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Abstract

The inclusive production of b-jets with a Z boson is an important background to searches for
the Higgs boson in associated ZH — 1lbb production at the Fermilab Tevatron collider. This
thesis describes the most precise measurement to date of the ratio of inclusive cross sections
o(pp — Z +b-jet)/o(pp — Z+jet) when a Z boson decays into two electrons or muons. The
measurement uses a data sample from pp collisions at the center of mass energy /s = 1.96
TeV corresponding to an integrated luminosity of 4.2 fb~! collected by the D0 detector.
The measured ratio o(Z + b-jet)/o(Z+jet) is 0.0187 &+ 0.0021(stat) £ 0.0015(syst) for jets
with transverse momentum pr > 20 GeV and pseudorapidity |n| <2.5. The measurement is
compared with the next-to-leading order theoretical predictions from MCFM and is found

to be consistent within uncertainties.
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Chapter 1

Introduction

“We never cease to stand like curious children before the great mystery into which we were
born.” This quote from Albert Einstein sums up the essence of particle physics. Particle
physics is merely the attempt to answer questions that every child has wondered at some
point in their life: “Where did we come from?”, “What is everything made of?” and “How
did we get here?”. These are all questions that particle physicists set out to answer. As the
search for answers has progressed, an elegant, beautiful and mystifying universe has been

uncovered.

1.1 Standard Model of Particle Physics

To help describe the universe, a theoretical framework called the Standard Model of Particle
Physics (SM) has been created. The SM combines quantum mechanics and special relativity
to describe the interactions of fundamental particles. The SM includes three of the four
known natural forces': the nuclear strong force, which is responsible for holding a nucleus
together; the nuclear weak force, which powers the sun; and the electromagnetic force, which
rules electricity. These forces are mediated via particles called gauge bosons, with different

ones belonging to each force. The weak force has two bosons, called the W and Z bosons.

1 Gravity is the only natural force not included in the SM.
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7 has no electromagnetic charge, and W can carry an elementary charge of either +1 or
—1. The boson that mediates the electromagnetic force is the photon (), which has an
electromagnetic charge of 0. The boson that carries the strong force is called the gluon (g),
which has no electromagnetic charge, but does carry color charge. Any particles with a color
charge can feel the nuclear strong force, any particles with an electromagnetic charge can
feel the electromagnetic force, and any particles with a non-zero weak charge (also known

as “isospin”) can feel the nuclear weak force.

Particles Anti-Particles
} .S & & & &
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Ned Ne# > & Charge & JF IS <y Charge
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Figure 1.1: The fundamental particles in matter.

Figure 1.1 shows the fundamental particles called fermions that the forces act upon. As
the figure shows, there are three generations for each particle type. The only difference be-
tween particles in different generations is mass. For example, an electron has all of the same
qualities as a muon except for the fact that it is lighter. Most matter in nature is made up
of particles from the first generation. This is because the more massive partners decay into
the lighter ones. Figure 1.1 also shows three of each type of quark to represent the three
colors a quark can have — red, green or blue. Only a particle with color can feel the strong
force, and quarks and gluons are the only known particles to carry color. The strong force
acts differently than the electromagnetic and nuclear weak force. Both the electromagnetic
and nuclear weak forces weaken as the distance between two particles increases. In con-
trast, as the distance between two quarks increases, the force between them gets stronger

and stronger, like a rubber band when it gets stretched. Also like a rubber band, there
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Figure 1.2: Simplified schematic of gluon splitting.

reaches a point where the gluon is stretched too far and it snaps. In the “snapping” pro-
cess, two new quarks are created, making two pair of quarks instead of just one. Figure 1.2
shows a simplified® schematic of gluon splitting. There are two important features to notice
about gluon splitting. The first is that the bound quark states must be colorless (also called
white). In other words, the sum of the colors must equal zero; where red + anti — red = 0
but red + anti — blue # 0. The second important feature is that gluons carry one color and
one anti-color. A result of this splitting feature is that there are no free (or single) quarks.

Trying to free a quark is analogous to trying to cut a string until it has one end.

There are two types of fermions — quarks and leptons. Six different types of quarks exist
(up (u), down (d), charm (c), strange (s), top (t) and bottom (b)), and each has their own
antipartner (denoted by a “bar” over the name, e.g. the antipartner of the up quark is
u). Particles that are made up of quarks are called hadrons. Mesons are a type of hadron

0 is either

consisting of a quark-antiquark pair. A pion (7) is an example of a meson — 7
a ut or dd pair, 7T is ud and 7~ is @d. Baryons are hadrons that consist of three quarks.

Both a neutron (udd) and a proton (uud) are examples of baryons. Leptons are the other

2Tt is simplified because gluons carry color, and as a consequence, instead of one gluon connecting two
quarks, a “string” of gluons connects two quarks.



Chapter 1: Introduction

type of fundamental fermion. There are six leptons (and their respective antipartners), three
that carry electromagnetic charge and three that do not. The three that carry charge are
the electron, the muon and the tau particle. The three without electromagnetic charge are
called the electron neutrino, the muon neutrino and tau neutrino. Neutrinos only interact

via the weak force, and for that reason, they are very difficult to detect.

The final piece to the standard model is the yet-to-be discovered Higgs boson. Interaction
with the Higgs boson is believed to be what gives matter mass. The Higgs boson is the only
piece of the SM left to be verified experimentally. For this reason, it is the driving force

behind many analyses in experimental high energy physics.

Making a measurement in high energy physics is often about exploiting the different
behaviors in particles. A hadron containing a b-quark takes longer to decay than a hadron
containing light-quarks, making the b-quark an important particle for detection. Because
they are incredibly short lived, a Z boson cannot be directly detected, however its signature
can be, and some of those are easier to detect than others. A Z boson can decay leptonically
(Z decays into two muons or two electrons) or it can decay hadronically (Z decays into two
quarks). The leptonic decay channels are advantageous because they are cleaner® than the
hadronic alternative. This analysis measures the production rate of a Z boson in conjunction
with a b-quark, where the Z boson decays leptonically. An important motivation for this
analysis is its role in the search for the Higgs boson. The signature for this analysis mimics a
signature for one of the Higgs production channels, thus making it an important background.
Searching for the Higgs boson is like looking for a needle in a haystack, and this analysis is
an attempt to better understand the hay. The motivation for this measurement is discussed

in greater detail in the next section.

3(Cleaner meaning that leptons do not have the splitting feature that accompanies hadron decays and the
strong force.
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1.2 Z Boson in Association with b-quark Production

The measurement of the production cross section of Z bosons in association with one or
more b-jets provides an important test of quantum chromodynamics (QCD) calculations [1].
The understanding of this process and its description by current theoretical calculations is
important because it provides a major background to various processes, e.g. to the search for
the SM Higgs boson in the ZH — Zbb decay mode and to the searches for supersymmetric
partners of b-quarks. Figure 1.3 shows the branching ratio for the Higgs boson with respect
to its mass [2]. For a lower mass Higgs (my < 135 GeV?), the channel with the highest
branching ratio is H — bb. For this reason, Z + b is a very important background to Higgs in
association with a Z boson production. The production of a Z boson in association with one
or more b-jets is also sensitive to the b-quark density in the proton. This density, which there
is no direct measurement of, is usually derived perturbatively from the gluon distribution
function [3]. A precise knowledge of the b-quark density is necessary to accurately predict
processes that strongly depend on it. These processes include the electroweak production of
single top quark [4] and the production of non-SM Higgs bosons [5, 6] in association with

b-quarks.

The typical parton-level subprocesses expected to contribute to the Z + b-jet final states
are gg — bg — Zb, shown in figure 1.5 and ¢§ — Zbb, shown in figure 1.4. In the first
process a b-quark from the proton (evaluated from the gluon distribution function (PDF),
which describes the momentum of partons) undergoes a hard scattering and a b-quark typ-
ically remains soft, forward and therefore undetected. In the second process, only one b-jet
may be reconstructed. This is because the bb quark pair can be produced close to each other
and be reconstructed within the same jet, or one of the b-quarks does not get accepted by
the detector or the analysis selection criteria. Theoretical calculations for Z + b production

are currently available at next-to-leading order (NLO) in QCD [1, 7]. According to QCD

4For this analysis, the ¢ = 1 standard is used. Thus, the unit GeV is used for energy, mass and momentum.
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calculations, both subprocesses are expected to contribute almost equally to the Z + b-jet
production at Tevatron, and the production of Z bosons with b-jets is dominated by the

single b-jet production.

The cross section of the Z+jets production has been measured at the Tevatron and found
to agree well with QCD calculations [11]. The D@ experiment provided the first measure-
ment of the ratio of cross sections for Z + b jet to Z+jets production to be 0.021 4+ 0.005 [§]
consistent within uncertainties with the theoretical prediction of 0.018 £ 0.004 [1]. This
result was based on the 180 pb~! of data and the analysis assumed the ratio of the Z + b jet
to Z + c jets cross section from NLO calculations. The CDF experiment has measured the
same ratio, as well as the Z + b-jet inclusive cross section using 2 fb™! of data [9]. The CDF
analysis does not use the theoretical prediction for N./N,, and in fact extracts the fractions
of different jet flavors from data. The ratio of Z + b-jet to inclusive Z+ jets production
measured by CDF is 0.0208 £ 0.0033 4 0.0034. Table 1.1 shows the various measurements

and theoretical expectations for different jet kinematics.

Jet Kinematics

o(Z+b)/o(Z +j) (%)

Reference

pr > 20 GeV,|n| <2.5

2.1£0.4+0.3

D:0.18 b~ (PRL 94, 161801, 2005)

pr > 20 GeV,|n| <1.5

2.36+0.74£0.53

CDF:0.33 fb~! (PRD 74, 032008, 2006

pr > 20 GeV,|n| <1.5

2.08+0.33+0.34

pr > 20 GeV,|n| <1.1

1.76+0.24+0.23

)
CDF:2.0 fb~* (PRD 79, 052008, 2009)
D@:4.2 fb~! (Prelim Result, DO Note 6053)

Theoretical Calculations

Jet Kinematics

o(Z+b)/o(Z+j) (%)

Reference

pr > 20 GeV,‘U‘ <1.5 1.88+0.23 MCFM (DO Note 6052)
pr > 20 GeV.Jy| <1.1 1.8440.22 MCFM (D@ Note 6052)
pr > 20 GeV,|n| <2.5 1.8540.22 MCFM (Current Analysis)

Table 1.1: Table of the ratio measurements and theoretical expectations for different jet

kinematics.
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This analysis set out to measure the o(Z +b)/o(Z + j) ratio with a larger dataset and to
a higher precision than was done before. The kinematic selections were intentionally aligned
to that of the latest ZH — [lbb analysis at DO [10]. This alignment allows for a direct

one-to-one comparison between the two analyses.



Chapter 2

Apparatus

Fermi National Accelerator lab is a high-energy physics laboratory located in Batavia, IL. It
is home to what was, until only recently, the world’s most energetic particle accelerator, the
Tevatron [12]. The Tevatron collides bunches of protons and antiprotons at a center of mass
energy, /s, of 1.96 TeV. The Tevatron is an accelerating ring of 3.9 miles in circumference.
Located at two points on this ring are particle detectors, D¢ and CDF. All of the data used

for this analysis was taken by D).

2.1 The Fermilab Accelerator

In order to get protons and antiprotons to the desired energy, Fermilab employs a series of
accelerators. Figure 2.1 shows the different components of the accelerator.

A proton begins its path through the accelerator as part of a hydrogen molecule (H,).
These hydrogen molecules are then converted to two H~ ions by a magnetron [17]. After the
magnetron, the H~ ions are sent to a Cockcroft-Walton pre-accelerator. Figure 2.2 shows
a picture of the pre-accelerator at Fermilab as well as a schematic of the voltage multiplier.
This device uses its legs to charge the dome to a voltage of 750 kV. The hydrogen ions
are then sent into the dome and are accelerated to an energy of 750 keV. These ions are

then sent through a linear accelerator (linac [18]). The linac is about 150 m long and uses
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Figure 2.1: Schematic of Fermilab accelerator chain.

radio-frequency (RF) cavities that accelerate the ions to an energy of 400 MeV. The ions
are then passed through a carbon foil that strips off the electrons, leaving just a proton.
From the linac, protons then go to the Booster [19]. The Booster is the first synchrotron
in the accelerating process. It has a radius of 75 m and uses dipole magnets to keep the
protons confined to a circular path. Once the linac delivers enough protons ( 3 x 10'?) the
Booster stops accepting and begins accelerating. The Booster accelerates the protons up to
an energy of 8 GeV. This is done over the course of about 20,000 revolutions. As with all
synchrotrons, the magnet strength increases as the protons are accelerated and the energy
range is determined by the radius and the strength of its magnets. After the Booster comes
the Main Injector [21]. The Main Injector is a synchrotron with a radius of 528 m. It accel-
erates protons to either 120 or 150 GeV. The 150 GeV protons are injected into the Tevatron

in 36 separate bunches. The 120 GeV protons are sent to the antiproton facility.

To produce antiprotons, focused protons bombard a stationary nickle target. This causes

10
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Figure 2.2: (a) Image of Cockroft-Walton pre-accelerator at Fermilab. (b) Circuit diagram
of a Cockroft-Walton voltage multiplier.
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a hadronic cascade that includes antiprotons at an approximate rate of one 15 antiprotons
per every 10° protons incident on the target. Immediately downstream from the target is
a lithium lens module. The lens is designed to focus most of the antiprotons of an energy
around 8 GeV coming from the target. Figure 2.3 shows a schematic of the target and the
particle cascade as well as a photo of the lithium lens. The lens operates at a peak current
of 650 kA in order to generate the magnetic field necessary to direct the antiprotons. The

antiprotons are then sent to the Debuncher.

Secondany
e Particles

Lithium

b

Primany
Frotons

(b)

Figure 2.3: (a) Image of lithium lens (b) Schematic of target and lithium lens.

The Debuncher accepts pulses of antiprotons, due to the pulse like delivery of the protons,
at a range of energies. It is a synchrotron, however, it looks more like a rounded triangle.
The purpose of the Debuncher is to reduce the antiprotons momentum and transverse phase
space, which allows for a more efficient transfer to the Accumulator. Each revolution the
Debuncher uses an RF cavity to reduce the momentum of the antiprotons. The reduction
is more severe to higher energy antiprotons. After about 100 ms, the debuncher “cools” the
antiprotons creating a beam with a small spread of energy around 8 GeV. The antiprotons

are now ready to be dumped into the Accumulator.

12
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The name Accumulator is not an accident, as its job is to accumulate antiprotons. It does
this by accepting cooled antiprotons from the Debuncher. The Accumulator further cools
the antiprotons as it accepts more deliveries from the Debuncher. When it has collected

enough antiprotons, the Accumulator sends them to the Recycler.

The antiprotons are stored and further cooled in the Recycler. When it comes time for
collisions, they are then dumped into the Main Injector where they are accelerated from
8 GeV to 150 GeV. When the antiprotons reach an energy of 150 GeV, they are ready to be

fed into the Tevatron.

The Tevatron is the final phase of the acceleration process. It is a synchrotron with a
radius of ~ 1 km. Unlike the other synchrotrons in the accelerating process, the Tevatron
uses super-conducting magnets to produce the strong magnetic fields required to guide the
beams around the ring. Both the protons and antiprotons circle the ring in 36 bunches.
The proton and antiproton beams are kept in the same tunnel where they helix around each
other traveling in opposite directions. The beam paths intersect at two points on the ring;

one is the location of the CDF detector and the other is in the middle of the D@ detector.

2.2 D0 Detector

The DO detector [23, 24, 25] is a multi-purpose detector suited to study high-mass (high
pr) phenomena. The detector is optimized to measure the four momentum and point of
production of photons, electrons, muons, jets and neutrinos.! In order to accomplish this
task, the detector is comprised of many different components shown in figure 2.4, starting

from the collision point, the components include:

e (Central Tracking System

'Neutrinos are not detected directly, however the missing transverse energy that they produce is detected,
thus producing a signature in the detector.

13
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This system consists of silicon and fiber tracking layers with a 2 T magnet. It is used
to determine the primary vertex (PV) of the event, the paths and momenta of the

particles and to help with particle identification.

e Preshower Detector
The preshower detector is used to assist in particle identification and aids in tracking

charged particles.

e (Calorimeter
The calorimeter consists of an EM and hadronic component. The EM calorimeter is
used to measure the position and energy of particle showers caused by an electron or
photon. The hadronic calorimeter is designed to measure the position and energy of

particle showers resulting from quarks and gluons.

e Muon System
The muon system contains drift tubes, scintillators and toroidal magnets. It is used to

measure the four-momentum and position of muons.

2.2.1 DO Coordinate System

It is now important to discuss the coordinate system used for both the D@ detector and the
analysis discussed in this thesis. D@ uses a standard right-handed coordinate system with
the center (0,0,0) at the center of the detector, as shown in Figure 2.5. The positive x-axis
direction is pointing radially outward from the center of the Tevatron ring, the positive y-axis
direction is straight up and the positive z-axis is along the direction of the protons. While
D@ is roughly cylindrical in shape, a collision has a spherical rest frame symmetry. This
combination is the motivation behind the cylindrical /spherical hybrid system used at DO
(z, 0, ¢). The positive y-axis is defined by ¢ = 7/2.

Theta is typically replaced by another quantity called pseudorapidity, denoted as n and

14
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Figure 2.4: Diagram of DO detector.
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In the relativistic limit (£ >> m), n is a good approximation of the Lorentz invariant

1 E+p,
= -1 —_— 2.2
4 QD(E—pz)’ (2:2)

defined here:

rapidity (y).

Collisions do not always coincide with the center of the detector. The variance from the
center point in the x and y coordinates is very small (~ 40 pm) however, it can be large
(~ 28 c¢m) in the z-direction. For this reason, it is often useful to define a “detector” n and
¢ and a “physics” 1 and ¢. The detector n and ¢ are constructed by using the center of the
detector as the center of coordinate system, while physics n and ¢ are constructed by using
the primary vertex (PV) as the center of the coordinate system. In general, detector n and

¢ are used when referring to a location in the detector and physics 7 and ¢ are used when

15
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Figure 2.5: Diagram of D@ coordinates.
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referring to the properties of a particle; thus no distinction between them is made, unless

clarification is needed.

2.2.2 Central Tracking System

The central tracking system is comprised of the Silicon Microstrip Tracker (SMT) which
is surrounded by the Central Fiber Tracker (CFT). Both of these trackers are in turn sur-
rounded by a solenoid magnet. Figure 2.6 shows a schematic of the central tracking system.

Intercryostat
Detector

Central Fiber Tracker

Figure 2.6: Schematic of the central tracker.

17
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SMT

The SMT [26, 27] is composed of silicon microstrip detectors that contain 300 pm thick
silicon wafers segmented into parallel strips. The microstrip detectors are arranged in 12
F-disks, four H-disks, and six barrel segments as shown in figure 2.7. This arrangement is
motivated by the large z distribution for pp interactions and has a coverage of |n| < 3. Each
barrel segment is 12 cm long and contains four concentric cylindrical layers of microstrip
detectors, two single sided layers and two double-sided layers. The double-sided layers have
one axial side and one stereo side. The axial side (on which microstrips are oriented parallel
to the beamline) gives the azimuthal position of tracks. The stereo side makes an angle of
2° or 90° with respect to the beamline and provides a measurement of track pseudorapidity.
The single-sided barrel layers are axial. The F-disks are made from 12 wedges of double-sided
microstrip detectors with each side offset by an angle of £15° from radial. The H-disks are
made from two layers of 12 single sided microstrip detectors with each layer offset by £7.5°

from radial, thus forming a turbine-like structure. .

Ul B
F-disks 7/ 2% /I
L]

H-d‘isl{s A

Figure 2.7: Schematic of the SMT.

2.2.3 CFT

The CFT [28] surrounds the SMT and provides tracking coverage up to |n| < 2.0. The CFT
consists of eight concentric carbon fiber barrels that hold layers of scintillating fibers. Each

barrel has two double-layered scintillating fibers, as shown in figure 2.8. The inner layers are

18



Chapter 2: Apparatus

axial (parallel to beam line) and the outer layers are stereo. The stereo fibers have an offset
of £3 °. Each double-layer is composed of 835 pm diameter scintillating fibers arranged in
adjacent, parallel layers with the second layer overlapping the gaps of the first layer. The
axial fibers provide a measurement of ¢ at a fixed radius, and when combined with the stereo

fibers, can provide a measurement in z.
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Figure 2.8: Schematic of the CFT.

2.2.4 Solenoid

The solenoid magnet [29] is made of superconducting niobium-titanium wire and is cooled
to less than 4.7 K using liquid helium. It is 2.73 m in length with an outer radius of 71.0 cm.
The magnet produces a magnetic field of 2 T parallel to the z-axis. This causes the trajectory
of charged particles to be curved as they travel transversely from the beamline. The radius

of the trajectory in meters is given by:

pr

R= " 2.3
0.3¢gB’ (2:3)

where pr is the transverse momentum of the particle, B is the magnetic field and q is the

charge of the particle in units of electron charge, e. Thus, if a particle traveling through the
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tracker can be identified, the pr is then known. The tracker can play a part in identifying
a particle as well. A charged particle will leave a track, but a neutral particle will not. For
example, the only difference in signature between an electron and photon is whether or not
there is a track associated to the calorimeter hit. Thus, the tracker is not only responsible for

measuring the momentum of a charged particle, but it also helps with particle identification.

2.3 Preshower Detectors

There are two preshower detectors (shown in figure 2.6) located just before the calorimeters:
the central preshower detector (CPS) covering |n| < 1.2 and a forward preshower detector
(FPS) covering 1.4 < |n| < 2.5. The preshower detectors use scintillating fibers with a

triangular cross section arranged into layers as shown in figure 2.9.

b) CPS GEOMETRY

60.00° 6.884mm
—— 6.100mm —»‘
5.994 mmRef 2 Layers of Mylar (0.025 x 2 = 0.050mm)
.309mm

c) FPS GEOMETRY

6.858mm Ref
a) CPS - FPS SCINTILLATOR GEOMETRY

7.820mm
2 Layers of Mylar (0.025 x 2 = 0.050mm)

Figure 2.9: (a) Cross section diagram of a scintillating fiber used in the preshower detectors.
(b) Diagram showing how fibers are stacked in each layer of the CPS. (c¢) Diagram showing
how fibers are stacked in each layer of the FPS.

The CPS has a layer of lead followed by three layers of scintillating fibers, one axial layer,

then two stereo layers with stereo angles of 24° then -24°. The layer of lead along with the
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solenoid results in a thickness of approximately two radiation lengths at n=0 and increasing
to around four radiation lengths near the end of the CPS at |n|=1.3. Electrons and photons
will begin showering before reaching the scintillators, allowing the preshower detectors to
help distinguish EM particles from hadronic particles such as pions.

Each FPS is divided into 16 wedges. Each wedge has two layers of scintillating fibers,
followed by a layer of lead two radiation lengths thick, and finally two more layers of scin-
tillating fibers. EM particles do not shower until they reach the layer of lead. Therefore,
the first two layers of the FPS are used to assist the central tracking system, while the two

outside layers are used to help with electron identification.

2.3.1 Calorimeter

END CALORIMETER

Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

CENTRAL
CALORIMETER

Electromagnetic

Inner Hadronic Fine Hadronic

(Fine & Coarse) Coarse Hadronic
Electromagnetic

Figure 2.10: Hlustration of the D calorimeter.

Immediately following the central tracking system and preshower detectors is the D()
calorimeter [23]. The calorimeter measures the energies of electrons, photons, and jets. The

calorimeter, shown in figure 2.10, is divided into three separate pieces, a central calorimeter
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(CC) covering out to |n| < 1.1 and two end calorimeters (ECs) covering from 1.1 < || < 4.0.

All three pieces are encased in a cryostat and cooled to 90 K.

N=00 02 04 06 0.8 10
: / 2 / / st
| —rt / - 5 / L == 7
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Figure 2.11: Diagram showing calorimeter towers in 7).

The calorimeter is made up of many readout layers that allow energy deposits to be
sampled at various depths. This provides additional information for particle identification.
The inner four readout layers of the CC and ECs are the EM layers designed to measure
electron and photon energies. The next three layers in the CC are fine hadronic (FH) layers
and the outer most layer is the course hadronic (CH) layer. The hadronic layers in the
ECs (figure 2.10) are separated into inner fine hadronic (IFH), inner course hadronic (ICH),
middle fine hadronic (MFH), middle course hadronic (MCH), and outer hadronic (OH).
Each readout layer is segmented into cells of approximately 0.1 x 0.1 in 1 X ¢ space with
two exceptions. These are the third EM layer, which has 0.05 x 0.05 segmentation for more
accurate measurements of EM showers, and the ECs with || > 3.2, which have reduced
granularity to 0.2 x 0.2 due to space constraints. The cells in each layer are stacked to form
0.1 x 0.1 towers in 1 X ¢ as shown in figure 2.11.

A shower is produced in the calorimeter by an EM object through repeated bremsstrahlung
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radiation (e — ev) and electron-positron pair production (v — e*e™). The process creates a
cascade of particles until the mean energy per particle falls below a threshold where ioniza-
tion becomes dominant over bremsstrahlung. The effective energy of an electron or photon

in the material is the following:

E(x) = Ege /X0 (2.4)

where Ej is the initial energy of the particle, x is the depth of the particle in the material
and X is the radiation length of the material. This formulation allows for just one variable,
radiation length, to be the determining factor in how effective of an absorber a material is.
For a dense material such as uranium, the radiation length is ~ 3.2 mm.

Hadrons interact with the material via the strong force. These interactions also produce
secondary particles however, they are typically pions and kaons. Neutral pions (V) created
in the shower will quickly decay to photons, resulting in some EM showering while the other
hadrons will continue to shower and produce more hadrons. The hadronic showering tends
be longer and span over a larger area. A good analogy for radiation length in hadronic
showers is nuclear interaction length (A;). For uranium: A\; = 10.5 c¢m, which is clearly
much larger than the radiation length. Properties of the different calorimeter layers are

shown in tables 2.1 and 2.2.

EM FH CH
Number of readout layers 4 3
Signal boards per readout layer 2,2,7,10 20, 16, 14 9
Uranium-
Absorber material Uranium FATH Copper
Niobium
Radiation lengths (X)) 20.5 96.0 32.9
Nuclear interaction lengths (Af) 0.76 3.2 3.2

Table 2.1: Properties of CC layers.

Each readout cell is composed of alternating layers of grounded absorbing plates and

signal boards kept at a voltage between 2.0-2.5 kV. The space between the signal boards and
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EM IFH ICH MFH MCH OH
Number of
4 4 1 4 1 3
readout layers
Signal boards
2,2,6,8 16 14 15 12 8
per readout layer
. ) Uranium- Stainless Uranium- Stainless Stainless
Absorber material Uranium
Niobium Steel Niobium Steel Steel
Total radiation
20.5 121.8 32.8 115.5 37.9 65.1
lengths (X))
Total nuclear inter-
0.97 4.9 3.6 4.0 4.1 7.0

action lengths ()

the absorbing plates is filled with argon gas.

Table 2.2: Properties of EC layers.

A charged particle from an EM or hadronic

shower will ionize the argon gas, and the free electrons drift toward the signal boards inducing

a current that signals the particles presence in the detector. Figure 2.12 shows a schematic

of the calorimeter readout cell.

[
<
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Figure 2.12: Unit cell in the calorimeter.

In total, the calorimeter has around 55,000 readout cells. With so many cells there are

bound to be false signals from noise in the electronics or uranium decay. To reduce the
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noise from such events, a zero-suppression algorithm [30] (called “T42”) is used by removing
cells that do not measure an energy significantly higher than the noise level. Specifically,
cells with an energy less than four standard deviations above the noise (E<! < 4g7°i)
are removed. In the case where an adjacent cell does measure an energy greater than four
standard deviations above the noise, the cell must only measure an energy 2.5 standard

deviations above in order to be kept.

2.3.2 Muon System

Because of their large mass (~ 200 times m.), muons only leave a small fraction of their
energy in the detector. Other than neutrinos, muons are the only SM particle that lives long
enough to travel through the entire detector without being stopped. For this reason, the
muon system is on the outside of the detector.

The muon system has a three-layered rectangular geometry, forming a cube like struc-
ture on the outside of the detector. The “A” layer is the layer closest to the beam line,
followed by iron toroidal magnet, then the “B” and “C” layers, respectively. The sides of
the muon system at each end (perpendicular to the beam line) form the forward angle muon
system (FAMUS) and the other four sides form the wide angle muon system (WAMUS). The
WAMUS covers the region || < 1 and the FAMUS covers the region 1 < |n] < 2. The n
boundaries are approximate due to the cube like structure of the system.

Figure 2.13 shows the layout of the proportional drift tubes (PDTs) in the muons system.
A schematic of a PDT can be seen in figure 2.14. The tubes are 10 ¢cm wide and 5.5 ¢cm
thick. They have copper cathodes on the upper and lower walls and a gold plated tungsten
wire running down the middle. The gas filling the tubes is made up of a mixture of argon,
methane and C'Fy gas. The cathode walls are held at 2.3 kV and the anode wire at 4.7 kV.

A muon that passes through a PDT will leave a trail of ions in the gas. The resultant
free electrons are accelerated in the electric field, ionizing more of the gas as they travel

toward the anode. The number of electrons that eventually reach the wire is a function of
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Figure 2.13: Muon System drift tubes.
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Figure 2.14: Cross section of PDTs used in WAMUS.
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the distance between the wire and the muon track.

The toroidal magnet between layers A and B produces a magnetic field of 1.9 T, which
causes the muons path to curve. The result is similar to that of the central tracker, a
measurement of pr. However, the momentum resolution for the muon system is not nearly
as fine as the central trackers resolution. Thus, the muon system momentum measurement
is typically used to help find a matching track in the central tracking system, giving a better
momentum measurement. The WAMUS PDTs are oriented perpendicular to the beamline.

This provides a measurement of the z-position of the tracks to a precision of 1 mm.

Figure 2.15: Cross section of MDTs used in FAMUS (dimensions in millimeters).

Figure 2.15 shows a cross section of the mini drift tubes (MDT) used in the FAMUS.
The MDTs are arranged perpendicular to the beam line as shown in figure 2.16. The MDT's
are filled with a mixture of C'F gas and methane. Their operation is similar to that of the
PDTs with the exception that they have a much shorter response time (100 ns vs. 500 ns
for the PDTs).

Figure 2.17 shows the layout of the scintillators in the muon system. As can be seen,
all three layers contain scintillating panels. The “cosmic cap” consists of scintillators in the
C layer on the top and sides of the WAMUS. Scintillators in the bottom of layers B and
C form the “cosmic bottom”. Other than the “A-¢” scintillators, which are segmented to
provide a ¢ position measurement, the primary role of the scintillators is to provide precise
timing information. The fast response time of the scintillators (1.6 ns) allows for them to

be used for triggering information, matching hits to events and rejecting cosmic ray muons.
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Figure 2.17: Muon System scintillators.
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Figure 2.18: Photograph of the scintillating tiles in the C layer of the FAMUS.

The FAMUS also contains a plane of scintillators used for triggering and cosmic ray muon
vetoes. The scintillating tiles form a circular matrix that has become synonymous with the

image of DO (see figure 2.18).

2.3.3 Luminosity Monitor

The luminosity monitor is used to determine the instantaneous luminosity being delivered
to the DO detector. This is done by measuring the rate of the proton-antiproton collisions.
After a collision, the remnants of the proton and antiproton that were not involved in the
hard interaction will hadronize in the z-direction with very small transverse momentum. To
detect these remnants, a luminosity monitor is set at either end of the tracking system (z =
+144 ¢m) and spans a range 2.7 < || < 4.4, as shown in figure 2.19. Each luminosity monitor
in composed of 24 wedges of scintillating tiles, as shown in figure 2.20. The scintillators have a
timing resolution of around 0.2 ns, allowing for a z-position resolution within 6 cm. Collisions

that take place at z < 100 cm are used to determine the luminosity.
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Figure 2.19: Schematic of luminosity monitor in y-z plane.
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Figure 2.20: Schematic of luminosity monitor scintillators. The red spots represent the
PMTs.
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2.4 'Trigger

With 36 bunches of protons and antiprotons traveling around the Tevatron every 21 us, the
average rate of bunch crossings at the center of the DO detector is 1.7 MHz. A three-stage
trigger system [31, 32] is used by D@ to reduce this rate to less than 100 events per second
that are stored for later analysis. Of the millions of inelastic collisions happening in the D)
detector only a handful will contain physics that scientists are interested in studying. For
example, only a few W bosons are produced per second and only a few top-quark pairs per
hour. If every event was stored for later analysis the experiment would have to store around
two terabytes of data each day, which is unnecessary. Therefore, sophisticated triggers
capable of rejecting nearly 99.999% of the interactions in only a few milliseconds are used to
pick out the rare events of interest.

The trigger system works by exploiting the fact that the events of interest have distinctive
signatures. For example, a high pr lepton may indicate the presence of a W or Z boson,
a high pr lepton plus two b quark jets would signal a top quark pair or Higgs boson, and
leptons plus large missing energy is a signature for supersymmetry. The job of the trigger
is to reject all events that do not display characteristics consistent with a signature of any
interesting physics. Therefore, it is the trigger settings that ultimately determine the physics
processes that can be studied.

The trigger system used by DO is divided into three levels. An event must pass each of
the three levels before it can be stored for later analysis. The Level 1 trigger is designed to
find patterns of energy deposition indicating the passage of high energy particles and must
do so very quickly (4.2 us). It order to reduce the time, the level 1 trigger uses a condensed
subset of the full detector readout and is implemented entirely in hardware and firmware.
Each detector subsystem (calorimeter, muon, etc.) checks if the event passes preprogrammed
trigger conditions (thresholds) then the results from each detector subsystem are combined
to make the final Level 1 decision. After an event passes Level 1 it is sent to Level 2 where

it is subjected to more refined tests that may take up to 100 us. As well as firmware, Level 2
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uses microprocessors to take advantage of more precise detector information and spatial
correlations to form basic “objects” such as tracks, EM clusters, and jet clusters. Each
detector subsystem has a dedicated microprocessor that reduces the data for that subsystem
then sends it on to a global processor to make the final Level 2 decision. The rate at which
Level 2 can pass events to Level 3 is limited to 1 kHz by the Level 2 processing time. When
an event passes the Level 2 trigger the entire detector is read out and sent to the Level 3
CPU farm made up of over 100 Linux computers. The Level 3 CPUs work together to
process each event in under 25 ms. During that time the entire event is reconstructed and
sophisticated algorithms, similar to those discussed in the next chapter, are applied to make
the final decision. The output rate for Level 3 is maintained around 50 Hz, which was chosen

to keep the offline event reconstruction from piling up.

2.4.1 Single Muon and Electron Triggers

One type of trigger used in this analysis is the single muon and electron triggers. These trig-
gers pass events that have at least one muon or electron that pass a set of requirements. A
tag-and-probe method is typically used to calculate single muon or electron trigger efficien-
cies. This method involves using a low-background sample in data, such as Z — pu, where
one of the muons is chosen to be the “tag” and the other is chosen to be the “probe”. The
“tag” muon must fire some trigger requirement that is unbiased with respect to the “probe”
muon. The “probe” muon is then tested to see at what rate it passes trigger requirements

(efficiencies).

Single Muon and Electron OR Triggers

Many single muon and electron triggers exist at D@, each with very low efficiencies. Instead
of only selecting one of these triggers, it is more advantageous to take the logical OR of these
trigger (i.e. allow an event to pass if any of a list of triggers passes.). This strategy is laid

out in [33] and [34] and is followed here. The list of single muon triggers applied in the
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single muon OR trigger can be found in Appendix F and the list of single electron triggers

can be found in Appendix G.
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Event Reconstruction

Before analyzing the data, the objects in each event must be reconstructed. This process
involves taking the raw data from the detector and applying a set of dedicated algorithms.

This chapter describes the objects reconstructed and algorithms used to reconstruct them.

3.1 Track Reconstruction

Tracks are important for measuring momentum, object identification (ID) and b-tagging. An
example where the tracker is important for object ID is EM objects. As charged particles
pass through the tracking system layers, a signal is left behind (called a hit) that is then
analyzed by a track finding algorithm.

A charged particle passing through the SMT and CFT will most likely interact with
many channels in each layer. This results in a cluster of hits, as shown in figure 3.1. The
energy-weighted center of each group of hits is then used as the location of that group and
entered as an input into two track finding algorithms.

The two track finding algorithms employed by D@ attempt to find all the tracks in each
event. The first method begins with the innermost tracking layers and moves outward. The
algorithm finds a hit in an SMT barrel or F-disk and matches it to a hit further out with a

A¢ < 0.08 between the two. The algorithm then searches for a third hit consistent with the

34



Chapter 3: Event Reconstruction

Figure 3.1: Illustration showing the clusters of hits left in each layer of the CFT from a
charged particle.

first two that has a radius of curvature of p > 30 cm (pr > 180 MeV), a distance of closest
approach (dca) to the beamline of dca < 2.5 cm and a x* < 16 fit value. These candidates
are then used to construct tracks through the rest of the tracking system with a Kalman
filter [35]. Using a detailed schematic of the DO detector, the Kalman filter extrapolates
the track to the each layer of the tracking system. If a hit in a layer is found within a small
window around the extrapolation, and fits the track with a y? < 16, then the hit is included
in the track. The track is discarded if three consecutive layers are missing candidate hits, or
if more than 2/3 of the hits are shared with another track candidate.

The second method takes all SMT hits and applies a Hough transformation [36] to convert
the hit positions in x X y space to p X ¢ space, where p is the curvature of a circle intersecting
the origin and the hit, and ¢y is the angle tangent to that circle at the origin. Hits from
the same track intersect at a single point in the p-¢y plane. Figure 3.2 shows the process of
converting from x X y space to p X ¢q space. First, a 2D histogram is populated, and in the
most ideal case, the hits in the most populated bin are taken as a track. Then, a 2D Kalman
filter is used to more accurately calculate the track parameters and remove the tracks with
large x2. The z-component of each track is then determined using a similar approach as the

one above, then a three-dimensional Kalman filter is used to extrapolate the tracks through
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Figure 3.2: Example of track reconstruction with Hough transformation. The top left shows
family of tracks that contain a given hit in x-y space. The top right shows these tracks in
p-¢o space. The bottom left shows the intersection for each hit on a track, which indicates
the parameter value for that track. The bottom right, the lines are used to fill a histogram
and the intersection is identified as a maximum.

the CFT.
The final step is the repetition of the first method in the CFT. Tracks found in the CFT
are extrapolated back into the SMT. The final track candidates are then fed into a Kalman

filter, which determines the best candidates based on a multidimensional x? minimization.

3.2 Primary Vertex Reconstruction

A vertex is the location of a proton-antiproton collision. Although the typical number of
collisions in a bunch crossing is two, there can be many more. The locations of these collisions

are distributed over about ¢, = 40 pum in the radial direction and about o, = 28 c¢m in the
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z-direction. It is important to measure the collision point in events of interest, for instance in
an event with a Z boson, so that the momentum vectors can be accurately calculated. The
collision point of an event of interest is called a primary vertex. The other vertices within
the same bunch crossing are referred to as minimum bias.

Reconstructing vertices is done in two steps. The first step uses tracks that have a dca
to the z-axis within 100 standard deviations. These tracks are used to find the most likely
location for a common vertex. If the vertex yields a x?/ndf > 10, the track with the highest
x? value is removed and the vertex is recalculated. This process is iterated until the x*/ndf
drops below 10. The process is then repeated for the removed tracks in order to find other
vertices. The second step is then run on each vertex found in step one. Tracks associated to
the vertex with pr > 0.5 GeV, at least 2 SMT hits and a dca less than 5 standard deviations
from the vertex location are used in a similar process to that of step one, where the location
of the vertex is recalculated until x*/ndf drops below 10.

After the different vertices for the bunch crossing are found, the primary vertex needs to
be determined. Tracks from a minimum bias interaction tend to have lower py than tracks
from a hard interaction. Using the pr of each track, the probability that it came from a
minimum bias interaction is calculated. The probability of each track associated to a vertex
is then multiplied together to make the probability that the vertex is a minimum bias vertex.
The vertex with the smallest probability to be from a minimum bias interaction is chosen as

the primary vertex.

3.3 Electron Reconstruction

The signature of an electron is an isolated track in the central tracking system followed by a
narrow energy deposit in the calorimeter that ends in the first hadronic layer. To reconstruct
an electron, a cone algorithm that finds clusters of energy in the EM layers of the calorimeter

is used. Each identified cluster is matched to a track and is tested to see if it has certain
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characteristics that are expected in an electron shower.

An EM tower is defined as the first five layers of a 0.1 x 0.1 (1 X ¢) tower of calorimeter
cells (the four EM layers plus the first hadronic layer). All EM towers with a transverse
energy (Er) greater than 1.5 GeV go into a list of seed towers. The seed tower with the
highest Er is selected, and a cone of radius R = \/m = 0.4 is centered on that
tower. The energy-weighted center for the cluster of EM towers inside the cone is calculated
and the cone is moved to the new center. This processes is repeated until a stable cluster is
found.

Although the clusters have a radius of R = 0.4, the electron shower is actually much
narrower. The energy is measured using the EM towers inside a cone of radius R = 0.2 (at
the center of the cluster). To be considered an electron candidate, there must be a track
that extrapolates to within An = 0.05 and A¢ = 0.05 of the cluster’s center. The angle of
the track at the primary vertex is used to calculate the four-momentum for the electron.

Any clusters that match the above criteria must also match the following selections in

order to be considered an electron candidate:
e The cluster must have a minimum Er of 1.5 GeV

e fry > 0.9 where:

EEM
ETot

fem = (3.1)

That is, the energy deposited in the EM layers of the calorimeter (Fgjs) must be

greater than 90% of the entire energy of the cluster (Erq).

e The electron must have an isolation fraction (fis,) < 0.2. Where f;s, is:

f‘ o Etcogl(R < 04) — EEM(R < 02)
e Ern(R <0.2)

(3.2)

where ES%(R < 0.4) is the total energy deposited into the calorimeter within a radius of
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0.4 with the exception of the course hadronic (CH) layers. In other words, only 20% more
energy than that of the electron can be deposited in the calorimeter within a radius of 0.4

in order for it to be considered isolated (shown in figure 3.3).

0.4 Circle Center of Gravity

0.2 Circle %

EisoTot = '

EisoCore = 7/

150 = H/j '______._ the interaction point

Figure 3.3: Schematic of f;, for EM cluster.

3.3.1 Electron Quality

These criteria are used to select electron candidates, however the selection is quite loose. To
increase the purity of electron selection, a few techniques are used.

Track Matching

A track match probability is calculated to determine how well the cluster is matched to a
track. Two track matching methods are used. The spacial track-match uses the distance

between the track and the center of the cluster in ¢- and z-directions:

Ap\? Az
Xspacial - ( (b) + ( Z) ) (33)
OA¢ OAz
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while the F/p track-match compares the energy, F, measured in the calorimeter to the

momentum, p, of the track:

A¢ 2 Az\? E/p—1 ’
Xa/p = (—) - (—) - Elp=1\" (3.4)
OAg OAz OE/p
where ox corresponds to one standard deviation for the distribution of variable X. The
corresponding x? probability distribution, P(x?), is then used to determine the probability

that the track matches the cluster. If there is more than one possible track, the track with

the lowest y? is used.

H-matrix Method

The H-matrix x? [38] provides a comparison between the shower shape of the cluster and the
expected shower shape for an electron. Seven variables are used to parameterize the shower

shape:

e Fraction of energy in the first EM layer

Fraction of energy in the second EM layer

Fraction of energy in the third EM layer

Fraction of energy in the fourth EM layer

Width of shower in the third EM layer

Logarithm of the total energy
e 2 coordinate of the primary vertex

A covariance matrix (M) is constructed using MC samples in order to determine the

expected electron shower shape. The H-matrix is simply the inverse of the covariance matrix
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H = M~!. Thus a construction of y? can be carried out:

Xir = > (x — ) Hij(x; — ;) (3.5)

ij=1

where x; is the value of the ith input (listed above). A different H-matrix is used for
separate 7 regions because the expected shower shape changes. Some H-matrix cuts are

applied for electron selection in this analysis and are discussed in Chapter 6.

Electron Likelihood

The electron likelihood [39] variable is designed to discriminate between real and fake elec-
trons. A fake electron is any electron candidate that is not the result of a real electron.

Electron likelihood makes use of seven variables:

L. fem

2. Spacial track-match x> probability (P(xZ.cia1))

3. Ep/pireck; Ratio of calorimeter energy and track momentum
4. X%

5. Track distance of closest approach to the primary vertex

6. Total pr of other tracks inside the cone of radius R = 0.4

7. Number of tracks inside a cone of radius R = 0.05

For each variable, a probability for signal and background are determined. The overall

probability that a candidate is signal (background) is then simply the product of the probabil-
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ity that each of the seven variables is signal (background), as shown in equations 3.6 and 3.7:

7
Py =[] P (3.6)
=1
7
Ppe =[] Phe (3.7)

i=1

where Pgl( Be) is the probability of the ith variable to be signal (background). These two

probabilities are then used to calculate the electron likelihood as follows:

_P5+PBG

e

3.3.2 Electron Energy Correction

The measured electron energy is corrected by selecting Z — ee events in data and com-
paring the dielectron mass resonance with the expectation from previous precision measure-
ments [37]. The dielectron mass resonance obtained using uncorrected electron energies is
found to be lower than expected. Thus the uncorrected electron energies are scaled up to
obtain corrected energies that reproduce the expected Z — ee resonance. The true energy,

E've is assumed to be related to the energy measured in the detector, £, by
Edet _ &Etrue + B; (39)

where « is the energy scale and 3 is an energy offset. The scale and offset corrections are
determined separately for CC and EC electrons using a binned maximum likelihood method.

The corrected electron energy is then calculated by inverting equation 3.9.
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3.4 Jet Reconstruction

Jet reconstruction is done in three stages. The first stage is clustering, in which the four-

momentum for each 0.1 x 0.1 (7 x ¢) tower of calorimeter cells is calculated:

ptower — prell (310)

tower js the massless four-momentum with an energy of the ith cell in the tower and a

where p
direction point from the primary vertex to the center of the cell. Towers with pr > 0.5 GeV
are put into a list of seeds, which are used for making clusters. The tower with the highest
pr is selected as the center, and a cone of radius 0.3 is created around the tower. Towers

within the cone are summed up to form a cluster. All seeds that fall outside of this cone are

put into a new list of seeds, and the process is repeated.

The second stage is the creation of protojets using the clusters found in the first stage.
Clusters that contain more than one energetic tower and have a pr > 1.0 GeV are put into
a list of seeds for making protojets. The cluster with the highest pr is chosen as the center,
and a cone of radius R = \/m = 0.5 is formed around it. Any seeds within the
cone are summed up to form a new protojet. The cone is re-centered to the center of the
new protojet, and the summation process is repeated. The re-centering process is repeated
until a stable protojet is found or until the protojet pr falls below 4 GeV, at which point it
is no longer considered a candidate. A new seed list is then constructed that is made up of
the clusters that fall outside of a radius of 0.25 from the stable protojet, and the process is

repeated.

Protojets can overlap because the size of the cone to construct them is larger than the
size of the cone that clusters fall within in order to be removed from the seed list. Because

of this, the final stage is the splitting or merging of overlapping protojets. If a protojet does
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not overlap with another, it is made into a jet. If a protojet shares at least half of its pr with
another protojet, it is merged. The merging process is done by summing the two protojets
to make a new protojet and then repeating step two until a new stable protojet is found.
Splitting is done by assigning the shared towers exclusively to the closer of the two protojets.

Splitting and merging is repeated until there are no more overlapping protojets.

3.4.1 Jet Quality

The following basic quality requirements are applied to the reconstructed jets to remove

“fake” jets that are primarily the result of noisy cells or regions in the calorimeter.

e 0.05 < fey < 0.95: The fraction of energy coming from the EM layers must be greater

than 5% and less than 95%.

o fop < 0.46: The fraction of energy coming from the course hadronic calorimeter must

be less than 44% in the CC and 46% in the EC.

o £, /E%, < 10: The jet is rejected if the energy of the most energetic cell (EL,;,) in

cell

the jet is more than ten times the energy of the second most energetic cell (E2),).

o I}

tower

/Eior < .9: The jet cannot have more than 90% of its total energy (E;y) in a

single calorimeter tower (EL,..)-

Even after the above quality cuts are applied, some noise jets still exist. For this reason,
an additional stipulation is required that each jet is confirmed by the Level 1 trigger (i.e.,
verify that the jet was “seen” by the Level 1 trigger). The Level 1 trigger uses only a
condensed subset of the full calorimeter data consisting of the 100 highest Er trigger towers,
where trigger towers are made up of groups of four calorimeter towers, excluding the course

hadronic layer. The Level 1 confirmation requirement is:

trigger towers
ET gg

Epe- (1= fen)

> 0.5 (3.11)
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where Ei 88 ©%S s the total Frp of trigger towers inside a cone of radius R = 0.5 around
the jet, E7°° is the Ep of the reconstructed jets, and fop is the fraction of E7¥° in the course

hadronic cells.

3.4.2 Jet Energy Scale

The jet energy scale (JES)[43] correction is used to correct a jet’s measured energy (B "ed)

to more accurately reflect the true energy (£}3'°) of all the particles in the jet before they

interact with the detector. The measured energy for a jet is related to the true energy by:

measured
E.true _ Ej6t B EO

jet R-S

(3.12)

where FEp is the offset to the energy resulting from uranium decay, minimum-bias inter-
actions, pile-up, and electronics noise; R is the energy response or the fraction of a parti-
cle’s energy that is actually measured, which is affected by energy lost before reaching the
calorimeter, gaps/dead spots in the calorimeter, differences in EM and hadronic response,
and non-linearities in energy response; and S is the showering correction due to energy that

is lost outside of the cone or gained from an object leaking energy into of the cone.

By measuring the average values for each of the above quantities (as functions of energy

and location in the detector), corrected jet energies can be calculated as:

measured n
Ef:orr o Ejet B EO

et R-S

(3.13)

where E is the measured average value for E.

The magnitude of Ej is determined in minimum bias events where the trigger is based
solely on the luminosity detectors, and no other trigger requirements are set.

The calorimeter response, R, is determined using the Missing Er Projection Fraction

(MPF) method [45] in data. This method takes v+ jet events in data where the photon (7)
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and jet are back-to-back in the transverse plane. The total transverse momentum in the
event is virtually 0, which means that p). = pgﬁ ‘. The photon is required to be in the central
region so that its energy can be accurately measured. Figure 3.4 shows that R is determined

by measuring the missing transverse energy (MET) in the event.

Particle Level Detector Level
1 9
1 [
1 [
1 1
1 L)
| i
' v H Y
i \
1 "
1 u
1 v
1 1
hadronic .
recoil Jet
- true S true _ - true — true ~_ .~ meas — meas __ 5
Pry D7 e =0 Drey + Riethrjer = Dry -+ Prjet. = —Br
s = meas
ET : pT"y
Rjet ~ 1+ (—' meaS)Q
Pry

Figure 3.4: Hlustration of the MPF method.

The showering correction, S, is determined by measuring the shower profile (the energy
contained in cones of varying radii, 0.1 < R < 2, centered on the jet). MC simulation is used
to create templates of the shower profiles for both particles inside and outside the jet. The
templates are fit to the shower profile measured in the y+jet data to determine the ratio of
measured energy inside the cone to the true jet energy inside the cone. The JES corrections

as a function of 7 can be seen in figure 3.5.

3.4.3 Jet Energy Resolution

The jet energy resolution (JER) is determined in dijet events where the two jets are back-

to-back (|A¢gjes — m| < 7/36). The jet pr resolution is directly related to the asymmetric
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Figure 3.5: JES correction as a function of 7.

resolution of the two jets:

|A| = % (3.14)
pr o +Dr
where pz;tl@) is the transverse momentum of the jets. The jet energy resolution is then
given by:
JER = V20,4 (3.15)

where o4 is the width of the A distribution obtained by a Gaussian fit.

3.5 Muon Reconstruction

The signature of a muon is a track in the muon system that can be matched to an isolated
track in the tracking system. A track segment in layer A of the muon system is formed
by fitting a straight line to the hits in two or more of the decks of the drift tubes. A track

segment is formed in layers B and C in a similar way, however, these two layers are considered
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together (called layer BC) because they fall after the toroid. When there is more than one
possible fit for layers A or BC, the line with the lowest y? value is used. After the segments
are constructed, a fit is performed that takes into account the bending that occurs due to
the toroid magnet and the energy loss from multiple scattering in the material. Because the
particle identification is known, the py can also be known based on the radius of curvature
due to the toroid’s magnetic field. However, if the muon can be matched to a central track,
then a more accurate pr measurement can be made. The matching to a central track is done
by extrapolating the muon track inward, while accounting for scattering in the calorimeter
and matching to a central track. As usual, the track with the smallest x? value is chosen as

the matching central track.

3.5.1 Muon Quality

Like electrons, a muon candidate can be found, however, the quality of the candidate is

determined by the following variables.

Muon System Quality

Requirements on the number of drift tube and scintillator hits in both the A and BC layers
can be set in order to ensure high-quality muons and to reduce the likelihood of a fake. In
addition, precise timing requirements can be placed on the scintillator hits to help reject

cosmic ray muons.

Central Track Quality

The values used to quantify the quality of the central tracks are:
e Distance of closest approach to the beamline for tracks

e \?/ndf for the match to the central track
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The distance of closest approach to the beamline is primarily used to reject muons from
cosmic rays, as they are unlikely to intersect the beamline. Muons originating from pion or
kaon decays inside the tracking volume will most likely have poorly reconstructed central

tracks and will thus have a high x?/ndf value and can then be rejected.

Muon Isolation

A muon from a Z boson will result in an isolated track originating from the primary vertex.
This is different than a heavy quark decay resulting in a muon (e.g., a b-jet where the
final state contains a muon) in which the muon would not be isolated. Thus, an isolation
requirement for the muons can help distinguish between the two initial states. The isolation
requirement for muons is further discussed in Chapter 6.

Two variables are used to ensure muon isolation are:

Teato = E5™(0.4) — ES(0.1) (3.16)
Lirack, = P°**(0.5) — ph (3.17)

where E$"(R) is the Er in the calorimeter inside a radius of R around the muon track,
piraks(0.5) is the pr of all tracks inside a radius of 0.5 around the muon track and pf. is the

pr of the muon.

3.6 Missing Energy

Momentum conservation requires that the total momentum in any direction at the beginning
of an event be equal to the total momentum in that same direction at the end of the event.
Measuring the momentum in the z-direction after an event is very difficult due to the fact
that much of the event travels down the beampipe and is undetected. However, in the x and
y-directions, this is not the case. The beams travel primarily in the z-direction, meaning

that the momentum in the x and y directions is virtually zero. This leads to the assertion
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that the total transverse momentum in any event must equal zero; pi* = 0. If this is found

not to be true, it indicates the presence of one or more undetected particles in the event (e.g.

a neutrino).

3.6.1 MET Reconstruction

The first step in reconstructing the missing Fr is calculating the uncorrected missing Er
measured by the calorimeter

M ETTmeorr — _ Z ﬁgell (318)

where pt!! is a three-momentum with a magnitude equal to the energy of the ith cell in the
EM and fine hadronic layers of the calorimeter, that points from the primary vertex to the
center of the cell. The course hadronic cells are not included because they can contain a
substantial amount of noise.

Muons, which only deposit a couple GeV of energy in the calorimeter, will contribute to
MET"™  Additionally, reconstructed electrons, photons and jets have corrected energies
that are more accurate than the simple sum of the calorimeter cells inside those objects.
Therefore, the missing Er is corrected by replacing the uncorrected energy with the corrected
energy for each reconstructed electron, muon, photon and jet in the event. The corrected

missing Fr is then given by

METC™ — M ETneorr _ Z (pobject o Z ﬁell) (3]_9)

objects i€object

where the outer sum is over reconstructed objects, pP*iect

is the corrected momentum of the
object, and ¢ runs over the EM and fine hadronic calorimeter cells in the electron, photon

or jet, or along the interpolated path of the muon through the calorimeter.
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Data

The data sample for this analysis was collected from Fermilab Tevatron pp collisions at
center-of-mass energy /s = 1.96 TeV using the D0 detector between June 2006 and June
2009 (Run IIbl and Run IIb2). The data is selected from the 2MUhighpt and 2EMhighpt
skims which reject events in data that do not contain two high pr muons or electrons,

respectively.

4.1 Trigger Requirements

For the dielectron final state, a logical “OR” of the single electron triggers is used, with an
efficiency of close to 100% [34]. For the dimuon final state, a logical “OR” of the single muon
triggers is used, with an efficiency of 80%. The treatment of systematic uncertainty of the
muon trigger is discussed in Chapter 12. The data was filtered by using a standard data
quality definition which removes bad runs and luminosity blocks as defined by the SMT,
CFT, Calorimeter, and Muon groups at D@. The integrated luminosity of the data sample

after the data quality selection was measured to be 4.2 fb~! for Run IIb.
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MC Samples

This analysis makes use of several Monte Carlo (MC) samples for the Z+jets events selection
and the estimation of background contributions. With the exception of the multijet back-
ground, all significant background processes (tt, WZ, WW, and ZZ) are estimated from

MC simulation. The details of these MC samples are outlined in this section.

All MC simulated events are processed by a Geant-based simulation of D(. The events
are then overlayed with a data driven minimum bias. This produces a detector level event

simulation that is then passed through the same event reconstruction as data.

The MC samples used in this analysis can be found in Appendix H. The Z+jets MC
samples are broken up by dilepton invariant mass. The tables list the cross section times
branching ratio and total number of events for each MC sample. The WW, WZ and ZZ
processes are generated using PYTHIA [47], while the tf and Z+jets processes are generated
with ALPGEN [48] interfaced with PyTHIA. The Z+jets MC samples are generated with
ALPGEN separately for each number of additional partons. The initial and final state parton
radiation is then added to the event using PYTHIA, applying a matching scheme [50] to

avoid double counting. To simulate the underlying event, the so-called “D®-Tune” (Tune
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A with CTEQ6L1 PDF) has been used. The Z-+jets MC is made of events with only light
partons, called Z+LP, and events with heavy-flavor partons, called Z+HF. Samples were
generated specifically for Z + 2b(2¢) jets with additional light parton jets. Some of these
samples overlap with the events generated for Z + light partons (nlp) in the final state phase
space. In order to avoid double counting the overlapping events, events with b- or c-quark
jets in the final state are removed from the Z 4 nip sample and events with c-quark jets
in the final state are removed from the Z + 2b 4 nlp samples. The cross-sections for these

Heavy Flavor (HF) skimmed samples are then scaled to reflect the removal of those events.

Cross sections were taken from several different sources depending on whether the sam-
ples were produced using PYTHIA or ALPGEN + PYTHIA. The WZ, WW and ZZ cross
sections are taken from MCFM [68] as these samples were generated using PYTHIA exclu-
sively. These cross sections are NLO and use CTEQ6.1M PDFs. Additional NLO corrections

were applied to the ALPGEN Z+jets cross sections and are described in the Chapter 9.
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Event Selection

The pre-selections on leptons, jets and the reconstruction of Z boson in the event are outlined
in the following sections. Although the reconstruction of Z is different, the jet selection and

b-tagging performed are the same in the Z — up and Z — ee channels.

6.1 Primary Vertex

A primary vertex (PV) is required with at least three associated tracks and reconstructed

z-position within 60 cm of the center of the detector (z = 0).

6.2 Muons

Events are required to have at least two muons with:
e pr > 15 GeV
e [Loose muon ID
e A matched central track

e A distance of closest approach of < 0.2 cm for track with no SMT hits
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® [N4et| < 2.0

The muon pr in data and MC is corrected using the primary vertex information for each

event if the muon track has no associated SMT hits.

6.2.1 Reconstructed Z — puu boson

A good Z candidate is required in each event and is reconstructed from a pair of selected

muons. The Z selection is as follows:

70 GeV < M, < 110 GeV

Pseudo-acolinearity > 0.05 (anti-cosmic)!

Muons with opposite sign charge

Product scaled isolation < 0.03 (for dimuon only)

The product scaled isolation variable is the product of the isolation variables (equation
6.1) for each of the two muons that form the Z candidate. This allows for one non-isolated
muon if the other muon is sufficiently isolated. This Z selection is chosen in order to coincide

with the ZH — [lbb analysis [10].

_ E$H0.1—0.4) + pirk(0.5)
iz

I(pi)

(6.1)

where E$%(0.1 —0.4) is the calorimter E7 inside a hollow cone of 0.1< AR <0.4 around the
muon; pi¥(0.5) is the vector sum of the transverse momenta of all tracks in a cone AR <0.5

aorund the muon; and p’. is the transverse momentum of the muon.

!The pseudo-acolinearity between two directions is calculated as (7 — A(41, ¢2)) + |(7 — (61 + 62))|. By
construction it is small when directions are collinear.
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6.3 Electrons

The dielectron channel contains events where both electrons are reconstructed either in the
central cryostat (CC: |nge| < 1.1) or in the endcap cryostat (EC: 1.5 < |nget| < 2.5). At
least two electron candidates with py >15 GeV are required.

The following criteria maintain the highest efficiency for signal for a manageable multijet

background:

e [solated EM cluster f;s, < 0.1

Energy fraction in EM calorimeter fgy; > 0.95

Shower shape cut: HMx7 < 35 in CC, or HMx8 < 20 in EC

IsoHC4< 3 in CC, or IsoHC4 < 2 in EC

NNout7> 0.2 in CC, or NNout3 > 0.4 in EC

e TrkMatch x? > 0.001 or EMHits_e_f> 0.4 in CC

The HMx < N > are H-matrix calorimeter shower shape variables. The IsoHC4 is a track
isolation variable. The NNout < N > are outputs of neural-networks with < N > input
variables including the energy deposited and number of hit cells in the first EM layer, the

track isolation and energy deposited in the central preshower detector.

6.3.1 Reconstructed Z — ee boson

A good Z candidate is required in each event and is reconstructed from a pair of selected

electrons, with invariant mass 70 GeV < M., < 110 GeV

6.4 Jets

Jets reconstructed using a cone algorithm [69] with AR < 0.5 are called JCCB jets. At least

one ‘good’ JCCB jet is required in each event, satisfying the following requirements:
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Leading jet corrected pr > 20 GeV

Corrected pr > 15 GeV for all non-leading jets

In| < 2.5

Vertex confirmation

Jet energies are corrected using the standard jet energy scale (JES) corrections [55]. In
order to suppress additional jets originating from minimum-bias secondary interactions, jets
are required to originate from the primary vertex. Vertex confirmation requires that at least

two tracks associated with the jet be matched to the primary vertex.

6.5 Tagged Sample

In order to suppress events with light and c-quark jets, the Neural Network b-tagging algo-
rithm discussed in Chapter 8 is applied.
For the tagged sample, at least one of the jets is required to have an NN value greater

than 0.5.

6.6 MET Cut

One last requirement for event selection is a cut on MET. This requirement suppresses tt
events while keeping most other events. MET is a typical signature of a neutrino. A high
MET is a signature of one or more high pr neutrinos being present in an event. The large
mass of a top quark and its high probability of decaying with a neutrino in the final state
make a high MET cut a perfect candidate for suppressing tt events. Figure 6.1 shows the

MET plot for both data and the expected physics contributions. As the figure shows, events
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Figure 6.1: MET plot for data and expected physics contributions.
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Figure 6.2: MET plot for b and t-jet events.
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with high MET (> 60 GeV) are scarce (<< 1 %). Figure 6.2 shows a plot of MET for both
Z + b-jet and tt events. Approximately, 99% of Z + b-jet events pass an MET > 60 GeV cut
while the efficiency for ¢t events is 60% showing that an MET > 60 GeV cut will drastically

reduce the tf background while preserving most of the signal.

99



Chapter 7

Multijet Background

The Z+jets event selection faces background contribution from multijet events. Some of
these events are reconstructed with jets misidentified as leptons or with leptons from semi-
leptonic decays of heavy flavor quarks appearing as prompt leptons. This instrumental
multijet background is not well modeled by simulation, and so a representative sample is
obtained from data instead. The conventional approach is to reverse the cuts used to reject
multijet background, but the details vary depending on the channel. The selection and
normalization of the multijet sample for the dielectron and dimuon sample is described
below.

For the dimuon channel, the sample of multijet events is selected by reversing the muon
isolation criteria, i.e. requiring that the product-scaled isolation of the two muons forming
the Z candidate is > 0.03. With the exception of the isolation requirement, the multijet
event must contain a Z candidate that passes all other event selection requirement. Thus,

no isolated Z candidate is allowed in the event.
Similarly, for the dielectron channel, the multijet events are selected by reversing the

electron shower shape requirements. The multijet selection criteria were chosen such that

the jet topology is close to the selected electrons in the signal sample while still providing
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sufficient multijet statistics. Accordingly, a multijet event has at least two EM objects with
Isolation< 0.2, EMfraction> 0.9, HMx7> 35 in CC or HMx8> 20 in EC. All other selection
criteria are applied with the exception of those using the NNout<N> variable. In addition,
events with two or more electrons of type “Loose” have been discarded. The trigger prefers
EM objects with low HMx values, biasing the the multijet sample. This bias is corrected by
reweighting the pr and n distributions in the sample to match those of an unbiased reference

sample, as proposed in [70].

7.1 Normalizing to Data

The normalizations of the physics and multijet backgrounds are adjusted by scale factors in
order to match the number of events in the data. To obtain these scale factors, the dilepton
invariant mass 40 < M;; < 200 GeV distribution is used for the 0-jet, 1-jet and 2-jet inclusive
bins. For each jet bin and channel, a value for a (the QCD scale factor) and § (the MC scale
factor) are found that minimizes equation 7.1. Table 7.1 shows the results for each channel

and jet bin, and figures 7.1-7.3 show the M distributions for both data and aQCD + SMC

nbins

X = (aSPP + B(SMC) - D)/ D; (7.1)

i=1

Table 7.1: Results of the multijet and background normalization in the dimuon sample.

Bin Muon Electron

Q@ o) ! I}
0Jet | 1.24£0.008 | 0.784+0.002 | 0.59 +0.002 | 1.01 4+ 0.002
1 Jet | 0.178 £0.008 | 0.69 £ 0.002 | 0.59 + 0.006 | 0.87 £ 0.006
2 Jet | 0.016 +0.004 | 0.79 +0.009 | 0.51 4+ 0.008 | 1.00 +0.012

61



Chapter 7: Multijet Background

hdata hdata
Entries 432432 Entries 173538
E Mean 78.79 — Mean 87.34
35000 4 RMS 20.8| 10000 RMS 15.34
30000— 8000
25000— L
E 6000
20000 F
15000 — a000
10000 — L
E . 2000
5000 — k
L P T R e = | T . |
% 40 60 80 100 120 140 % 60 80 100 120 140
(a) Ojet electron (b) Ojet muon
Figure 7.1: 0 jet data and a«QCD + SMC distributions
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Figure 7.2: 1 jet data and a«QCD + SMC distributions

7.1.1 Multijet Background Contributions for Different Topologies

in the ece Channel

The events selected in the dielectron channel can be divided into three types based on the
topology of the two electrons. Electrons can be reconstructed either in the central (CC) or
endcap (EC) calorimeter and the different event topologies are: (i) CC-CC, with both CC
electrons; (ii) CC-EC, with one CC and one EC electron; (iii) EC-EC, with both EC electrons.
The multijet background fraction in the preselected sample of dielectron candidates with at

least one jet is about 18%. However, the multijet background composition is different in the
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Figure 7.3: 2 jet data and a«QCD + SMC distributions

three event topologies. The CC-CC events, which constitute about 41.5% of the total events,
are much cleaner with a small background fraction of about 3.05% from multijets. The CC-
EC events, which constitute about 48.5% of the total events, have a higher background
fraction of about 26% from muljijets and the EC-EC events, which constitute the remaining
10% of the total events have the largest background contribution (about 32%) from muljitjets.
Figures 7.4-7.5 show the dielectron invariant mass distributions in the complete Z+jets
sample for each of the different topologies. One can clearly see that the multijet background
is reasonably well modeled. The contributions from SM physics backgrounds is quite small

with about 0.5% in the Z+jets sample.
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Chapter 8

B-tagging

B-tagging is the process of selecting the jets that most likely came from b-quarks. This is
done by exploiting the different characteristics that b-quarks have from the other quarks. B-
hadrons typically take longer to decay than hadrons comprised of light quarks. This feature
provides a signature for b-like jets. Thus, allowing a collection of generic jets to be separated

into b-like and light-like jets.

8.1 The Neural Network Tagger

Neural Networks (NN) are designed to recognize correlations between different input vari-
ables. The NN tagger [57] takes a series of inputs, each aimed at separating b-jets from
light-jets, and provides a continuous output with signal (b-like jets) being close to 1 and
background (light-like jets) being close to 0. Figure 8.1 shows the output of the NN tagger
for b-, c- and light-jets.

The NN tagger has nine inputs. Two of these inputs will be discussed in further detail,

as they are of special importance to this analysis. The inputs are:

e S.y: Decay length significance in the transverse plane with respect to the primary

vertex
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Figure 8.1: Distributions of b-jet Neural Net outputs for the b-, c- and light-jets.

o \?/ndf: x* per number of degrees of freedom in the secondary vertex fit
e N;..: The number of tracks used to reconstruct the secondary vertex

e M,y The invariant mass of the secondary vertex (Mg,;) (This input will be discussed

in further detail later in this chapter.)
e N,,: Number of secondary vertices reconstructed

e AR: The difference in (7, ¢) space between the jet axis and the resultant vector from

the difference in the primary and secondary vertex.

e JLIP: The jet lifetime probability output (JLIP) (This input will also be discussed in

greater detail later in this chapter.)

e 1JLIP: The reduced jet lifetime probability output. This recalculates JLIP after re-

moving the track that is least likely to have come from the primary vertex.
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e Ncogsrp: A combined variable based on the number of tracks with an impact parameter

significance greater than an optimized value.

8.2 Secondary Vertex Mass

The secondary vertex mass (Mj,;) is the invariant mass of all of the tracks associated to the
most significant secondary vertex. This variable is dependent on the kinematics of the event.
B-jets tend to have a higher M, value. Figure 8.2 shows the M,,; distributions for b-, c-

and light-jets. M,,; proves to be a discriminant on its own, however, it does not utilize the

geometry of an event.
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Figure 8.2: My, distributions for b-, ¢- and light-jets.
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8.3 Jet Lifetime Probability Tagger

The jet lifetime probability tagger [58] (JLIP) uses the impact parameter of the tracks
associated to a calorimeter jet to compute the probability that that jet originated at the
primary vertex. Figure 8.3 shows how the sign of the impact parameter is determined.
A track within a jet is considered to have a positive IP if the extrapolation of that track
crosses the jet axis before the PV. The sign is considered negative if the extrapolation of
that track crosses the jet axis after passing the PV. All tracks within a jet with a positive
impact parameter are assigned a probability, P, that it originated at the PV. JLIP is then
calculated for the jet using equation 8.1. Figure 8.4 shows the —in(JLIP) distributions for

b-, c- and light-jets.

a) Positive Impact Parameter b) Negative Impact Parameter

Figure 8.3: Determination of sign of IP.

N=Tracks

JLip= [[ P (8.1)
=0

Much like the My,; variable, JLIP provides some discriminating power on its own. How-
ever, the JLIP variable is only dependent on the event geometry. A combination of both the

M,,; and JLIP taggers would provide a discriminant that utilized both the event geometry
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Figure 8.4: JLIP distributions for b-, c- and light-jets.

and kinematics. This method of combining both taggers into a new tagger is discussed in

Chapter 11.

8.4 Negative Tagged Jets

A negative tagged jet[57] is a collection of tracks within a jet that have negative values for the
NN inputs (those that can be negative). Figure 8.3 shows how a track can have a negative
IP, and figure 8.5 shows how a track can have a negative decay length. These negative values
are often due to resolution effects. The negative tagged jets themselves typically act in a
similar fashion to light jets. Thus, it is often advantageous to use negative tagged jets in

data in place of MC light jets. This replacement is further discussed in Chapter 11 as well

as in Appendix E.
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Negative Decay Length

Track
SVT

PV

Figure 8.5: Negative decay length.
8.5 Determination of NN )-Tagging Efficiency and Data

to MC Scale Factor

To find the NN b-tagging efficiency in data, a system of eight equations with eight unknowns
is used. This system uses two different tags on two different samples to formulate the eight
equations. The solutions to the equations include the efficiencies to both taggers. The two
data samples used were a muon-in-jet sample and a subset of the muon-in-jet sample, where
an away jet passes an NN cut, thus enriching the sample in b-jets. The two taggers used
were the NN tagger and an SLT tagger defined as a muonic jet, where the muon-in-jet passes
a prra > 0.5 GeV cut with respect to the muon+jet axis. That is, the momentum of the

muon perpendicular to the muon-jet axis must be greater than 0.5 GeV.
In the system of equations below, «, (3, Ky, Kugse and Prry are all coefficients related to

the correlation of the two taggers. These coefficients were measured in MC and assumed to

be the same in data. The system of eight equations is as follows:
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N =1 + Nudsge (8.2)

P = Db + pudsgc (83)

nStT = efLTnb + efésﬂcnudsgc (8-4)

pSLT = 6bSLpr + egc%sgcpudsgc (8’5)

nVN = eéVNnb + ei\/;l];[gcnudsgc (8.6)

pNN = ﬁeéVpr + &ei\/;l];[gcpudsgc (87)

nSETNN KbiSLTE{,VNnb + Kudsgcegisgcei\;]:gcnudsgc (88)
pSLT’NN = ﬁbﬁefLTei])Vpr + /ﬁudsgcaeiﬁzcei\iggcpudwc (89)

where n7% is the number of events in the muon-in-jet sample after the “Tag” is applied
and pT® is the number of events in the away tagged muon-in-jet sample after the Tag is
applied. The eight unknowns are: the number of b-jets in the muon-in-jet sample n;, the
number of light jets in the muon-in-jet sample 14455, the number of b-jets in the tagged

muon-in-jet sample py, the number of light jets in the tagged muon-in-jet sample pygs4¢, the

NN
udsge?

b-efficiency of the NN tagger €)'V the mistag rate of the NN tagger ¢ the b-efficiency of

the SLT tagger ;™" and the mistag rate of the SLT tagger €}; .

The efficiencies are jet n and pr dependent and vary for MC and data. To determine
data to MC scale factors, a ratio of the efficiency in data over the efficiency in MC in both
jet n and pr is taken. In order to find the efficiency in MC, system 8 is run over a collection
of MC samples (Z — bb, Z — c¢, Z — qq and tt). The data to MC scale factors are applied

to an MC jet in order to get the correct tagging efficiency for a jet in data with the same 7

and pr. The application of these scale factors is discussed in chapter 11.
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Corrections to Monte Carlo

In an ideal world, simulations of SM events and detector performance would reproduce data
perfectly. However, the complexity of nature does not allow for such agreement. In order
to account for the discrepancies between data and simulation, the following corrections are

applied.

9.1 Z+jets Cross Sections

The inclusive Z cross-sections determined by ALPGEN are leading log (LL) calculations and
have been scaled to the next to next to leading order (NNLO) inclusive Z calculations [71].
Because this scale factor is not the ratio of a Leading Order to NNLO cross section, it is not
a true k-factor. Instead, it is referred to as a k’-factor. The calculated ratio between the

NNLO inclusive Z cross section to ALPGEN LL inclusive Z cross section is
k' =1.30 (9.1)

This factor is then used to scale all of the ALPGEN Z + light jets samples and an error of 10%
is quoted due to variations of factorization scale, PDFs and generator cuts. Using MCFM

[68], a k-factor (NLO/LO) for Z + bb and Z + c¢ can be calculated. Taking the ratio of the
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MCFM k-factor for Z+heavy flavor versus the MCFM Ek-factor for Z + light jets gives an
H F-factor. The ALPGEN Z+heavy flavor cross-sections are scaled by this additional factor

for a total scaling of

k' HFy = 1.30 % 1.52 = 1.96 (9.2)

K« HF,; = 1.30 % 1.67 = 2.15 (9.3)

The uncertainty on the K’ factor for Z+light jet is about 6.3% and 20% for Z + HF jet.

9.2 Cross Sections for background Processes

The diboson and tf cross sections are corrected by k-factors correcting LO PYTHIA and ALP-
GEN cross sections to MCFM [68] NLO cross sections. The calculations use CTEQ6.1M [46]

PDFs. The resulting k-factors are as follows:

k(ZZ) = 1.030 (9.4)
K(WZ) = 1.062 (9.5)
K(WW) = 1.005 (9.6)

k(tf) = 1.434 (9.7)

9.3 Luminosity Reweighting

In order to provide a realistic simulation of the detector’s response to beam conditions, an
actual data event collected using minimum-bias triggers is used to define the baseline detector
response for each Monte Carlo event. The instantaneous luminosity for the minimum-bias
overlay does not match the luminosity profile of the data sample, so a DO standard luminosity

correction is applied. Figure 9.1a shows the data overlayed on the reweighted instantaneous
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luminosity in the MC.

9.4 Primary Vertex Reweighting

A standard reweighting for the primary vertex z-position is also applied. This is to account
for the fact that primary vertex z-distributions in MC are Gaussian, while they are not in
data. For this correction, the MC PV z-distribution is reweighted to match the data. The

primary vertex z-distribution in data and reweighted MC is shown in figure 9.1b.

[ Instantaneous Luminosity | —— Data Vertex z, — Data

c — Z+jets c — Z+jets

2 B Z+bb 2 10000 B Z+bb

[2] 0 —

2 Z+ce £ r Z+cc

3 ttoar :’: L ttbar

Diboson 8000 Diboson
B Multijet N B Multijet
6000
a000[—
2000 -
e LR Ny
00 1 2 3 4 5 6 7 8 9 10 -q 00-80 -60 -40 -20 0 20 40 60 80 100
Lumi per tick Vertex z, [em]
(a) Instantaneous Luminosity (b) Z Vertex

Figure 9.1: (a) The instantaneous luminosity distributions of data and MC samples for
7 inclusive sample is shown in the left plot. The MC has been reweighted so that the
minimum bias overlay in the generated samples mirrors the instantaneous luminosity of the
data sample. (b) The primary vertex Z distribution for data and MC samples.

9.5 Trigger Corrections

The inclusive trigger has been found to be nearly 100% efficient for the dielectron channel, so
no trigger correction is applied. For the muon channel, an “OR” of the single muon trigger
is applied, leading to an efficiency of ~ 80%. This efficiency is applied to the muon MC

events as an event weight.
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9.6 Lepton Energy and Identification Corrections

Monte Carlo simulations produce leptons with slightly better energy resolutions and iden-
tification efficiencies than exist in the data. To account for the energy resolution, DO uses
Z — ee and Z — pup samples to figure out how much to smear the MC lepton energies in
order to match data. For the identification efficiency correction, a tag-and-probe method
is used to measure the efficiency in both data and MC simulations. From these efficiencies
a data-to-MC scale factor can be determined. This scale factor is then applied to all MC
leptons. The advantage of using the data-to-MC scale factor is that it has the same effect as
randomly moving events at a certain rate, however it preserves the statistics of those events.

Figure 9.2 shows the Z boson mass in the two dilepton channels.

Dilepton Mass Dilepton Mass —— Data
_ c - — Z+jets
£ @ 45000 3 Bl Z+bb
22000? .g 40000 - Z+cc
g i E o ttbar
Y0000 35000 | Diboson
8000 =
L 25000 —
6000/ 20000
L 1 E
40005 5000 -
i 10000 [
2000 =
i 5000
| IR S il 0: .
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
M, [GeV] M, [GeV]
(a) dimuon mass (b) dielectron mass

Figure 9.2: Reconstruction of Z mass peak in (a) muon and (b) electron channels.

9.7 7 pr Reweighting

The Z pr distribution is poorly modeled by both the PyTHiA and ALPGEN MC generators

for events with Z pr<~100 GeV. The discrepancy between data and simulation is corrected
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in MC by reweighting the Z-pr distribution to match the data. The correction is derived
from the pp distribution at the generator level and the observed spectrum in the unfolded
data [72]. In this analysis, the parametrized correction for the Z-pr derived from ALPGEN
MC is used. In addition, a reweighting parametrization is used for events with 0, 1 and 2 or
more jets separately for a jet Er threshold of 15 GeV. After the reweighting, there is good
agreement between data and MC in the 0-jet, 1-jet and 2-jet multiplicities in the dielectron
and dimuon samples. The transverse momentum of the Z candidates in the jet multiplicity

samples are shown in figures 9.3-9.6.

9.8 Jet Shifting Smearing and Removal (JSSR)

The modeling of hadronization and detector response and readout are not trivial, so it is not
surprising that simulated jets do not precisely match jets in data. After reconstruction and
the application of the JES correction (discussed in Section 3.4), simulated jets have slightly
higher energies, better energy resolution and more efficient reconstruction and identification
than those in data. The differences between data and MC jets are measured by the DO jet
identification group using y+jet events [61]. For various ranges of photon pr (pr.), histograms

are filled with the fractional difference in py between the photon and the jet:

Py —py

AS =
Py

(9.8)

For high pJ. bins (and therefore high pi$), the distribution of AS is Gaussian with a mean
around zero. For low pr (< 40 GeV) the distribution would be Gaussian except that the
low tail that is truncated due to inefficiencies in reconstructing and identifying low pr jets.
The truncation is described by an error function as shown in figure 9.7 for the range 18 GeV
< pr < 23 GeV. The AS distributions are fit to a Gaussian times an error function. The
difference between the data and MC Gaussian component of the AS distributions gives

the relative data-MC JES, the difference in widths of the Gaussian component gives the
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resolution difference, and the difference in the error function component gives the relative
data-MC jet ID efficiency. The MC samples are then corrected by shifting and smearing
the jet energies according to the relative data-MC JES and jet resolution and by randomly
removing jets at a rate proportional to the ratio of the jet ID efficiency in data versus

simulation.

9.9 Vertex Confirmation for Data and MC

The efficiency of vertex confirmation is different for data and MC. The CALGO group at
DO produced certified scale factors for the vertex confirmed jet cut. The scale factors were
derived in both v+ jet and Z-jet samples. A dijet sample was used for cross checks and
for measuring systematic errors. This reweighting is measured in 7 bins of 0.4 for |n| < 2.6.
The scale factor is parameterized in terms of zpy x Sign(nje) in 20 cm bins. For jets in
the most central n bin (0 < || < 0.4) a dependence on jet pr is found for jets with pr
< 40 GeV , while the scale factor is flat for pr > 40 GeV. Therefore, the scale factor for
jets in this central region with jet pr < 40 GeV is also parameterized in terms of jet pr.
This reweighting is applied to all MC samples in this analysis and is processed using random

removal of jets from the vertex confirmed jet branch.

A study of the fraction of reconstructed jets matching a corresponding particle jet within
a cone size of AR = 0.5 for b- and light jets was conducted and found that about 96%
of the reconstructed b-jets and about 95% of the reconstructed light jets matched particle
jets. The question of whether this fraction in b- and light jets has some dependence on the
primary vertex multiplicity in the event was also investigated and the results are listed in
table 9.1. One can see that, the difference between b- and light jets is small and that the
relative change between b- and light jets is even smaller. This shows that the relative effect

is not a cause for concern.
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Number of PV. | b jets | light jets
1 0.9618 | 0.9602
2 0.9596 | 0.9524
3 0.9585 | 0.9471
>3 0.9529 | 0.9375

Table 9.1: The reconstructed jet matching efficiency with particle jets in Z + b jets and
Z+light jets as a function of the number of primary vertices in the event.

9.10 Scale Factors for b-tagging

The scale factors provided by the b-id at D@ group are calculated with a vertex cut in
the z-direction of < 60 cm. For this reason, a z vertex cut cannot be applied. Figure 9.8
displays the jet py acceptance of a z vertex cut with respect to pr for both b- and light jets

as calculated using equation 9.9 (with all other event cuts applied).

jet,|zvtz| <40

A — TTTet (99)

Figure 9.8 shows that there is no py difference between jets that pass a z vertex cut of
< 40 cm and jets that do not. This means that because the weighted average in pr for the

b-tagging and MJL efficiencies is used, there is no z vertex dependence.
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to Monte Carlo

Figure 9.3: The transverse momentum of the dimuon Z candidates for (a) 0 jet inclusive bin
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Figure 9.4: The transverse momentum of dimuon Z candidates for the (a) 1 jet bin and (b)

2 jet.
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Figure 9.5: The log scale transverse momentum of the dimuon Z candidates for (a) 0 jet
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Figure 9.6: The log scale transverse momentum of dimuon Z candidates for the (a) 1 jet bin

and (b) 2 jet bin.
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Figure 9.7: Distribution of AS for CC jets in data and 18 GeV < pJ. < 23 GeV, fit to a
Gaussian times an error function.
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Z+jet Selection

After determining the amount of MC and multijet events, and applying corrections to MC,
a comparison can be made to the data. Table 10.1 shows the number of events from the
data, the various background components and the expected Z+jet events (events with a Z
boson associated with at least one jet) at the preselection level for both dimuon and dielec-
tron channels. The errors are due to the statistics in the MC samples and are not at all

correlated to the uncertainty of their cross sections.

Figures 10.1 - 10.14 show the preselection plots for various variables in both the dimuon

and dielectron channels. Good agreement is seen in these figures.

10.1 Dimuon Channel

Kinematic distributions for the dimuon Z candidate + > 1-jet selection before any b-tagging

are shown in figures 10.1-10.7.
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Figure 10.1: The leading and second electron pr spectrum in Z+ > 1 jets sample before any
b-tagging is applied.
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Figure 10.2: The leading and second electron n spectrum in Z+ > 1 jets sample before any
b-tagging is applied.
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Figure 10.3: The rapidity and mass of the Z candidate in the Z+ > 1 jets sample before any

b-tagging is applied.
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Figure 10.4: The pr Z candidate and missing transverse energy in the Z+ > 1 jets sample
before any b-tagging is applied.
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Figure 10.5: The AR(uu) for the Z candidate and jet multiplicity in the Z+4 > 1 jets sample

before any b-tagging is applied.
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Figure 10.6: The leading jet (a) pr and (b) n for data and background in the Z+ > 1 jets
sample before any b-tagging is applied.
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RunlIb dimuon

sample Dimuon Dielectron
data 24,450 48956
Expected 24,924.1 +67.0 49005.2 + 153.5
Z+] 22,005 £ 67.5 37063 £131.4
Z+b 580.9 £ 3.7 886.9 6.2
Z+c 1315.8 £ 7.7 2054.0 £ 13.1
Multijet 53.1+1.6 8748.9 + 78.0
47 60. + 0.8 96.9 +£0.7
W2z 64.3 +1.1 126.3 £1.2
WWw 6.1£0.5 13.24+0.7
tt 11.1+0.1 16.0 + 0.2

Table 10.1: The data, backgrounds, and expected Z+jets events are listed in the preselected
event sample.
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Figure 10.7: The second leading jet (a) pr and (b) n for data and background in the Z+ > 1
jets sample before any b-tagging is applied.
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10.2 Dielectron Channel

Kinematic distributions for the dielectron Z candidate + > 1-jet selection before any b-

tagging are shown here (figures 10.8 - 10.14).

Leading Lepton P, —— Data Second Lepton P, —— Data
- - — Z+jets c - — Z+jets
@ 1400 B Z+bjet B o00F Il Z+bjet
£ Z+cjet £ E Z+cjet
& 1200 ttbar s 18001~ ttbar
Diboson 1600 Diboson
1000 I Multijet 1300 I Multijet
800 1200
1000
600 =
800
400 600[—
400
200 =
r 200
% 20 40 60 80 100 120 140 % “70 20 30 40 50 60 70 80 90 100
Lepton [ [GeV] Lepton [ [GeV]

(a) RunlIb dielectron

Figure 10.8: The leading and second electron py spectrum in Z+ > 1 jets sample before any
b-tagging is applied.
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Figure 10.9: The leading and second electron 7 spectrum in Z+ > 1 jets sample before any
b-tagging is applied.
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Figure 10.10: The rapidity and mass of the Z candidate in the Z+4 > 1 jets sample before
any b-tagging is applied.
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Figure 10.11: The pr Z candidate and missing transverse energy in the Z+ > 1 jets sample
before any b-tagging is applied.
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Figure 10.12: The AR(ee) for the Z candidate and jet multiplicity in the Z+4 > 1 jets sample
before any b-tagging is applied.
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Figure 10.13: The leading jet (a) pr and (b) n for data and background in the Z+ > 1 jets
sample before any b-tagging is applied.
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Figure 10.14: The leading jet (a) pr and (b) n for data and background in the Z+ > 2 jets
sample before any b-tagging is applied.
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Measurement

This analysis selects 48,956 Z+ > 1-jet candidate events in the dielectron channel and 24,450
events in the dimuon channel. The background fraction in the dielectron channel is about
16% and is dominated by the multijet production where two jets mimic isolated electrons.
The dimuon channel is much cleaner, with the background contribution of 0.6%. A total
of 2202 events remain in the dielectron sample and 1015 in the dimuon sample after the

requirement that there be at least one b-tagged jet passing the NN output cut of 0.5.

11.1 Identifying Heavy Flavor Jets

Identification of heavy flavor jets and separation of light, ¢ and b-jets is carried out in two
steps. First, the Z+jet preselected sample is enriched with heavy flavor jets. This is done
by means of the b-jet NN tagger, discussed in Chapter 8. An NN cut value of NN > 0.5
(“oldLoose”) has been chosen for this analysis. Figure 11.1 shows the distribution of b-
tagging efficiency as a function of jet pr obtained for Z + b MC for this NN operating point.
In the second step, the M, + JLIP (MJL) tagger is employed via a maximum likelihood
fitter in order to facilitate the separation between b-, ¢- and light-jets. Maximum likelihood

fitters are further discussed in Appendix A
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Figure 11.1: The spectrum of b-tagging efficiency as a function of jet transverse momentum
measured in Z + b MC for the NN operating point: oldLOOSE (NN>0.5)

11.2 Efficiencies

All efficiencies are calculated after applying the event cuts discussed in Chapter 6. This

means that the following cuts are applied to both the numerator and denominator: MET <

60 GeV, p{ﬁtl > 20 GeV, 70 GeV < Z,, < 110 GeV, |jet physics n|< 2.5. Table 11.1 shows

the values for different efficiencies used for the ratio measurement.

Efficiency | Value | Stat. Uncertainty
S 0.68 0.03
S n 0.572 0.02
ei’agg 0.866 0.02

€ oo/ Coco | 0.985 0.02

Table 11.1: Efficiencies used in ratio calculation.
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11.3 Jet Taggability Efficiency

A jet is required to be taggable before the NN tagger is applied to it. For a jet to be taggable,
it must have at least two associated tracks with pr > 0.5 GeV, the leading track must have a
pr of at least 1.0 GeV and both tracks must have at least one hit in the SMT. These criteria
ensure that the jet has sufficient information to be classified as a heavy flavor candidate.
Figure 11.2 illustrates the taggability efficiency of jets in the Z + b MC as a function of
jet pr, showing that the taggability for b-jets is nearly a constant. The weighted average
yields a taggability of 0.893 £ 0.007. Because the taggability rate is greater in MC than in
data, scale factors are applied to correct the MC. To estimate the difference in taggability
between data and MC, a taggability requirement was applied to a distribution that showed
agreement between MC and data beforehand and then measured the disagreement after-
words. Taggability efficiency in data was approximately 97% of that in MC. This difference

is applied to the b-jet MC taggability.

| Taggability Efficiency |
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Figure 11.2: b-jet taggability efficiency as a function of jet pr .
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11.4 MJL Tagger

To further separate the b-jets from c- and light-jets in the b-jet enriched sample, a dis-
criminant (M JL) is constructed from two variables that exploits the properties of tracks
associated with the b-tagged jet. To construct the MJL discriminant, a combination of the
—In(JLIP) and M,,; variables was taken, however a simple addition of the two was not an
option. This is because the —In(JLIP) variable typically ranges between 0 and 20, while
the M,,, only typically ranges between 0 and 5 GeV. To make the MJL discriminant, both
the —In(JLIP) and M,,; variables were scaled down by a factor of ten. The next step
was to vary the relative weight between the —in(JLIP) and M, variables , as shown in

equation 11.1, and then calculate the x? between the b- and c-templates:
1 In(JLIP
ML) = (Mm - M) (11.1)
1

where ¢ ranges from 1 to 10. Figure 11.3 shows the b-, ¢- and light-jet templates for each

of the ten cases from equation 11.1, normalized to unity.

The two highest x? values came from the i = 4 and i = 5 templates. The i = 4 template

was then chosen because the construction was physically intuitive. The end result is:

MJL = -
) 20

5 (11.2)

1 (Msvt ln(JL[P))

The physical intuitiveness of equation 11.2 is based on the fact that the construction is
simply the addition of each variable divided by its range. Thus, limiting the range of each
variable to be between 0 and 1. The factor of 1/2 is purely aesthetic, as it confines the
range of the MJL discriminant to be between 0 and 1 as well. Both Mgy, which takes into
account the kinematics of the event, and JLIP, which takes into account the geometry, were
discussed in Chapter 8. Because MJL is formed from the combination of the Mgy and JLIP

variables, it has an improved discriminating power for b-, ¢- and light-jets over either of the
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Figure 11.3: Templates for equation 11.1. ¢+ = odd on the left and even on the right both
increasing on the way down.
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variables individually. The Mgy tagger has an efficiency of ~ 80% for b-jets in MC, while
the JLIP tagger is close to 100%, leading to an MJL efficiency of 80% for b-jets in MC.
Figure 11.4 shows the MJL distributions, normalized to unity, for Z+light, Z+c¢, Z+b
MC samples and the NT jets sample. This figure clearly shows the separation power of the
new tagger. With these templates, the fraction of Z+light, Z+c and Z+b in data can be

determined using a maximum likelihood fitter.
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Figure 11.4: MJL template for b-jets, light-jets and c-jets derived from Z+ jets MC samples
and negative tagged jets from data for NN > 0.5 (a) linear and (b) log scale

11.4.1 MJL n and pr Dependence

A major reason for using the MJL tagger is that it does not have a strong dependence in 7
or pr. Figure 11.5 shows the MJL templates in different 7 regions and figure 11.6 shows the

MJL templates for different pr regions. The template shape in the |n| < 1.1 and |n| < 2.5
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regions is very similar, which is an important feature for the tagger. This allows for the
measurement to be carried out all at once, rather than in different slices of . Although
the pr shows a slight dependence, it is not drastic. A test was run to assure that any pr
and 7 dependence wouldn’t bias the result. This test used data from the central n (low pr)
region and the templates from the entire n (high pr) region. This result was then compared
to the result using central (low pr) templates. The two results were found to be within the

uncertainties given by the maximum likelihood fitter.

11.4.2 MJL Efficiency

Because only the fraction of tagged b-jets are used from the maximum likelihood fitter, only
the MJL efficiency for b-jets is needed. Figure 11.7 shows the b-jet MJL efficiency as a
function of jet pr for the NN > 0.5 operating point. The py weighted average value is found
to be 0.8 in MC jets. To find the value in data, a scale factor is applied to account for the
difference between data and MC. This scale factor is measured similarly to that discussed in

section 8.5 and has an average value of 0.85, leading to an efficiency in data of 0.68.

11.5 Increased Template Statistics

One of the major sources of uncertainty in this measurement is the statistics in each of the
three MJL templates. Because of the low efficiency of the NN tagger for c- and light-jets,
the statistics for both samples get greatly reduced. For this reason, steps for increasing the

statistics in both the c-jet and light-jet templates were taken.

11.5.1 Negative Tagged Jets

The MJL template for light-jets is determined with data using negative tagged jets (Sec-
tion 8.4), in order to increase statistics. A large sample of the Summer09 EMInclusive data

set has been used for this purpose. Due to b-contamination, the NT jets template is broader
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Figure 11.7: b-jet MJL efficiency with respect to pr

than the MC light-jet template. In order to remove this contamination, a maximum likeli-
hood fitter is used to extract the fraction of N'T b-jets in the NT jets template. Once the
fraction is measured, the NT b-jet fraction is subtracted from the NT jets template. Figure
11.8 shows the N'T jets MJL template with the b-contamination, without the b-contamination
and the MC light-jet MJL template for comparison. Without the b-contamination, the NT
jets MJL template is in much better agreement with the MC light-jet template. In order to
increase statistics in the light-jet template, the NT Data is used with the b-contamination
subtracted out. The b-contamination found by the maximum likelihood fitter, as well as the

distribution from the result can be seen in Appendix E.

11.5.2 Increased Statistics for c-jet Template

In order to increase the c-jet statistics, a PYTHIA c-jet sample was used. Figure 11.9 shows
the comparison of the Z + c-jet template to the PYTHIA c-jet sample and the two shapes
are almost identical.

The leading jet pr distribution of the two samples is different, however (shown in fig-
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ure 11.10a). To ensure that the agreement between the two template shapes is not coin-
cidental, the leading jet pr of the PYTHIA c-jet sample was reweighted to match that of
the Z + ¢ leading jet pr (figures 11.10b and 11.11b). Figure 11.11a shows the Z + c-jet
template plotted with the PYTHIA c-jet MJL template both before and after reweighting.
The reweighting has virtually no effect on the template shape, showing that the different jet

pr spectra have no effect on the template shapes.

11.5.3 Uncertainty Due to Template Statistics

Limited template statistics can cause a large systematic uncertainty in the maximum likeli-
hood fitter. This is because the templates are varied within the bin-by-bin template statistics
to create a new template. Figure 11.12 shows the Z+ c-jet template along with an even (odd)
template. The even (odd) template adds the statistical uncertainty to the Z + c-jet template
value for even (odd) bins, and subtracts the statistical uncertainty from the Z + c-jet tem-
plate for the odd (even) bins. The even and odd templates are equally feasible, yet visibly
they are different. This is due to the lack of template statistics in the Z + c-jet template.
Figure 11.13 shows the same distributions for the PYTHIA c-jet sample and the templates
are virtually indistinguishable. This greatly reduces the systematic uncertainty due to the
c-template statistics and is further justification for the use of the PYTHIA c-jet (referred to

as c-jet from now on) and NT jets samples.

11.6 Background Subtraction

In order to fit the data with the three MJL templates, the background (everything except
Z+jets) must first be subtracted out. The sources of the background are diboson, ¢t and
QCD multijet. For the diboson and tf, the MC samples discussed in Chapter 5 are used. By
using the cross sections associated to these samples, the expected number of pretagged and

tagged events can be determined. For QCD multijet (Chapter 7), the event weights are kept
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through the tagging process and determine how many tagged events are expected. Simply
subtracting the number of expected background events from the data is not a possibility due
to the background being dominated by b-jets, and therefore having a b-like MJL template
(shown in Figure 11.14). In order to subtract the background, the MJL shape for each
background is normalized to the expected number of events, and then that distribution is

subtracted from the data.
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Figure 11.14: MJL templates for different backgrounds

11.7 Jet Reconstruction Efficiency, b-jet vs. light-jet

Because the ratio of cross sections is what is measured, the uncertainty in jet reconstruction
efficiency should cancel out to first order. A possible bias, however, can arise from the
difference between b- and other-jets. This is estimated by investigating the relative jet
reconstruction efficiencies in Z + b-jet and Z+ light-jet MC.

Figure 11.15 shows the reconstruction efficiencies for b and light-jets and their ratio as a
function of jet pr. The weighted average yields a value of 0.985 4 0.007. The scale factor

€6 o/ € 0o is determined and applied to the ratio measurement to account for the difference
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between the light and b-jet reconstruction efficiencies.
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Figure 11.15: Ratio of b-jet reconstruction efficiency to light-jet reconstruction efficiency vs.
pr -

11.8 Determination of Jet Flavor Fractions

In order to measure the o(Z + b-jet)/o(Z + jet) ratio, both the number of Z+jet events and
the number of Z + b-jet events must be determined. To find the number of Z+jet events,
the number of events that match the criteria discussed above is counted. To determine
the number of Z + b-jet events the following prescription is used. First, the NN tagger is
applied to the leading jet in the data, as well as the Z + b-jet and c-jet MC samples and
the N'T jets sample. If the leading jet does not pass the NN requirement, the NN tagger is
applied to next-to-leading jets with pr >15 GeV. If either jet passes the NN cut, the event is
considered “tagged,” and the MJL value of the tagged jet is stored. The contribution from

the next-to-leading jets is approximately 10%. The number of tagged jets after background
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subtraction and MJL selection is 970 in the electron channel and 646 in the muon channel.
The fraction of b-jets in data can be determined by using the MJL templates of the passed
jets. The Z + b-jet, c-jet and NT data MJL templates are fed into a maximum likelihood
fitter to extract the fractions of each component from the data. These fractions are then

used to determine the o(Z + b — jet)/o(Z + jet) ratio, as follows:

N=N+N.+N, (11.3)
P=P+P.+P (11.4)
P=¢ x N, (11.5)

Pe =€ x N, (11.6)

By =, x Ny (11.7)

where P is the number of tagged events; P,, P. and P, are the number of Z + b, Z +
c and Z+light jet tagged events given by the fitter; ¢, €. and ¢, are the corresponding
(mistagging/tagging) efficiencies of the NN tagger; and N is the number of Z+jet events.

The cross section ratio can then be calculated as:

o(Z+0b) P,elight

: _ reco 11.8
U(Z + jet) NEI])VNGIJ]\/IJLEIY)“aggEQeCO ( )

where et 9™ is the reconstruction efficiency of b (light) jets, €4, is the MJL efficiency of

b-jets and ebTag , 1s the taggability efficiency of b-jets. The different jet flavor fractions obtained
with this method are listed in Tables 11.2 and 11.4. Results of the maximum likelihood fit
for both channels are shown in figures 11.19 and 11.21; the total MC rate in these figures
is normalized to the data. For the combined results, the data after subtraction for both

channels is added together, and then the fractions from the templates are recalculated using
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the maximum likelihood fitter. Figure 11.16 shows the data MJL shape after background
subtraction for both the dimuon and dielectron channels. They are in good agreement.
The similar shape in data and consistent results across both channels provides justification
for the combining of the two channels. Figures 11.22 and 11.23 show the combined results
for the |n| < 2.5 and |n| < 1.1 regions, respectively. The figures show both the data after
background subtraction along with the Z+40b-, Z+c- and Z+light-jet contributions measured

by the maximum likelihood fitter.
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Figure 11.16: Dimuon and dielectron data after background subtraction, normalized to unity.

11.8.1 Additional Cross Check

As a cross check, an alternative method to determine the number of events with tagged b-
jets, P, is employed. This “matrix method” is based on the calculation of b-jet sample purity

for different MJL tagging points [73]. The prescription is shown in equations 11.9-11.12.
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(11.9)
(11.10)
(11.11)

(11.12)

where N is the total number of Z+jet events, N;, N, N, is the number of light-, Z + b-

and Z + c-jet events respectively, e}j(lbc) is the efficiency of an MJL > 0.33 cut on data

(Z+light, Z 4+ b, Z + ¢), and ezD(le) is the efficiency of an MJL > 0.66 cut on data (Z+light,

Z +b, Z + c). The efficiencies for each cut are then measured in data, b-jets, c-jets and NT

jets. This cross check gave a b-purity value of 33 + 6.2% for the NN > 0.5 operating point

in the combined channel and agrees with the value given by the maximum likelihood fitter:

27.2 + 2.8%.
Jet Flavor | Fraction (up) | Fraction (ee)
Region In| < 1.1 NN > 0.5
Events 433 669
Z+b 0.274£0.051 | 0.283£0.042
Z4-c 0.2384+0.089 | 0.40240.072
Z+1 0.488+0.070 | 0.315£0.054
Region In| < 2.5 NN > 0.5
Events 629 970
Z+b 0.248+0.042 | 0.270£0.036
Z+c 0.253£0.073 | 0.40240.059
Z+1 0.500£0.058 | 0.31540.046

Table 11.2: Jet flavor fractions in the tagged Z-+jets sample.
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Fixing c/light Ratio

An equally valid approach to measuring the Z + b fraction in data is to use Z +b, the ¢/light
ratio and c+light as the three parameters for the fit. This approach should yield the same
result, serving as a good cross check. It also will demonstrate any sensitivity that the Z + b
fraction has to the ¢/light ratio. To obtain a result for this approach, the ¢/light ratio was
fixed and the Z +b and Z + c¢+Z+light fractions were obtained. This was repeated for many
different values of the ¢/light ratio, increasing the value by 0.1 each time. Figure 11.17 shows
the log likelihood for each ¢/light value for both the muon and electron channels. The figure
also shows the Z + b fraction divided by the Z + b fraction of the most likely fit for the
¢/light values that fall within one sigma of the most likely ¢/light value. The results for this
method are consistent with the results from the three template fits, shown in Table 11.3.
Figure 11.17 also demonstrates the lack of sensitivity the Z + b fraction has to the ¢/light
ratio. For the electron channel, the ¢/light ratio can be increased by 60% from the most

ideal case, and the Z + b fraction still falls within one sigma of the most likely result.

Jet Flavor | Fraction (uu) | Fraction (ee)
Region NN > 0.5 n <25
Z+0b 0.238+0.036 | 0.27040.033
¢/light 0.65903 11793
c+light 0.762+0.046 | 0.730%0.037

Table 11.3: Results for alternative fitting option in upu and ee channels.

11.9 Final Result

The final results for the o(z + b)/o(z + jet) ratios for both the pu and ee channels and for
the |n| < 1.1 and |n| < 2.5 regions are listed in table 11.5 and are found to consistent. Table
11.6 lists the o(z + b)/o(z + jet) ratios obtained for the combined pp and ee channels for

the different n regions.
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Figure 11.17: Both likelihood and Z + b fraction results for different ¢/light values.

Jet Flavor | Fraction (uu + ee combined)
Region In| <1.1, NN > 0.5
Events 1101
Z+b 0.270£0.033
Z+c 0.347£0.058
Z+1 0.355+0.069
Region In| <2.5, NN > 0.5
Events 1600
Z+b 0.25940.028
Z4-c 0.359+0.049
Z+1 0.38240.038

Table 11.4: Jet flavor fractions pp + ee combined channel.
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Figure 11.18: Distribution of observed events for MJL discriminant with NN > 0.5 and
In| < 2.5 cuts. The distributions for the b-, ¢- and light-jet templates are shown normalized to
their fitted fraction. Error on the templates represent combined uncertainties from statistics

of MC and the fitted jet flavor fractions.
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Figure 11.19: Distribution of observed events for MJL discriminant with NN > 0.5 and

In| < 1.1 cuts. .
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Figure 11.20: The pr distribution of b-tagged jets with NN > 0.5 and |n| < 2.5 cuts in each
channel.
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Figure 11.21: The pr distribution of b-tagged jets with NN > 0.5 and |n| < 1.1 cuts in each
channel.
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Figure 11.22: Distribution of observed events in combined sample for MJL discriminant with

NN > 0.5 in (a) |n| < 2.5 and (b) |n| < 1.1 regions.
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The flavor fraction uncertainties obtained from the template fitting to the data are mostly
statistical. The systematic component was determined by artificially increasing the statistics
of the data and rerunning the maximum likelihood fitter. The result was a fit without the
error due to data statistics, leaving only the error due to template statistics. The uncertainty
in the Z 4 b-jet fraction from this fit was taken as the systematic uncertainty associated to
template statistics.

The result for the o(z + b)/o(z + jet) ratio in combined pp and ee channels and for
the NN > 0.5 tagging operating point is 0.0193 4 0.0023 (stat.)£0.0004 (uncertainty from

template statistics).

11.9.1 Comparison to Previous Version of Analysis

This version of the analysis is the second iteration. The first was done with a different
discriminant. The original discriminant was called reduced JLIP (rJLIP) and it was similar

to the JLIP variable discussed above. The variable rJLIP recalculates the JLIP value for a jet

Channel wie (Ratio+ stat.) ee (Ratio+ stat.)
Region In| < 1.1 NN > 0.5
Ratio 0.0201£0.004240.0005 | 0.0198+0.0033£0.0005
Region In| < 2.5 NN > 0.5
Ratio 0.0191£0.0034£0.0005 | 0.019140.0028+0.0004

Table 11.5: UU(ZJ;Q) ratio in both pp and ee channels along with uncertainty due to template
fitting.

Channel | pp + ee (Ratio=E stat.)
Region In| <1.1, NN > 0.5
Ratio 0.0193+0.0027+0.0004
Region In| < 2.5, NN > 0.5
Ratio 0.0193+0.00224+0.0004

Table 11.6: ;F::;Z) ratio in both pp and ee channels combined along with uncertainty due

to template fitting..

114



Chapter 11: Measurement

after removing the track least likely to have originated at the primary vertex. Figure 11.24
shows the rJLIP templates for light, b-, c- and N'T jets and figure 11.25 shows the resultant
rJLIP and jet pr distributions with the ratios measured by the maximum likelihood fitter,

using the rJLIP templates.
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Figure 11.24: rJLIP distribution for light, b-, ¢- and N'T jets.

The separation power of the rJLIP variable is limited to the central region (|n;e:| < 1.1).
This was the reason for abandoning the rJLIP variable for the latest iteration of the anal-
ysis. Before changing discriminants, a value was found for the Z + b-jet/Z+jet ratio in the
central region, thus a comparison between the two ratios can further confirm the validity of
the measurement. The Z boson selection is almost identical for both analysis, however the
jet selection is slightly different. For the previous iteration, only jets with 74 < 1.1 were
considered. This is not directly comparable to the new iteration in which a physics 1 cut
is applied. Figure 11.26 shows the physics n acceptance when a n4; < 1.1 cut is applied
for both b- and light-jets. The figure shows that the jet acceptance is not identical between

physics and detector n cuts however, the effect is expected to be small. Table 11.6 provides
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Figure 11.25: The combined results for (a) rJLIP distribution of tagged jets and (b) jet pr
of tagged jets measured with the rJLIP templates for jets with |n,| < 1.1.

a measurement in the central (|7,n,s| < 1.1) region that should be in close proximity to the

rJLIP version value in the central (|ng.| < 1.1) region. The rJLIP-based analysis found the

Z + b-jet/ Z+jet ratio to be 0.0176+0.0024+0.0023. This matches the value found in the

latest iteration within uncertainty.

11.9.2 Cross Check with Alternative NN Operating Point

OopP

o(z +b)/o(z + jet) Ratio

NN > 0.5

0.0193+£0.0022+0.0004

NN > 0.65

0.0195+£0.00230.0004

Table 11.7: o(z + b)/o(z + jet) Ratio for |n| < 2.5 region and NN > 0.5 and NN > 0.65
operating points.

The result should not be biased by the choice of NN operating point (OP). In order to
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Figure 11.26: Physics n acceptance when a 74, < 1.1 cut is applied

show the stability of the result, a cross check was conducted that remeasured the ratio after
applying an NN > 0.65 cut. The values for the o(z + b)/o(z + jet) ratio for the two NN
operating points are shown in Table 11.7 and are in good agreement. The distributions for
the medium operating point as well as the result from the maximum likelihood fitter are

shown in Appendix B.
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Systematic Uncertainties

e B-tagging Efficiency:
B-tagging efficiency and uncertainty are determined by the D@ b-ID group [57]. In
order to calculate the systematic error associated with this value, the efficiency was
varied both up and down one ¢ and the ratio was remeasured. The difference in the

central value of the ratio was taken as the uncertainty.

e Jet Energy Resolution:
For the systematic uncertainty in jet energy resolution, the standard resolution was
varied both up and down one o, and the ratio was remeasured. The difference in the

central value of the ratio was taken as the uncertainty.

o Jet Energy Scale:
For the systematic uncertainty in jet energy scale, the standard correction was varied

both up and down one ¢ and the ratio was remeasured, similar to the two above.

o Jet Energy Scale — b-jet vs. light-jet:
The jet energy scale (JES) may be different for b- and light-jets, however, real data does
not exist to study. Thus a standard JES correction is applied to all jets. The result

of having a standard correction is the under correction of b-jets. The difference in MC
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events was investigated using Z + 0-jet and Z+light-jet samples. Figure 12.2 shows the

residual for b-jets and light jets defined as the difference in pr between reconstructed

and particle jet divided by the particle jet’s pr (Apy = £ T‘T;CTO__IE L2 rhicle)  The

under correction of b-jets was estimated to be approximately 6.5%, the maximum
effect observed in the low pr region. To compensate for this under correction, the
processor was run with an extra 6.5% JES correction on b-jets. Figure 12.3 shows the
effect of additional JES correction on the MJL template. The final o(Z +b)/o(Z + j)
ratio was calculated using the b-jets with the extra JES correction. The systematic
uncertainty due to the 6-JES correction is taken as half of the difference of the final

ratio between the under-correct and extra-corrected b-jets.

e Jet Reconstruction Efficiencies for Heavy and Light Quarks:
While a scale factor is applied to the final ratio to compensate for the difference in jet

l
reconstruction, a small problem remains. e assumes that the Z-+jet sample is made

Teco

up entirely of light-jets. For a systematic, the scale factor is varied by 2% and half of

the difference in the ratio is taken as the systematic uncertainty.

e Background Estimations:
In order to subtract the background from the data, Monte Carlo generators are relied
on to give the number of events. To measure the systematic uncertainty associated to
this method, the effect that varying the number of background events up and down by

10% had on the ratio was taken.

e Shape uncertainty — Data versus MC:
To estimate the systematic uncertainty due to template differences in data and MC, the
templates in both the negative tagged data as well as the Z+light jet MC were used.
The maximum likelihood fitter was applied with both cases and for the systematic

uncertainty the difference of the central values is taken; that amounts to 2.2%.

e Uncertainty Due to b-quark Fragmentation
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By default, the events have been reweighted from the default PyTHIA b-fragmentation
to a Bowler scheme that has been tuned to LEP data. To evaluate the systemat-
ics, the events are further reweighted to account for the difference between SLD and
LEP data, as described here [74]. Figure 12.4 shows the MJL distribution for both
b-fragmentation schemes. The fractions are remeasured with the new fragmentation
scheme. The difference in the b-fraction between the two schemes is taken as a system-

atic uncertainty.

e Uncertainty Due to Collapsed b- and c-quark jets:
In the case where two b- or c-quarks are produced close together, both quarks can
wind up within the same reconstructed jet. These jets have a slightly different MJL
template shape than jets with one b- or c-quark, shown in figure 12.1. An uncertainty
arises from the fact that the percentage of jets with collapsed b- and c-quarks in data
is not known. To measure the uncertainty in the final ratio due to this, both the c-jet
and b-jet MJL templates were reweighted with a five-times larger contribution coming
from the collapsed jet templates. The difference in the central value of the ratio was

taken as the uncertainty and was measured to be 2.8%.

e MJL Data-to-MC Scale Factor Uncertainty:
To estimate the systematic uncertainty from the MJL scale factor, the central value
of the data to MC scale factor was varied by half of the RMS. The value for the
uncertainty was taken as the difference in the central value of the ratio as a result of

changing the scale factor.

e Trigger Corrections:
A trigger is applied in the muon channel and has a corresponding efficiency. To estimate
the uncertainty of the trigger efficiency, the scale factor «, discussed in Chapter 7, was
reweighted to 1, and the ratio was remeasured. The difference in the central value of

the ratio was taken as the systematic uncertainty.
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Figure 12.1: MJL template of c- and b-jets as well as collapsed c- and b-quark jets.

Systematic Uncertainty | Percentage
B-tagging 2.4%
JES 2%
JER 2.5%
JES: b vs. 1 0.4%
Bkgd. Estimate 1.5%
Jet Reco: b vs. light 2%
Template Shape 2.2%
B-fragmentation 1.8%
Collapsed Quark Jet 2.8%
MJL Efficiency 3. 7%
Trigger Corrections (juft) 0.4%
Sum + 7.2%

Table 12.1: Systematic uncertainties and their contribution to the ratio
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Figure 12.2: The distributions of & T'T;CTO;{L) Z;f fe ricde for both light jets and b-jets before b-jet

JES correction in the full p; range (left) and in the low py range (right) of 20-30 GeV.

Taking into account above systematic uncertainties, the result for the o(z+b)/o(z + jet)
ratio in combined pp and ee channels is 0.0193 £ 0.0022 (stat.) +0.0004 (template statistics)

+0.0014 (syst.).
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Figure 12.3: The effect of additional JES correction on the MJL distributions for b-jets.
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Figure 12.4: The MJL distributions for two different b-fragmentation schemes.
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MCFM

MCFM [68] is a Monte Carlo simulation program that calculates the theoretical cross sections

for various femtobarn-level processes at hadron-hadron colliders.

13.1 Comparison with Theoretical Predictions

MCFM provides next-to-leading order (NLO) calculations [1, 68] for the inclusive cross
sections of Z + b-jet, Z + c-jet and Z+light-jet production. Tables 13.1 and 13.2 show the
values of expected cross sections of the different subprocesses obtained for the two set of
jet kinematic cuts. These MCFM predictions are based on the scale Q* = m?% and using
MRST2008 PDF. The statistical errors on the cross sections are very small (< 0.1%). The
theoretical systematic uncertainties from the choice of scale and PDF are expected to be
around 11% for the Z +b/c — jet and 4.5% for Z+light-jet production cross sections. Based
on the MCFM predictions, the ratio o(z + b)o(z + jet) is expected to be 0.018 £ 0.004 for
jet |n| < 2.5. The total uncertainty on the prediction includes uncertainties arising from
renormalization scale (0.0015), factorization scale (0.0011) and parton distribution functions
(0.0011). The measured ratio is reasonably consistent with the theoretical prediction.

A one-to-one comparison of the measured ratio to the MCFM expected ratio is not

completely accurate. This is because the measurement is carried out on reconstructed jets in
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Cross sections (fb) Tevatron (pr >20 GeV and |n| <2.5)

ZQ Z(QQ) ZQj ZQQ  ZQ—inclus
gb — Zb 217.6 22.2 54.7 123 306.8
qq — Zbb 70.0 142.1 37.0 249.1
Z + b—inclusive 556 fb
gc— Zc 335.6 17.9 84.1 9.8 447.4
qq — Zcc 100.9 300.8 35.8 437.5
Z + c—inclusive 885 tb

Zj Z357) Z + j—inclu
qq — Zg9,9q9 — Zq 24125.9 3413.7 27540 tb
o(z+b—jet)/o(z + jet) 0.0192++0:0035

Table 13.1: The cross section (fb) evaluated by MCFM for Z-+heavy flavor and light jet
production at the Tevatron. A jet lies in the range pr >20 GeV and |n| <2.5 and cone size
of AR =0.5 has been used. The cross sections have been obtained for the scale Q* = m?%
and using MSTW2008 PDF. The labels in the columns have the following meaning :ZQ) =
exactly one jet, which contains a heavy quark;Z(QQ) = exactly one jet which contains two
heavy quarks;ZQj = exactly two jets, one of which contains a heavy quark; ZQQ =exactly
two jets, both of which contain a heavy quark. For last set of processes, the labels mean:
Zj7 = exactly one jet, which does not contain a heavy quark; Zj;5 = exactly two jets, none
of which contain a heavy quark. The uncertainties on the ratio are from the variation of
renormalization scale, factorization scale and the PDFs.
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Cross sections (fb) Tevatron (pr >20 GeV, |n| <2.5)

ZQ Z(QQ) ZQj ZQQ  ZQ-inclusive
gb — Zb 248.2 22.2 54.7 11.8 336.9
qq — Zbb 70.0 142.1 37.0 249.1
Z + b—inclusive 58664 fb
gc — Zc 386.6 17.9 84.1 9.8 498.4
qq — Zce 100.9 300.8 35.8 437.5
Z + c—inclusive 936+103 tb
A AR Z + j-inclusive
qq — 29,99 — Zq  25937.3 4262 3020041359 b

Table 13.2: The cross section (fb) evaluated by MCFM for Z+heavy flavor and light-jet
production at the Tevatron. A jet lies in the range pr >20 GeV and |n| <2.5, and cone size
of AR = 0.5 has been used. The cross sections have been obtained for the scale Q* = m%
and using MRST2008 PDF. The labels in the columns have the following meaning: ZQ) =
exactly one jet, which contains a heavy quark; Z(QQ) = exactly one jet which contains two
heavy quarks; ZQj = exactly two jets, one of which contains a heavy quark; ZQQ =exactly
two jets, both of which contain a heavy quark. For last set of processes, the labels mean:
Zj7 = exactly one jet, which does not contain a heavy quark; Zj;7 = exactly two jets, none
of which contain a heavy quark. The uncertainties are from the variation of renormalization

scale, factorization scale and the PDF's.
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Figure 13.1: Ratio of b/light spectra for ALPGEN MC partons and ALPGEN MC partons
matched to reconstructed jets.

the detector, while the MCFM prediction is for partons with no detector simulation. To get a
better estimate of what the MCFM prediction would look like in the detector, the following
procedure was used. First, the b and light spectra for the ALPGEN MC were created for
both the MC parton level and the MC parton level where the partons were matched to a
reconstructed jet that passes all cuts required in the analysis. The ratio of matched spectra
versus parton pr spectra was taken for both light and b partons with respect to parton pr
in order to demonstrate the difference between the two spectra (Figure 13.1).

Using the ratio of the two ALPGEN spectra, one can now see the expected effect on the
MCFM spectrum. Equation 13.1 shows the method for getting from the MCFM parton level

distribution to the expected MCFM distribution with detector effects folded in:
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Figure 13.2: Folded and unfolded MCFM light and b parton pr
MOFMJZZolded _ MCFMpbarton T?LPGEN (131)
MCFM}OZded MCFMIl)arton p{ALPGEN
where PS5 is the ratio of matched b-spectrum versus parton pp b-spectrum in ALPGEN
and 7PCPN s the same for the light-spectra.

Both the original and the “folded” MCFM distributions for b and light partons are shown
in figure 13.1. The reco jet > 20 GeV cut causes a large drop in the parton pr bins less than
20 GeV, as expected. The contribution from partons with pr < 15 GeV is 7% of the whole.
To estimate the uncertainty due to this contribution, the Z+b/Z + ¢ ratio is calculated using
the “folded” distributions and half of the difference from the MCFM parton pr > 20 GeV
ratio is taken as the uncertainty. The difference is found to be 3.6%. The central value for

the new “folded” ratio is then used to compare to the result in data.
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Chapter 14

Conclusions

This thesis presented a description of the detection and measurement of the o(Z + b-
jet)/o(Z+jet) ratio using 4.2 fb~! of data from proton-antiproton collisions recorded by
the D@ experiment at Fermi National Accelerator Laboratory at a center of mass energy,
Vs of 1.96 TeV. The analysis yielded a measurement of o(Z + b-jet)/o(Z+jet) = 0.0193 £+

0.0022 £0.0015 and is in good agreement with the theoretical prediction of 0.018573 955 [1].

This analysis has more statistics and has less uncertainty than previous measurements
made by both DO [8] and CDF [9]. It uses more data and covers a larger region in jet ) than
either of the previous measurements and is the first vector boson plus jet analysis completed
using RunlIIb data at D@. This analysis has helped to provide a better understanding
of the b-quark density within a proton. It also narrowed down a significant background for
Z H — 11bb production and will aid in measuring the o(Z+b) cross section to better precision

than ever before.
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Appendix A

Maximum Likelihood Fitter

The maximum likelihood fitter used in this analysis takes the MJL template shape for b-, c-
and light-jets as well as the distribution in the data as inputs. For the fitting, the sum of
the b-, c- and light-jet contributions are normalized to the data. In other words, the sum of

the fractions total one, as shown in equations A.1-A.3.

D =Ny +N.+ N, (A1)
D=/,D+ D+ /D (A.2)
L= fy+ fo+ fi (A.3)

where D is the number of events in the data, N,, N., N, are the number of b-, ¢- and
light-jet events in data and f,, f., and f; are the fractions of b-, ¢- and light-jet events in
data.

Because of the binning (or discontinuous) makeup of the MJL templates, a Poissonian
approach is taken by the maximum likelihood fitter. Equation A.4 shows the Poisson distri-
bution, which computes the probability (P) that the number of actual events is r (number

of MC events) given p (number of observed events):
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Figure A.1: Simple example of distribution and its two components, all normalized to unity.

pre

P(r) (A.4)

rl

where r is the number of MC events, which is normalized to data. The number r,
however is also a combination of the f;, f. and f; fractions. The fractions are then varied
within the normalization. For each combination, a maximum likelihood value is calculated
by maximizing a log-likelihood value over the number of bins (N) in the data, as shown in

equation A.5:

Lw)=in]] (A.5)

The value for r that maximizes equation A.5 is then returned as the combination of frac-
tions that best describes the data.

A simplified example is shown in figure A.1. In this case, the data has an equal number

of entries in the two bins that cover its range. One template has only entries in the first
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Appendix A: Maximum Likelihood Fitter

bin and the other only has entries in the second bin. The stipulation that D = N; + N,
is set, where N; is the number of events from template one, Ny is the number of events
from template two and D is the number of events in data. The two extreme cases where
either Ny or Ny equal the number of events in data should give the same result, as shown in
equation A.7. Whereas the case where Ny = Ny = D/2 gives a different result, as shown in
equation A.8. The only difference between equations A.7 and A.8 is D! vs. (D/2)!%. For all
values of D in this case, (D/2)!? < D!, giving the expected result that the Ny = Ny = D/2

case gives a higher log-likelihood than the Ny = D, Ny = 0 and the Ny = D, N; = 0 cases.

L(p) =— Z fi + Z rin(u;) — Z In(r;!) (A.6)
L(p) = =D+ Din(D/2) — In(D!) = —D + Din(D/2) — In(D!) (A7)
L(p) = =D +2D/2in(D/2) — 2in((D/2)!) (A.8)

To find extrema of L(u), set the first derivative to zero (equation A.9). As expected, the

Ny = Ny = D/2 formulation gives an extremum (r; = p;).

dL(p) =y

And, finally, check that the second derivative is negative for the above value:

82L al T
12 =1 M

The second derivative is negative for all positive values of r;, thus this extremum is a

maximuin.
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Appendix A: Maximum Likelihood Fitter

Both the statistical uncertainty in the data and the templates contribute to the uncer-
tainty in the fit. Each bin for the data and templates is fluctuated within its statistical
uncertainty, and then the maximum likelihood is remeasured. Uncertainty due to data
statistics is considered statistical, while uncertainty due to template statistics is taken as
systematic uncertainty. Clearly, low statistics can cause a high uncertainty in the fitter.

This is the motivation behind increasing the template statistics.
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Appendix B

Medium Operating Point

This appendix shows the distributions and maximum likelihood fitter result for the operating
point NN > 0.65. Figure B.1 shows the MJL template for the medium (NN > 0.65) operating
point. The separation of b-jets from the others is still strong, however the separating power
between c- and light-jets has diminished considerably.

Table B.1 shows the fractions for the ee, up and combined channels given by the maximum
likelihood fitter, and table B.2 shows the results for the o(z + b-jet)/o(z+jet) ratio for each
channel. Figures B.2 - B.5 show the jet pr and MJL distributions from the maximum

likelihood fitter output for the combined, ee and pp channels. All three channels are in

excellent agreement with the NN > 0.5 operating point used for this analysis.

Events 788 534 1321
Channel ee o Combined
Z+Db 0.298 + 0.044 | 0.277 £+ 0.047 | 0.290 + 0.031
Z+-c 0.505 + 0.068 | 0.401 £+ 0.077 | 0.461 £ 0.055
Z+1 0.197 + 0.053 | 0.322 4+ 0.064 | 0.249 + 0.044

Table B.1: Fractions from maximum likelihood fitter for ee and pp and combined channels

for |n| < 2.5 region and NN > 0.65 operating point.
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Figure B.1: MJL template for NT data, MC b-, ¢- and light-jets for NN > .65 operating

point

Channel

o(z+b)/o(z + jet) Ratio

ee

0.019740.003140.0006

[0

0.01914:0.00334-0.0006

Combined

0.0195£0.0023£0.0004

Table B.2: o(z +b)/0(z + jet) ratio for |n| < 2.5 for region and NN > 0.65 operating point.

135



Appendix B: Medium Operating Point

E * data
2400 —=— MC b-jets
350 —— MC c-jets
EM neg tagged
300 ~= b+c+NT

]

4

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
MJL

o
o
=y
o
MA

Figure B.2: MJL distribution from maximum likelihood fitter for || < 2.5 and NN > 0.65
region
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Figure B.3: Jet pr distribution from maximum likelihood fitter for |n| < 2.5 and NN > 0.65
region
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Figure B.4: MJL distributions for ee and pp channels in the |n| < 2.5 region for NN > 0.65
cut.
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Figure B.5: MJL distributions for ee and pp channels in the |n| < 2.5 region for NN > 0.65
cut.
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B.1 MJL Dependence on NN Scale Factors

When applying a cut on the NN tagger, a data-to-MC scale factor that depends on the cut
made has to be applied. The scale factor applied for an NN cut of > 0.5 is different than
the scale factor applied for an NN cut of > 0.65. The application of the scale factors can
then be carried out in two ways. One way, the method used in this analysis, is to simply
use the scale factor for each jet given by the NN > 0.5 operating point. The other way is
to apply the scale factor of the region that the NN value of the jet falls in. In other words,
if the NN value of the jet falls between 0.5 < NN < 0.65, then the scale factor exclusively
for that region is applied. The exclusive scale factor is different than the scale factor given
by the NN tagger. The scale factor given by the NN tagger is the data-to-MC correction
for any jet that has an NN value greater than the operating point used, while the exclusive
scale factor for a given operating point, 7 is calculated using equation B.1:

SEli] = SFEnnl[i] * eN$[i] — SFyn[i + 1] % eM§ i + 1]
R N1 — NSl + 1]

(B.1)

where SFyy/[i] is the scale factor given by the NN tagger for the operating point ¢, and

eMCli] is the NN tagger efficiency of that operating point.

Figure B.6 shows the MJL template for b-jets with the NN > 0.5 scale factors applied to
the jets, as well as the reweighted template with the exclusive scale factors applied to each
jet. The templates are very similar, and result in a 0.4% difference in the central value of

the Z + b fraction.
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Figure B.6: MJL template for b-jets with NN > 0.5 scale factor and exclusive scale factor
(“reweighed”) applied.
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Study of p;r Dependence of MJL

Templates for b-jets

Figure C.1 shows the MJL shapes for b-jets from different sources and their corresponding
pr distributions. Although the pr spectra for b-jets are different, the MJL shapes are quite

stable.
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Figure C.1: a) MJL and b) pr distributions for b-jets coming from Z + b, diboson and tt
samples. The jets pass the NN > 0.5 requirement.

Figure C.2 shows the MJL templates for Z + b-jets with pr > 20 GeV and pr < 35 GeV,

and figure C.3 shows the template for b-jets with pr < 50 GeV. The three regions are in
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good agreement and display the lack of a large pr dependence in the MJL discriminant.
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Figure C.2: MJL template for b-jets with (a) pr > 20 GeV and (b) pr < 35 GeV
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Figure C.3: MJL template for b-jets with (a) pr > 20 GeV and (b) pr < 50 GeV
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Appendix D

Jet pr distributions Across Channels

D.1 Distributions from Monte Carlo

Figures D.1-D.6 show the leading jet pr spectra for b-, c-, and light-jets in the dielectron

and dimuon channels before and after tagging. They are very consistent across channels, as

expected.
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Figure D.1: The b-jet pr distributions in the dielectron and dimuon channels before (left)
and after tagging (right). For the tagging, NN > 0.775 requirement has been used.
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Figure D.2: The c-jet pr distributions in the dielectron and dimuon channels before (left)
and after tagging (right). For the tagging, NN > 0.775 requirement has been used.
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Figure D.3: The light-jet pr distributions in the dielectron and dimuon channels before (left)
and after tagging (right). For the tagging, NN > 0.775 requirement has been used.
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D.2 Distributions from Data
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Figure D.4: The Zpr distributions in the dielectron and dimuon channels in data before
tagging.
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Figure D.5: The leading jet pr distributions in the dielectron and dimuon channels in data
before (left) and after tagging (right). For the tagging, NN > 0.5 requirement has been
used.
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Figure D.6: The leading jet n distributions in the dielectron and dimuon channels in data
before (left) and after tagging (right). For the tagging, NN > 0.5 requirement has been
used.
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Negative Tagged Jets

As discussed in the Chapter 11, the MJL template for NT jets from data has been used for
the light-jet template. Before the NT jets sample can be used however, the b-contamination
must be removed. Figure E.1 shows the MJL template shapes for NT jets in the Z +b, Z +c,
and Z +1 MC. Using these templates, the b-contamination in the data can be measured with

a maximum likelihood fitter. The fractions were found to be:

Fraction

NT b 0.176 = 0.017
NT ¢ 0.218 £ 0.042
NT light | 0.607 + 0.034

Table E.1: Fractions from maximum likelihood fitter for NT b-, NT ¢- and NT light-jets in
NT jets from data. The NT b-, NT ¢- and NT light-jet templates were taken from MC.

Figure E.2 shows the MJL distribution in NT jet in data along with contributions from

b-, c- and light-jets given by the maximum likelihood fitter.

Using NT data with the b-contamination removed is based on the assumption that the
MJL templates of NT light-jets and tagged light-jets are similar. Figure E.3 shows the dis-

tributions for both tagged Z+light-jet and NT Z+light-jet samples. The distributions are
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Figure E.1: The MJL distributions for b-, ¢- and light-jets obtained from Monte Carlo
negative tagged jets along with negative tagged jets in data.
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Figure E.2: The MJL distribution in NT data along with contributions from NT b-; ¢- and
light-jets.
almost identical. For further inspection, a generic MC multijet sample was compared to that

of NT jets in data (figure E.4). Both shapes show the “tail” from a large b-contamination.

Finally, the multijet sample was used to check the accuracy of the maximum likelihood
fitter. Templates from negative tagged b-, c- and light-jets were used to measure the fractions
of each in the negative tagged multijet sample. The maximum likelihood fitter gave a b-
contamination of 36 & 4%, while MC truth gave a b-contamination of ~ 34%, well within

the range given by the maximum likelihood fitter.
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Figure E.3: The MJL distributions for NT MC light-jets and tagged MC light-jets.
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Figure E.4: The MJL distributions for NT MC multijet sample and N'T jets in data.
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Appendix F

Single Muon Trigger List

Information for each trigger level is embedded in each of the names in table F.1. For example,

MUHI2_TMM10 requires a Level 1 track > 10 GeV.
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Single Muon Trigger List
MUHI1_ITLM10_a
MUHI1_TK12_TLM12
MUHI1_ILM15
MUHI2_ITLM10_a
MUHI2_TK12_TLM12
MUHI2_ILM15
MUHI3_ITLM10
MUHI3_TK12_TLM12
MUHI3_ILM15
MUHI1_ITLM10.b
MUHI2_ITLM10-b
MUHI1_ILM10
MUHI2_ILM10
MUHI1_TLM12
MUHI2_TLM12
MUHI1_-MM10
MUHI1_TMM10
MUHI2_MM10
MUHI2_TMM10

Table F.1: Single muon triggers used in analysis.
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Single Electron Trigger List

Information for each trigger level is imbedded in each of the names in table G.1 and table G.2.

For example, E1_L.70 requires a Level 1 EM object with Er > 12 GeV.
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Single Electron

Trigger List

E1.ISH30 TE1.L80-NOLUM
E1_ISHT15.TK13 TE3_LH2ISH24
E1_ISHT22 TE3-L80-NOLUM
E1_L70 TE3_L80
E1_L80 TE3_L70
E1_LH2ISH24 TE3-ISHT22
E1_LH2ISHT17T14 TE3_ISHT15.TK13
E1_LH2L70 TE3-ISH30
E1_LH2SH27 TE2_T15SH20
E1_LH3ISH25 TE2_.T14LH2SH17
E1_LH3SH27 TE2_T13SHT15
E1_SH35 TE2_SHT50
E1_SH60 TE2_SHT25
E1_SHT25 TE2_SH60
E1_SHT27 TE2_SH35
E1_SHT27_NOLUM TE2_LH2SH27
E1_SHT50 TE2_LH2L70

E1_T13SHT15

TE2_LH2ISHT17T14

E1_T14LH2SH17

TE2_LH2ISH24

E1_T15SH20 TE2_L80
E2_ISH30 TE2_L70
E2_ISHT15.-TK13 TE2_ISHT22
E2_ISHT22 TE2_ISHT15.TK13
E2_L70 TE2_ISH30
E2_L80 TE1_T15SH20

E2_LH2ISH24

TE1_T14LH2SH17_NOLUM

E2_LH2ISHT17T14

TE1_T14LH2SH17

E2_LH2L70

TE1_T13SHT15

E2_LH2SH27

TE1.SHT50_-NOLUM

E2_LH3ISH25 TE1_SHT50

E2_LH3SH27 TE1.SHT25_NOLUM
E2_SH35 TE1_SHT25
E2_SH60 TE1.SH60_-NOLUM
E2_SHT25 TE1_SH60
E2_SHT27 TE1.SH35
E2_SHT50 TE1_.LH2SH27_NOLUM

E2_T13SHT15

TE1_.LH2SH27

E2_T14LH2SH17

TE1.LH2L70-NOLUM

E2_T15SH20 TE1_LH2L70
TE1-ISH30 TE1.LH2ISHT17T14_NOLUM
TE1_.ISHT15.TK13 TE1_LH2ISHT17T14
TE1_ISHT22 TE1.LH2ISH24_NOLUM
TE1_L70 TE1_LH2ISH24
TE1_-L80 TE1.L80-NOLUM

TE3-LH2ISH24_NOLUM

TE3_LH2ISHT17T14

TE3_.LH2ISHT17T14_NOLUM

TE3_LH2L70

Table G.1: Single electron triggers used in analysis.
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Table G.2:

TE3-LH2L70_.NOLUM

TE3-LH2SH27

TE3_.LH2SH27_NOLUM TE3_SH35
TE3_-SH60 TE3_.SHT25
TE3-SHT25_NOLUM TE3_.SHT50

TE3_SHT50_NOLUM

TE3_T13SHT15

TE3_.T14LH2SH17

TE3_-T14LH2SH17_-NOLUM

TE3_T15SH20 TE4_ISH30
TE4.ISHT15.TK13 TE4_ISHT22
TE4_L70 TE4_L80

TE4.L80-NOLUM

TE4_LH2ISH24

TE4_LH2ISH24_NOLUM

TE4_LH2ISHT17T14

TE4_LH2ISHT17T14_NOLUM TE4_LH2L70

TE4_.LH2L70_.NOLUM TE4_.LH2SH27
TE4_LH2SH27_NOLUM TE4_SH35
TE4_SH60 TE4_SHT25
TE4_SHT25_NOLUM TE4_SHT50

TE4_.SHT50-NOLUM

TE4_T13SHT15

TE4_T14LH2SH17

TE4_T14LH2SH17_NOLUM

TE4_T15SH20 TE5-ISH30
TE5.ISHT15.-TK13 TE5.ISHT22
TE5_L70 TE5_L80
TE5_-LH2ISH24 TE5_.LH2ISHT17T14
TE5_LH2L70 TE5_LH2SH27
TE5-SH35 TE5-SH60
TE5_SHT25 TE5_SHT50

TE5-T13SHT15

TE5_.T14LH2SH17

TE5_T15SH20

Single electron triggers used in analysis, continued.
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Appendix H

MC Samples

Tables H.1 - H.2 show the MC samples used in this analysis.
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Process and Mass Range (GeV) ox BR (pb) Generator Events
Z/y* +0lp — pp 15 < M(Z) < 75 338.363 ALPGEN+ PYTHIA 1805548
Z/y* +0lp — pp 75 < M(Z) < 130 133.103 ALPGEN+ PYTHIA 1036678
Z/~y* 4+ 0lp — pp 130 < M(Z) < 250 1.335 ALPGEN+ PYTHIA 271249
Z/y* 4+ 0lp — pp M(Z) > 250 0.072 ALPGEN+ PYTHIA 541752
Z/y* 4+ 1Up — pp 15 < M(Z) < 75 39.942 ALPGEN+ PYTHIA 336634
Z/y* 4+ Up — pp 75 < M(Z) < 130 40.677 ALPGEN+ PYTHIA 616917
Z/~y* 4+ Up — pp 130 < M(Z) < 250 0.931 ALPGEN+ PyTHIA 173777
Z/v* 4+ 1p — pp M(Z) > 250 0.036 ALPGEN+ PYTHIA 450281
Z/y* +2lp — pp 15 < M(Z) < 75 9.870 ALPGEN+ PYTHIA 197528
Z/y* 4+ 2lp — pp 75 < M(Z) < 130 9.7514 ALPGEN+ PYTHIA 432267
Z/~y* 4+ 2lp — pp 130 < M(Z) < 250 0.480 ALPGEN+ PyTHIA 173118
Z/~v* 4+ 2lp — pp M(Z) > 250 0.011 ALPGEN+ PYTHIA 354830
Z/y* 4+ 3lp — pp 15 < M(Z) < 75 2.739 ALPGEN+ PYTHIA 317512
Z/y* 4+ 3lp — pp 75 < M(Z) < 130 3.1148 ALPGEN+ PYTHIA 166902
Z/~y* 4+ 3lp — pp 130 < M(Z) < 250 0.053 ALPGEN+ PYTHIA 164316
Z/~y* 4+ 3lp — pp M(Z) > 250 0.0066 ALPGEN+ PYTHIA 354415
Z/y* +2b+0lp — pp 15 < M(Z) < 75 0.5087 ALPGEN+ PYTHIA 188546
Z/y* +2b+0lp — pp 75 < M(Z) < 130 0.4175 ALPGEN+ PYTHIA 179558
Z/~y* +2b+0lp — pp 130 < M(Z) < 250 0.0034 ALPGEN+ PYTHIA 90624

Z/y* +2b+0lp — pp M(Z) > 250 0.00034 ALPGEN+ PYTHIA 178546
Z/y* +2b+ 1lp — pp 15 < M(Z) < 75 0.1988 ALPGEN+ PYTHIA 92018

Z/y* +2b+ 1lp — pp 75 < M(Z) < 130 0.1904 ALPGEN+ PYTHIA 96941

Z/y* +2b+ 1lp — pp 130 < M(Z) < 250 0.0018 ALPGEN+ PyTHIA 46222

Z/y* 4+ 2b+ 1lp — pp M(Z) > 250 0.00018 ALPGEN+ PYTHIA 180821
Z/y* +2b+2lp — pup 15 < M(Z) < 75 0.01835 ALPGEN+ PYTHIA 89922

Z/y* +2b+42lp — pp 75 < M(Z) < 130 0.09859 ALPGEN+ PyTHIA 47925

Z/y* 4+ 2b+ 2lp — pp 130 < M(Z) < 250 0.00088 ALPGEN+ PyTHIA 45903

Z/y* 4+ 2b+ 2lp — pp M(Z) > 250 0.0001 ALPGEN+ PYTHIA 187820
Z/y* +2c+0lp — pp 15 < M(Z) < 75 4.144 ALPGEN+ PYTHIA 180580
Z/y* +2c+0lp — pp 75 < M(Z) < 130 0.9322 ALPGEN+ PyTHIA 187636
Z/y* 4+ 2¢c+ 0lp — pp 130 < M(Z) < 250 0.0076 ALPGEN+ PYTHIA 79493

Z/y* +2c+0lp — pp M(Z) > 250 0.00062 ALPGEN+ PYTHIA 191017
Z/y* +2c+ 1lp — pup 15 < M(Z) < 75 0.9530 ALPGEN+ PYTHIA 93093

Z/y* +2c+ 1lp — pp 75 < M(Z) < 130 0.5481 ALPGEN+ PYTHIA 187636
Z/y* 4+ 2¢c+ 1lp — pp 130 < M(Z) < 250 0.00439 ALPGEN+ PYTHIA 45857

Z/y* 4+ 2¢+ 1lp — pp M(Z) > 250 0.00044 ALPGEN+ PYTHIA 170822
Z/y* +2c+2lp — pup 15 < M(Z) < 75 0.3431 ALPGEN+ PYTHIA 95436

Z/y* +2c+2lp — pp 75 < M(Z) < 130 0.0985 ALPGEN+ PYTHIA 49608

Z/y* 4+ 2¢c+ 2lp — pp 130 < M(Z) < 250 0.00283 ALPGEN+ PYTHIA 47946

Z/y* 4 2¢c+ 2lp — pp M(Z) > 250 0.00026 ALPGEN+ PYTHIA 181158
ZZ — 2520 0.226 PyTHIiA 105325
WZ — 2520 0.275 PyTHIiA 273344
WW — incl 12.35 PyrHIA 675814
tt — 2b202v + Olp 0.33 ALPGEN+PYTHIA 749642
tt — 2b202v + 1lp 0.14 ALPGEN+PYTHIA 452177
tt — 2b202v + 2lp 0.07 ALPGEN-+PYTHIA 281453

Table H.1: The MC samples used and their cross sections (before any scaling corrections)
and number of events generated after removing events failing D(Q cuts. Here, ¢ stands
for any of the charged leptons: e or pu. “lp” stands for ”light-parton” in ALPGEN and
indicates the number of hard jets at the parton level for each ALPGEN+PYTHIA sub-sample.
“excl.” means that the sub-sample is exclusive and requires exactly the number of light
partons indicated, whereas “incl.” denotes that all higher parton multiplicity states were
also allowed. Some samples used have been processed through a HF skimming in order to
avoid double counting of - and c-quark production.
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sample

cross-section(xBR)

num. events

Z+-0lp excl.
Z+40lp excl.
Z+40lp excl.
Z+11p excl.
Z+11p excl.
Z+11p excl.
Z+21p excl.
Z+21p excl.
Z+21p excl.

Z+3lp incl.
Z+3lp incl.
Z+3lp incl.

(Mz=15-75 GeV)
(M z=T75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(M z=75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(M z=75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(M z=T75-130 GeV)
(M z=130-250 GeV)

Z+2b+0lp excl.
Z+2b+0lp excl.
Z+2b+0lp excl.
Z+2b+1lp excl.
Z+2b+11p excl.
Z+2b+1l1p excl.

Z+2b+2lp incl.

Z+2b+2lp incl.
Z+2b+2lp incl.
Z+2c+0lp excl.
Z+2c+0lp excl.
Z+2c+0lp excl.
Z+2c+1lp excl.
Z+2c+1lp excl.
Z+2c+1lp excl.

Z+2c+2lp incl.
Z+2c+2lp incl.
Z+2c+2lp incl.

(Mz=15-75 GeV)
(M z=75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(M z=75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(Mz=75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(M z=75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(M z=75-130 GeV)
(M z=130-250 GeV)
(Mz=15-75 GeV)
(Mz=75-130 GeV)
(M z=130-250 GeV)

337 pb
132 pb
0.891 pb
40.0 pb
40.1 pb
0.376 pb
9.95 pb
9.98 pb
102 fb
2.77 pb
3.30 pb
33.1 fb
0.518 pb
0.401 pb
3.40 fb
0.207 pb
0.173 pb
1.67 fb
78.3 fb
107 fb
0.938 fb
4.09 pb
0.901 pb
7.50 fb
1.03 pb
0.506 pb
4.33 fb
0.382 pb
0.286 pb
2.67 fb

1580k
1010k
350k
1580k
570k
180k
550k
270k
160k
540k
130k
300k
170k
200k
90k
85k
93k
45k
82k
44k
44k
180k
180k
180k
180k
90k
90k
170k
50k
90k
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Table H.2: The MC samples used, their cross sections (before any scaling corrections) and
the number of events generated after removing events failing DQ cuts. Here, ¢ stands for
any of the charged leptons: e or pu. “Ip” stands for ”light-parton” in ALPGEN and indicates
the number of hard jets at the parton level for each ALPGEN+PYTHIA sub-sample. “excl.”
means that the sub-sample is exclusive and requires exactly the number of light partons
indicated, whereas “incl.” denotes that all higher parton multiplicity states were also allowed.
Some samples used have been processed through a HF skimming in order to avoid double
counting of b and ¢ quark production.
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