 4)

Ele(ELE_NLV_SHT, 1, 25., 0., 3.6)

L3 Ex SH35 (x = 1, 3, 4)

Ele(ELE_NLV_SH, 1, 35., 0., 3.6)

L3 E1.L70

Ele(ELE_NLV, 1, 70., 0., 3.6)
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P(TAV Tg) = P(T4) + P(T5) — P(Ta ATg). (4.1)

where P(T4) is the probability of T4 firing, (T4 V T) means (T4 or Tg), and
(TaA NTp) means (T4 and Tg). Table (4.3) and (4.4) show that the electron trigger
criteria is varied while the jet criteria remain constant within each trigger list. So,
for a given trigger list, the probability of the e+Jets trigger may be factored out
into its component pieces. Let P(Eg) be the probability of an event passing the
single electron criteria, FJ be the probability of an event passing the e+Jets trigger
criteria, EFp; be the electron criteria of the e+Jets trigger, and Jgj be the jets

criteria of the e+Jets trigger. Then the probability of Eg V EJ is given by

P(Es\/EJ) :P(Es)—l-P(EEJ) X P(JEJ) —P(ES/\EEJ) X P(JEJ) (42)

The equation shows that P(Egs V EJ) does not equate to the simple quantity
P(EsV Egy)x P(Jgyj), because there are correlations between the electron triggers
that must be taken into account. Due to the abundance of the words “OR” and
“AND”, I will be using the notation (X% = X'v X2V ...), defined to be the OR of
triggers (X!, X2, ...). Each of the quantities on the right hand side of Equation (4.2)
can be calculated: the trigger turn-on curves will first be produced in the em_cert
[24] package for the OR’s of the single electron triggers (E$F = EL v E%2 Vv ...), the
OR’s of the electron portion of the e+Jets triggers (E(E)R = ElEJ\/E%J\/ ...), and the
AND'’s of all these triggers (EgR A Eg?) These will be combined with jet turn-on

curves produced with the trigef f_cafe [25] package.

The trigger efficiencies are not so easily handled when the triggers are prescaled.
To prescale a trigger is to set a limit on the number of trigger accepts that are
stored. This is normally done with a simple condition such as “keep 1 in 300
accepts”, and is performed at higher luminosities to lower the acceptance rate to keep
within the trigger bandwidth. The triggers studied were not prescaled, although

the normalization when combining triggers is accounted for in the em_cert and
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trigef f_cafe packages since they apply the trigger conditions directly to the data.
The processor created in ca f_trigger to calculate the OR of the triggers was created
with the future intention of using prescaled triggers with the method shown in

reference [26], but this feature was not used for the results presented here.

4.2 The Turn-on Curves

The turn-on curves for the electron and jet portion of the triggers are created
in two seperate packages: em_cert and trigef f_cafe. Ideally, one is interested in
calculating the trigger efficiency and producing a turn-on curve by testing a desired

object against a trigger as follows,

E'Uentspass trigger

Eff = (4.3)

FEuventsyy

All events that have been recorded during data taking must pass one or more
triggers. This introduces a bias to the efficiency calculation as events that were
accepted by a certain trigger will be seen as an efficiency of 1.0. As an example,
recorded events that pass an electron trigger with the requirement pr > 20 GeV/c
are very likely to pass an electron requirement of pr > 10 GeV /¢, which would make
any studies of the later trigger meaningless. Further, trigger conditions vary from
requiring track matches to requiring an amount of energy in the calorimeter and

may then bias other triggers with similar requirements.

The em_cert package uses a method to minimize the trigger bias known as tag
and probe. The goal of this method is to identify events in which the electrons
reconstruct to a Z boson. The first step is to look at events with at least two good
EM clusters that reconstruct into a Z which may be used as the tag and probe
electrons. This is done by requiring that the invariant mass of the tag and probe
electrons sits between 65 GeV/c? and 200 GeV/c?. At least one of the two EM
clusters are required to have a EFp > 25 GeV and matched to a track within the
detector, which we shall call em1. The second EM cluster, em2, is required to be

matched to an isolated track. eml must now pass a few conditions before it is
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accepted as a tag: the first is a likelihood cut for the electron, and the second is a
requirement that eml passes any of the electron triggers. The likelihood cut is a
cut on the probability that the identified object is an electron, which is constructed
with various requirements for the electron. If these requirements are filled, em2 is
taken as the probe and is tested against every electron trigger and a histogram is

filled if it passes the trigger condition

PTObepass trigger
Probe,;

Effwithvalidtag = (44)

where the histogram is filled if the event has a valid tag and the ratio is taken of
the events with a probe passing the trigger to all events with a valid tag. After em2
has been tested, the roles of the two EM clusters switch. The process begins again
with the requirement that the two good EM clusters reconstruct into a Z. em?2 is
now put through the same conditions to be a tag electron. For those events that
have em?2 as a tag, em1 becomes the probe and is tested against the electron triggers
and those that pass are used to fill the same histogram. Depending on the methods
used in the selection of the tag electron, there may arise correlations between the
tag and probe objects. As an example, the efficiency could be dependent on the
primary vertex position [24]. The selection of the tag electron could bias the vertex
distribution which would bias the probe electron identification efficiency. These
biases can be removed with an understanding of the selection methods used for the

tag and probe objects.

While the tag and probe method is applicable to jets, it is not the method
that was used in trigeff_cafe. This is because the method would require a Z
decaying into two quarks to produce the jets for the reconstruction. Due to the high
background production of jets, it is not a clean signal of the Z like with leptons
and so trigef f_cafe must rely on another method to ensure an unbiased sample.
The trigger bias, in this case, is removed by a selection criteria on the data events.
The events used to calculate the trigger efficiency are chosen by only including

events that have been accepted by selected muon triggers which do not make use
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of calorimeter information because the jet triggers will use deposited calorimeter
energy. The trigger efficiency is then calculated, after the selection of the required

data, through a simple ratio

good jets & Eventspess trigger

E ; ; = 4.5
ffwzth muon trigger gOOd jets & Eventsa” ) ( )

where a good jet is defined by a set of quality cuts such as energy deposited in
the calorimeter and electron vetos. There is one more set of turn-on curves that is
relevant to the calculation, and that is the correlation of an electron object with a
jet object. This arises through a calculation of the efficiency for an electron, which
has passed the electron trigger conditions, to fire a jet trigger. This is referred
to as the SCJET efficiency and as EM shaping of the jets at L3. The efficiency
is calculated within em_cert by taking the events which have passed the electron
trigger of interest, and seeing if these events pass a jet trigger condition. This is done
at various thresholds of the jet pr (15, 20, 25, 30, and 35 GeV/c) in the following

equation:

threshold

pass jet trigge’r, (46)

Eventspass electron trigger & Events

Effscier = E
ventspass electron trigger

where Eventspess clectron trigger are the events that pass the electron trigger crite-

threshold

ria and Events, . i rigger

are the events that pass the jet criteria at a speci-
fied threshold. The SCJET turn-on curves are used in caf_trigger to produce a
trigger efficiency for P(Egy) X P(Jgy) and for P(Es A Egy) x P(Jgy). A rep-
resentative plot of these turn-on curves can be seen in Figure (4.1). The turn-on
curves were only produced for pr = 20,25,30and35 GeV/c and it has been as-
sumed that for a threshold of pr = 15 GeV, the correlation of the SCJET and
electron triggers is 100%. Since the v8-v11 trigger lists used an L3 trigger term of
Ele(ELE_LOOSE_SH_T,1,15)_Jet(SCJET9,2,15) (Table (4.3)), which has a pp

threshold of 15 GeV/c, SCJET turn-on curves were unnecessary.

The em_cert package was run on data events which have either two electrons with

pr > 12 GeV/c, or two tracks which are associated with reconstructed electrons.
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Figure 4.1: The turn-on curve for the v12 electron triggers firing a jet trigger,
(Exz_.SHT20V Ex_SH30V E1_.L50V E1.VL70) N Ex_.SHT15 N\ SCJET (y), where
x =1, 2, 3 and y = pp threshold of 20, 25, 30 and 35 GeV/c. The turn-on curves
for the other trigger lists can be found in Appendix A.
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The trigef f_cafe package was run on data events with a non-calorimeter muon
trigger. Both of these packages ran on data which has been reconstructed with
the D@ reconstruction program D@Reco version pl17.09.03: em_cert on a subset
of the data with 2 electrons with high pr (CSskim-2EMhighpt-PASS3-p17.09.03),
and trigef f_cafe on a similar skim of the data with jets (CSskim-TOPJETTRIG-
PASS3-p17.09.03) [27]. The turn-on curves output from em_cert is shown in Ap-
pendix A, while the turn-on curves output from trigeff_cafe were created by
Thomas Gadfort so the direct output before the conversion to a text format is

unavailable.

The turn-on curves are produced in the form of histograms of the efficiencies,
defined in Equation (4.3), binned in variables of pr, 1, and others. Ideal turn-on
curves of single trigger, single object efficiencies are step functions at the threshold
that has been set. In practice, the resolution of the detector smears measurements
of a value to a Gaussian distribution. Since the trigger efficiency is a convolution of
this gaussian distribution with the step function efficiency curve, the turn-on curves

in pr can be fitted to an error function of the form

f(z) = % (1 + Exf (%)) , (4.7)

where Erf() is an error function, Ag is the midpoint, A; is the slope and Asg is the
plateau of the turn-on curve. The use of OR’d triggers precludes the use of this fit
as the turn-on curves are no longer those of a single trigger. This means that the
turn-on curve will be a combination of more than one error function which cannot
be fitted to a single error function. A clear example of this can be seen in Figure
(4.2) which shows two plateaux after the “turn-on”: one with 26 < pr < 32 GeV/c
and the other with pr > 32 GeV/c. Although the single triggers can be fitted to an

error function, they were not fitted for consistency with the OR’d triggers.
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Figure 4.2: The turn-on curve for the v12 single electron triggers, Fx_SHT20 Vv
Ex_SH30V E1_L50V E1_.VL70, where x = 1, 2, 3 (Table (4.5)). The turn-on curves
for the other trigger lists are in Appendix A.
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4.3 'Trigger Efficiencies in caf trigger

4.3.1 The Single Electron, and e+Jets Triggers

Probability processors with the combinatorics to calculate the single electron,
e+Jets, and single electron A e+Jets efficiencies are used in ca f_trigger to calculate
the efficiencies for single electron V e+Jets. This is done with 4 processors: the
single electron processor using the Eg turn-on curves, the e+Jets processor using
the Fry and Jgs turn-on curves, the e+Jets processor using the Eg A Egy and Jgj

turn-on curves, and a final combination processor.

The combinatorics of the single electron trigger use the combined L1, L2, and
L3 turn-on curves produced in em_cert. The combinatorics involved were discussed
in chapter 3, giving a probability for the event to fire an electron trigger with the
assumption that the electrons in the event are independent. The probability of each
electron, with a given pr, not to fire the given trigger is calculated. These are then
multiplied together to obtain the the probability of all of the electrons not to fire
the trigger, which is subtracted from 1 to give the probability of the electrons firing

the trigger.

P(Eg)=1— ﬁ 1 - P(ey). (4.8)
=1

The combinatorics of the e4Jets trigger is factored into two pieces: the electron
probability and the jet probability. The electron probability and the jet probability
are calculated separately with the ability to use the OR’d triggers or the single trig-
ger efficiencies for the electron probability calculations. These are then multiplied

together to get the total e+Jets trigger efficiency.

The electron probability is calculated in the same method as the single electron
probability but with the e+Jets combined L1, L2, and L3 turn-on curves for the
electron (Egy). The jet probability is calculated using individual L1, L2, and L3
turn-on curves for trigger lists v8-v11l, and only an L3 turn-on curve for trigger
lists v12-v14. This was split in such a way to allow for the combined L3 turn-

on curves provided by em_cert to be used with similar turn-on curves provided
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by trigeff_cafe. The probabilities are first split by trigger list and then by pr
thresholds of the condition for firing the trigger: 15, 20, 25, and 30 GeV/c. This is
done in order to include the probabilities for an electron to fake a jet at the various
thresholds that are used by the e+Jets trigger. The pr threshold at 35 GeV/c is
not used since it is not in any of the current e+Jets triggers (up to pr = 30 GeV/c
in trigger list v13.3). Of the listed thresholds, up to 3 of them will be used for an
e+Jets trigger condition, but the remaining threshold is available for ease of use.
The probabilities for jet objects to fire jet trigger conditions are calculated with the
added probabilities from electrons faking jets in the event. These are then split into
the same pp thresholds as for the electron and treated as probabilities for the jet to

fire the jet trigger.

This can be seen more clearly with a look at the procedure of a probability
calculation. The v12-v14 trigger lists have two jet criteria set at one threshold X
and Y, where X =Y (v12) or two different thresholds X and Y, where X > Y
(v13-v14). This sets a criteria for at least one of the “jets” to have Ep > X GeV
and at least one more jet with Er > Y GeV, where “jets” refer to objects that
have satisfied the jet criteria but may be another particle like an electron. Two

calculations are made:

H [1 - PE(jets)] , (4.9)

PQ(L3):§n: 3(jet:) ﬁ (1- PEGety)) | - (4.10)
=1 j=1,i#j

PE(jet;) and PE3(jet;) are the probabilities for a jet at level 3 to have Ep > X
or >Y GeV, n = the number of true jets + the number of electrons, jet; is the it"
jet object, P;(L3) is a calculation that none of the “jets” have Ep > X GeV, and
P5(L3) is a calculation that at most one of the “jets” has Er > X GeV and there
are no other “jets” with Er > Y GeV, where X > Y. The probability to fire the

trigger is
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P(Jpy) =1 — Pi(L3) — Py(L3), (4.11)

which calculates the probability for at least one of the “jets” to be above X GeV,
added to the probability of at most one “jet” to be below X GeV while at least one
“jet” is above Y GeV.

Equation (4.9) to (4.11) require a slight modification for use with the v8-v11
trigger lists, since these trigger lists used seperate L1, L2, and L3 trigger turn-on
curves. As with the v12 trigger list, the trigger criteria requires 2 jets above a set
threshold which sets X =Y in Equation (4.10). Equation (4.9) is also modified to

the following,

n n

Pi(L1) = [ [1 = PE'(jets)| , and Py(L2) = T [1 = PE2(jets)| (4.12)
i=1 =1

where P L1 and P;L2 are the probabilities that none of the “jets” fire the level 1
and level 2 trigger criteria for the threshold of 15 GeV. The probability to fire the

trigger for v8-v11 trigger lists is calculated using

P(Jpy) = (1= Pi(L1)) x (1 = P(L2)) x [1 = P1(L3) — Pa(L3))], (4.13)

The jet calculations together with P(Egy) produce the quantity P(Fgj) X
P(Jgyj), required for the final trigger OR’ing. The last calculation uses the e+Jets
probability processor with the OR’d triggers, Eg A Egj, for the electron portion
and the regular jet turn-on curves for the jet portion. This produces the final value,
P(Es A Egy) x P(Jgyj), needed to produce P(EgV EJ). Once the three proces-
sors (P(Es), P(Egy) x P(Jgy), and P(Es A Egy) x P(Jgy)) have completed their
calculations in the event, these event weighting probability values are sent to a com-
bination processor. The combination processor calculates the probability that the

event fired the trigger Eg V EJ by using Equation (4.2).
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Once the three processors (P(Es), P(Egy)xP(Jgy), and P(EsAEg;)xP(Jgr))
have completed their calculations in the event, these event weighting probability
values are sent to a combination processor. The combination processor calculates

the probability that the event fired the trigger Es V EJ by using Equation (4.2).
4.3.2 7OR’ing” and Results

The e+Jets triggers, used by the top analysis group for their efficiency calcula-
tions, are EM15_2JT15 for v8-v11, E1_.SHT15_2J20 for the v12, E1_SHT15_2J_J25
for v13, and E1_SHT15_2J_J30 for the v13.3-v14 trigger lists and shall be referred to
as the “main e+Jets triggers”. Since the e+Jets turn-on curves produced for their
calculations were fitted to an error function (Equation (4.7)), a comparison with
the current unfitted turn-on curves used in the trigger ORing required new unfitted
turn-on curves for the main e+Jets triggers in order to gauge the resulting OR. This
was done to avoid comparing efficiencies from error function fitted histograms to un-
fitted histograms. The unfitted main e+Jets turn-on curves were used in a chain of
caf_trigger processors: the 3 processors required for the OR’ing, the combination

processor, and the unfitted main e+Jets calculation.

caf trigger runs at the end of a chain of processes that are used during analysis
to ensure good quality data. Only a few of these processes will remove a significant,
tens of percents, of the total number of events: removal of events which are not of
good data quality, a duplicate event finder, a cut on good electrons, a jet selection
algorithm, and a triangle cut on Fp and electron pp. An event can be tagged
as one which is not of good data quality based on many different criteria, a few
of which are: the proton/anti-proton beam is noisy, detector miscalibration, hot
cells in the calorimeter which register false hits, and others. The cuts on good
electrons are defined by the energy deposition in the calorimeter and how well an
electron matches to a track. The jet selection algorithm defines a jet cone to ensure
that the object is a jet and not a misidentified particle, ensure that it matches to
a track, and other criteria. The triangle cut is a topological cut used to ensure

that the fr calculated in the event is valid kinematically. These processes remove
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Table 4.7: Trigger lists and associated luminosities

Trigger List v8 v9 v10 | vll v12 v13.0 | v13.3 v14

Luminosity (pb=1) | 4.21 | 21.42 | 8.48 | 54.32 | 195.29 | 46.77 | 263.98 | 211.19

events before caf_trigger or any analysis is performed, and have been included in
order to produce the trigger efficiencies for the events that are used for the final
analysis. The two sets of Monte-Carlo examined are tb-evbb (electron, neutrino and
2 b-quarks) and tgb-evbgb (electron, neutrino, 2 b-quarks and another light quark)
single top events that were produced in a custom implementation of CompHEP [30]
known as SingleTop [31]. These create parton-level events are then processed in
PYTHIA [28] and EVTGEN [32]. These are then processed with a full GEANT [29]
simulation of the D@ detector. The tb and tgb MC sets contain 92620 and 130068
events respectively. These are reduced to 41233 (tb) and 52715 (tgb) by the electron
and jet selections, and further reduced to 35346 (tb) and 46058 (tgb) events by the

topological cuts.

The luminosity numbers used for each trigger list, shown in Table (4.7), are from
data skims which are defined with a number of cuts: one jet with Ep > 15 GeV and
detector |n| < 2.5, one loose EM object with pr > 15 GeV, Fpr > 15 GeV, good data
quality, and finally the e4Jets trigger. These come from the luminosity block, which
is the fundamental unit of time for the luminosity measurement. These blocks are
indexed by a luminosity block number which is incremented during the run. The
luminosity is then calculated independently for each block [33]. These numbers are
used to weight the trigger lists within caf_trigger in order to produce the correct

luminosity averaged trigger efficiency.

The single electron OR’d triggers have significantly different turn-ons than the
e+Jets OR’d triggers, arising from the higher thresholds for the acceptance of an
electron in the event. The probability distribution in pr of the leading electron for
P(Eg), P(Egj) x P(Jgj), and P(Es A Egy) X P(Jgy) are shown in Figure (4.3) for

the tb and tgb MC. These are combined on an event by event basis to form the final
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Table 4.8: Luminosity weighted Eg V EJ vs original e+Jets trigger efficiencies, for
the leading electron, of the tb-evbb and tqb-evbgqb MC with trigger lists v8-v14.

th Es v EJ 89.9 £39%
tb e+Jets original | 83.6+£3:%
tqb Es VvV EJ 89.5 £59 %
tqb e+Jets original | 82.249:8%

Table 4.9: EgV EJ vs original e+Jets trigger efficiencies, for the leading electron,
of the tb-evbb and tgb-evbgb MC vs trigger list. Trigger lists v8-v11l have been
combined since there are no changes to the triggers during that period.

Trigger List v8-vll | vl12 v13.0 | v13.3 v14

tb EsV EJ 91.1% | 89.9% | 90.6% | 90.3% | 88.7%
tb e+Jets original | 89.9% | 82.8% | 83.5% | 82.8% | 82.6%
tqb EgV EJ 90.9% | 89.6% | 90.2% | 89.8% | 88.4%
tgqb e+Jets original | 89.4% | 81.3% | 82.0% | 81.0% | 81.1%

P(EsV Egy)x P(Jgy) seen in Figure (4.4). Although the single electron trigger has
a visually higher efficiency in the graphs, the e+Jets trigger has the actual advantage
numerically: 84.1+8-4% tb MC and 82.7+8-8% tqb MC for the OR’d e+Jets triggers
and 81.7+33% tb MC and 81.1+£34% tgb MC for the OR’d single electron triggers.
The luminosity averaged trigger efficiencies, for trigger lists v8-v14, are shown in
Table (4.8). The Eg V EJ trigger show an overall gain of 6.3+{:3% for the tb MC,

and 7.3+12% for the tgb MC.

It is informative to look at the trigger efficiencies for the individual trigger lists
which are shown in Table (4.9) for the tb and tgb MC. The production of uncertainties
for the individual trigger lists would be computationally consuming and would not
provide any further information as they are of the same order of magnitude as for the
full set of trigger lists. The gains for trigger lists v8-v11 are minimal compared with
the later trigger lists but the efficiencies of the e+Jets triggers before calculating

the OR’d results are already near 90% efficiency.
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Figure 4.3: P(Es), P(Egj)x P(Jgy), and P(EsAFEgy)x P(Jgy) trigger probability
distribution in pp for the leading electron.
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Figure 4.4: EgV EJ vs original e+Jets trigger probability distribution in pr for the
leading electron.
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Chapter 5

Conclusions

The goal of this study was to look at increasing the efficiency of the triggers used
in the analysis of the single top event signal. Towards this end, a general framework
for trigger studies was created called caf _trigger. The caf _trigger package which
was created for the purpose of folding trigger efficiencies derived from unbiased data
to Monte-Carlo simulated events in order to produce a probability for the signal
events to pass the given triggers. caf_trigger is now used by the D@ collaboration
for trigger efficiency studies in many different analyses and was recently used for the

single top analysis in 2007.

Trigger turn-on curves were created in the em_cert package of a logical OR of the
single electron triggers, a logical OR of the E+Jets triggers, and the AND of these
two trigger groups, which were to be used in caf_trigger. The turn-on curves for
the original E+4Jets triggers used in the single top analysis were also produced and
used in caf_trigger. The luminosity weighted average of the trigger efficiencies was
produced for trigger lists v8-v14 which were then compared to the original E+Jets
triggers. This showed an overall gain of 6.34}:3% for the tb MC, and 7.34}2% for
the tgb MC in efficiency, which is a gain of 6.941:3% in efficiency for the combined
thb and tgb MC.

A conservative estimate can be made of the gain in the significance of the signal
by considering one of the backgrounds to the signal. The two main backgrounds are
the W + Jets background and the t¢ background. We consider the tt background

in which one of the W bosons decays leptonically and the other decays to two light
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quarks. Unlike the W + Jets background, the t¢ background will have an event
signature that contains two top quarks and should have a high trigger efficiency
with the OR’d triggers under consideration. An estimate of the significance can be

calculated by assuming a Gaussian uncertainty on the background

gainsignal

gainp; ckeround

gaillgionificance = \/ (5.1)

Equation (5.1) is an estimate which assumes that the background analysis will
not improve to reject the increased background acceptance from the OR’d triggers.
This may not be true for adaptive analysis techniques such as boosted decision trees
or neural network analyses. Two Monte-Carlo samples are used for the tb and tqb
channels: a tb-like background ¢t — [ + v + 2b with 283463 events, and a tgb-like
background tt +q — [ + v + 2b + g with 98425 events, which were reduced from the
pre-selection cuts to 42481 and 14501 events respectively. The tb-like and tqb-like
background trigger efficiencies were, for the combined v8-v14 trigger lists, 90.1%
(tb-like) and 90.6% (tgb-like) for the original e+Jets triggers, and 93.2% (tb-like)
and 93.6% (tqb-like) for the Eg Vv EJ triggers. This is a gain of 3.1% for the tb-like

and 3.0% for the tgb-like, tt events.

The estimated signal significance for the tb and tqb channels give an increase
of 4.7% and 5.7% over the tt background considered. A more accurate estimate of
the signal significance would require the entire analysis chain to be run, which is
prohibitively difficult. This must be done in order for the adaptive techniques of
the boosted decision trees or neural networks used in the analyses to use the events

from the increased acceptance of the signal and the background.

caf trigger was written in a form which allows for the compartmentalization of
the different triggers that were used to create the combined OR’d triggers. This
enables us to determine the benefit of the e4Jets OR’d triggers over the original
e+Jets triggers without the single electron triggers added in. The individual trig-
ger lists were performed with v12-v14 since there was only a single e4Jets trigger

term for v8-v11, and the full set of trigger lists and luminosities were used for the
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luminosity averaged efficiency. It is interesting to note that an OR of the e+Jets
trigger brings at least 2 additional terms to the main e+Jets trigger: a CEM(2,
6) L1 term, and a CEM(2, 3)CEM(1, 9) L1 term, where additional terms result
in a change in the L2 condition (Table (4.3) and (4.4)). The luminosity averaged
trigger efficiencies, were calculated for the v8-v14 trigger lists: 83.6+9-8% for tb MC
and 82.2+8-8% for tgb MC for the original e+Jets trigger and 84.1+3-2% tb MC and
82.7408% tgb MC for the OR’d e+Jets triggers which is a gain of 0.5% for tb MC
and 0.5% for tgb MC. The uncertainties were produced through the sigma calcula-
tions available in ca f _trigger for the averaged efficiencies of the v8-v14 trigger lists.
The probability distribution for all the trigger lists is shown in Figure (5.2), and
the efficiencies for the individual trigger list for the tb and tgb MC are shown in
Table (5.1). A representative example can be seen between the v12 and v14 e+Jets
triggers. Both of these triggers add only the two L1 terms listed above and they
both show a negligible gain in the overall efficiency of the triggers. The gains in
efficiency, for the tgb MC events, are from 81.3% to 81.5% for v12, and from 81.1%

to 81.8% for v14 or an overall gain of 0.2% and 0.7% respectively (Figure (5.1)).

The small gain is not unexpected as the only changes in the trigger are made
at L1 and only to the number and energy of the electrons. The gain in efficiency is
less than the uncertainty in the trigger efficiencies which indicates that the OR of
the various e+Jets does not contribute to a useful improvement in the efficiency. As
a comparison, the gain of the acceptance of the tb-like, and tqb-like ¢t backgrounds
was calculated. This was done to see if the e4Jets OR’d triggers accepted more
background events than the original e+Jets triggers. The luminosity averaged trig-
ger efficiencies of the backgrounds for the v8-v14 trigger lists are: 90.1492,% tb-like
and 90.6+8-% tqb-like for the original e+Jets triggers, and 90.849,% tb-like and

91.3+' % tgb-like for the e+Jets OR’d triggers.

The gain in the acceptance of the background events is consistent with zero,
which is the same result as was found for the signal events. This means that the

use of the e+Jets OR’d triggers does not contribute negatively to the overall signal
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Table 5.1: e+Jets ORs vs original e+Jets trigger efficiencies, for the leading electron,
of the tb-evbb and tgb-evbgb MC vs trigger list. Trigger lists v8-v11l have been
combined since there are no changes to the triggers during that period.

Trigger List v8-vll | v12 v13.0 | v13.3 v14

tb e4+Jets ORs 89.9% | 83.1% | 84.2% | 83.5% | 83.3%
tb e+Jets original | 89.9% | 82.8% | 83.5% | 82.8% | 82.6%
tgb e+Jets ORs 89.4% | 81.5% | 82.6% | 81.6% | 81.8%
tqb e+Jets original | 89.4% | 81.3% | 82.0% | 81.0% | 81.1%

significance, which does not change the results of the study for the ORing with the
single electron triggers. The e+Jets OR’d triggers should not be used in the future
as they do not contribute to the increase in the signal significance while adding

appreciable overhead to the calculation.

The trigger turn-on curves produced in em_cert were not fitted to an error func-
tion which precludes the advantage of the fitted curve smoothing out any statistical
fluctuations. This was due to the turn-on curves being an OR of many single turn-
on curves which causes an error function fit to incorrectly represent the data points.
This can be mediated in the future by fitting the single turn-on curves with an error
function. These can then be used as a first approximation for a fit of the OR’d

turn-on curve with the sum of several error functions.

The triggers studied have L3 conditions that require an electron or jet to have a
pr greater than a specified threshold. An additional requirement can be added for
a particle track to have a pp threshold as well. The addition of a track requirement
improves the chance that an object identified as an electron will have a matching
track. The ability to trigger on tracks was not implemented in em_cert at the time

of this study and so could not be tested.
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Figure 5.1: e+Jets ORs vs original e+Jets trigger probability distribution in pr for
the leading electron. Top: trigger list v12, tqb-evbgb MC. Bottom: trigger list v14,
tgb-evbgb MC.
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Figure 5.2: e+Jets ORs vs original e4Jets trigger probability distribution in pr for
the leading electron.
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Appendix A: em_cert turn-on
curves

These are the turn-on curves produced in em_cert for Eg, Fry, Es N Egy,

Erpy NSCJET, and Eg A Egpy AN SCJET for trigger lists v8-v14.
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Figure 5.3: Turn-on curves for Fg, Fpy and Eg A Egy for trigger lists v8-v12.
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Figure 5.4: Turn-on curves for Eg, Fpy and Eg A Egy for trigger lists v3-v13.2.
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Figure 5.5: Turn-on curves for Fg, Egy and Eg A Egy for trigger lists v13.2-v14.
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Figure 5.6: The turn-on curve for the v12 electron triggers firing a jet trigger:
Ex_ SHT15NSCJET(y), where x = 1, 2, 3 and y = pr threshold of 20, 25, 30 and
35 GeV.
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Figure 5.7: The turn-on curve for the v12 electron triggers firing a jet trigger:
(Ex_SHT20V Ex_SH30V E1.L50V E1.VL70) AN Ex_.SHT15 N\ SCJET (y), where
x =1, 2, 3 and y = pp threshold of 20, 25, 30 and 35 GeV.
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Figure 5.8: The turn-on curve for the v13 electron triggers firing a jet trigger:
Ex_SHT15 AN SCJET (y), where x = 1, 2, 3, 4 and y = pr threshold of 20, 25, 30
and 35 GeV.
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Figure 5.10: The turn-on curve for the v13.2 electron triggers firing a jet trigger:
Ex_SHT15 AN SCJET (y), where x = 1, 2, 3, 4 and y = pr threshold of 20, 25, 30
and 35 GeV.
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Figure 5.11: The turn-on curve for the v13.2 electron triggers firing a jet trigger:
(Ex_ SHT22V Ex_SH30V E1_L70V E1.NC90) A Ex_SHT15 N SCJET(y), where
x =1, 2, 3,4 and y = pr threshold of 20, 25, 30 and 35 GeV.
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Figure 5.12: The turn-on curve for the v14 electron triggers firing a jet trigger:
Ex_ SHT15NSCJET(y), where x = 1, 3, 4 and y = pr threshold of 20, 25, 30 and

35 GeV.
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Figure 5.13: The turn-on curve for the v14 electron triggers firing a jet trigger:
(Ex_SHT25V Ex_SH35V E1_L70) N Ex_.SHT15 AN SCJET (y), where x = 1, 3, 4
and y = pr threshold of 20, 25, 30 and 35 GeV.
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Appendix B: caf _trigger trigger
efficiency curves

These are the trigger efficiency curves produced in caf_trigger, from the turn-on
curves produced in em_cert, for the original E+4Jets triggers in comparison with the

Eg Vv EJ triggers for trigger lists v8-v14.
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Figure 5.14: Trigger list v8-v11l: Eg V EJ vs original E+Jets trigger probability
distribution in pr for the leading electron.
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Figure 5.15: Trigger list v12: EgV EJ vs original E+Jets trigger probability distri-
bution in pr for the leading electron.
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Figure 5.16: Trigger list vl3a: Eg V EJ vs original E4Jets trigger probability
distribution in pr for the leading electron.
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Figure 5.17: Trigger list v13b: Eg V EJ vs original E4Jets trigger probability
distribution in pr for the leading electron.
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Figure 5.18: Trigger list v14: EgV EJ vs original E+Jets trigger probability distri-
bution in pr for the leading electron.
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