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Zusammenfassung

Als Austauschteilchen der schwachen Wechselwirkung ist das WW-Boson ein zentraler Bestandteil
des Standardmodells der Teilchenphysik. Seine Masse ist im Rahmen des Standardmodells ein
fundamentaler Parameter, der sich nicht vollstindig aus der Theorie ergibt. Nur mithilfe
experimenteller Messungen solcher Grofien lassen sich aus dem Standardmodell Vorhersagen
iiber tatsachlich beobachtete Prozesse ableiten. Dariiber hinaus erlaubt eine genaue Kenntnis
der Masse des W-Bosons auch einen Test der inneren Konsistenz des Standardmodells. Dies
ist von besonderem Interesse, da im Allgemeinen angenommen wird, dass es sich bei dem
Standardmodell nur um eine effektive Theorie handelt, von der erwartet wird, dass sie eine
Vereinfachung einer tieferen, weitreichenderen Theorie darstellt.

Die Messung der Masse des W-Bosons stellt sehr hohe Anspriiche an das Verstdndnis der
Prozesse, die zu seiner Produktion fiihren, wie auch des Detektors, der zum Nachweis seiner
Zerfallsprodukte genutzt wird. Letzteres beinhaltet insbesondere die Wahrscheinlichkeit, dass
diese Zerfallsprodukte aufgezeichnet und korrekt identifiziert werden.

Der ATLAS-Detektor, beheimatet am Européischen Labor fiir Teilchenphysik (CERN) nahe
Genf, ist einer der fortschrittlichsten Teilchendetektoren, die gegenwartig in Betrieb sind.
Durch die weltweit unerreicht hohe Energie und Intensitdt der Protonenstrahlen, die vom
LHC bereit gestellt werden, und die in seinem Inneren zur Kollision gebracht werden, kon-
nten im Jahr 2011 iiber zehn Millionen leptonische Zerfallsereignisse von W-Bosonen bei einer
Schwerpunktsenergie von 7TeV aufgezeichnet werden. Dies ldsst eine hochprazise Messung
der W-Masse zu.

Basierend auf einer aussagekréftigen Teilmenge dieser Ereignisse, entsprechend einer integri-
erten Luminositit von 100 pb~!, wird in dieser Dissertation eine erste Messung der W-Masse
mit Daten des ATLAS-Detektors im myonischen Zerfallskanal des W-Bosons vorgestellt. Das
Ergebnis dieser Messung ist My, = 80.380 £ 0.045(stat.) £ 0.021(sys.) GeV. Dartiber hinaus
werden neben der eigentlichen Messung Studien préasentiert, die zu dem dafiir notwendigen
Detektorverstandnis beigetragen haben.






Abstract

The W boson, being one of the exchange bosons of the weak interaction, is one of the fun-
damental particles in the Standard Model of particle physics. The value of its mass cannot
be derived within the framework of the Standard Model; on the contrary, it is one of the free
parameters which have to measured experimentally in order for the Standard Model to make
predictions. Moreover, an experimental determination of the mass of the W boson allows for
a test of the internal consistency of the Standard Model, which is of high importance, since
the Standard Model is expected to be only an effective theory. This means, that beyond a cer-
tain threshold of precision, inconsistencies within the Standard Model are expected to appear,
pointing at a new, underlying theory of broader scope and explanatory power.

A precision measurement of the mass of the W boson is challenging both in terms of modeling
the processes leading to its production, as well as the understanding of the particle detector
with which its decay products are measured.

The ATLAS detector used for this task is one of the most advanced particle detectors
currently in use. It is located at the European Laboratory for Particle Physics (CERN) close to
Geneva, Switzerland. Supplied by the Large Hadron Collider with proton beams of intensities
and energies never reached before in a laboratory environment, ATLAS detected more than
ten million events containing leptonic decays of W bosons at a center of mass energy of 7 TeV
in the year 2011. This allows for a precise measurement of the mass of the W boson.

Based on a significant sub-set of these events, corresponding to an integrated luminosity of
100 pb~!, a first measurement of My based on muonic W boson decays observed at ATLAS, is
presented in this thesis. The resulting value is My, = 80.380 £ 0.045(stat.) & 0.021(sys.) GeV.
Apart from the measurement itself, studies necessary for an accurate modeling of the detector
are presented.
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Part |I.

Introduction






1. Motivation

From the earliest times, man’s dream
has been to comprehend the complexity
of nature in terms of as few unifying
concepts as possible.

Abdus Salam [1]

One of the greatest goals of modern physics is the explanation of the cosmos with a set of
simple rules and through a small set of entities. The feasibility of this undertaking seems to be
supported by a view back into the history of the field. Since the time of the renaissance and its
rebirth of the empirical study of nature, physicists were able to describe seemingly unconnected
phenomena with unified theories of ever broader scope. Beginning with Newton’s insight in the
17th century, that motions on earth and of celestial bodies follow the same pattern; Maxwell’s
unification of electrical and magnetic phenomena with his equations for the electromagnetic
field; Einstein’s theories of special and general relativity, unifying mechanics, electromagnetism
and gravity; up to the Standard Model of particle physics' which now is the state of the art,
this research program turned out to be very successful. As will be explained in detail later on,
it now seems as if numerous phenomena in the cosmos, as well as the evolution and origin of
cosmos itself, could be explained by a set of 17 particles, 12 antiparticles and their interactions.

However, it is clear that this cannot be the final word. On the contrary, the Standard
Model leaves open questions. For example, up until now it seems that gravity cannot be
included in the formalism of the Standard Model. Simple approaches lead to results which
in themselves indicate fundamental problems. On the other hand, General Relativity, which
describes gravity extremely well, suffers from its missing modeling of quantum effects, leading
to similar problems. These are, for example, the singularities predicted in black holes, as well
as the singularity at the seeming beginning of the universe, the Big Bang. These singularities
are expected to vanish in a unified theory.

Apart from these formal points, measurements also indicate that a large fraction of the
universe cannot be explained by the Standard Model in its present form. According to the
Planck satellite probe (cf. ref. [2]), almost 96% of the matter-energy content of the universe
seem to consist of an unknown energy called Dark Energy and unknown particles called Dark
Matter. Together, both form the Dark Universe, for which the Standard Model seems to be
unable to account.

The Standard Model needs experimental input. There exist 26 (cf. ref. [3]) free parame-
ters? — also known as physical constants — which need to be measured for the Standard

L As is common, this will be shortened to Standard Model or SM.

2Ref. [3] counts these free parameters as follows: The masses of the twelve fundamental fermions; the three
coupling constants of the electromagnetic, weak and strong interaction; the two parameters describing the
Higgs potential; the eight mixing angles of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) and Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrices; and the strong CP phase, which is measured to be close or
identical to zero.



1. Motivation

Model to give predictions. From a philosophical point of view, this feature is unwanted in a
theory: The principle of Occam’s razor, commonly applied in the natural sciences, prefers the
theory with the least number of free parameters (cf. ref. [4]). This is because a false theory
can be 'protected’ by a large number of free parameters, since these allow for the theory to be
modified in such a way as to be consistent with all measured data.

For these reasons, there is a large number of theories aiming to replace and supersede the
Standard Model: Two modern and far-reaching examples are string theory and loop quantum
gravitation. However, there are no experimental data preferring one or the other over the
current knowledge. Therefore, it seems natural that a stepping stone towards a new theory is
defining a clearer picture of the inconsistencies and shortcomings which are expected to exist
within the Standard Model.

Since the discovery of the Higgs boson at the ATLAS and CMS experiments (cf. ref. [5,6]),
the Standard Model is now complete. This means, that all particles predicted by the Standard
Model have been discovered, and that the internal consistency of the Standard Model can be
stringently tested through precise measurements of its free parameters. One example for such
a consistency test is the measurement of the mass of the top quark M;, the Higgs mass My
and the mass of one of the exchange bosons of the weak interaction — the mass of the W boson,
Myy. In the Standard Model, all these three values are connected via quantum effects. The
current state of this test is illustrated in Figure 1.1. As can be seen, the direct measurements,
represented by the green bands for M; and Myy, and by the bold gray line for My, show an
agreement at the 2o level. As can also be seen, this test is limited by the current knowledge
of My, and very sensitive to its uncertainty.

This thesis presents work leading to an improvement of this consistency test — a precision
measurement of My, at the ATLAS experiment. For comparison, the current value of the
world average is (80.385 & 0.015) GeV (cf. ref. [8]). This corresponds to a relative uncertainty
of 1.9 x 1074, indicating the high level of precision needed in all studies leading up to the final
measurement.

It is structured as follows: Section 2 contains a detailed discussion of the Standard Model,
followed by an introduction to the process of its production at the Large Hadron Collider in
Section 3. In the latter, the kinematics and the connection between the observables accessible
at ATLAS and the mass of the W boson will also be laid out. The experimental setup
is described in Section 4, and the method to obtain precise theoretical predictions through
simulations — a prerequisite to the measurement — is discussed in Section 5.

Part II deals with studies performed in order to improve the understanding of the detector,
necessary for realistic simulations. These studies resulted in a set of correction factors for
the simulations used, also known as scale factors. Chapter 6 gives an introduction to the
method for obtaining the necessary event samples; to the estimation and correction of the
background admixtures; and to the calculation of the scale factors and their uncertainties.
In Chapter 7 the studies performed to obtain the scale factors for the muon reconstruction
efficiency are presented. A similar discussion for the muon trigger and isolation efficiencies is
found in Chapter 8 and Chapter 9, respectively. Part II of the thesis is concluded by a closure
test of the obtained scale factors in Chapter 10.

In Part III all these discussions will be synthesized in order to perform a first measurement of
the mass of the W boson with muons in the final state at ATLAS. It begins with an introduction
to the fitting method, including the sources and propagation of uncertainty on the final result
in Chapter 11. This is followed by a closure test of the analysis chain in Chapter 12, where
Z events were selected and the mass of the Z boson, Mz, was measured. Since the world
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Figure 1.1.: Current state of the consistency test of the Standard Model via the mass of the W
boson My, of the Higgs boson My and of the top quark M;. The = axis shows the
mass of the top quark, the y axis that of the W boson. The dashed gray diagonal lines
represent hypothetical masses of the Higgs boson, while the bold line represents the
mass obtained at ATLAS and CMS. The gray contours represent the 68 % and 95 %
confidence intervals if My, My and M, are excluded from the fit to the Standard
Model, while the blue contour includes the direct measurement of Mpy. Taken from
ref. [7].

average of My (cf. ref. [8]) was used in the calibration of the muon momentum scales, this
measurement is expected to reproduce this value. Finally, in Chapter 13 the first measurement
of the mass of the W boson with a sub-set of the data gathered in 2011 is discussed.

The appendix contains a study performed with electrons in the final state, using data gath-
ered in 2012, in Appendix A. In this study, an identification algorithm for electrons close to
the beam axis, so-called forward electrons, based on machine learning techniques was derived;
and associated scale factors for the Monte Carlo simulation used were obtained. Using these
electrons, studies of kinematic regions otherwise inaccessible to the ATLAS detector can be
performed, including such which are expected to reduce the systematic uncertainty on My, sig-
nificantly. In addtion, the appendix contains a discussion of the muon reconstruction efficiency
in the inner detector in Appendix C, which acts as a prerequisite for the studies discussed in
Part II.

As is common in high energy physics, natural units with # = ¢ = 1 are used throughout
this thesis. Furthermore, anti-particles are denoted by the same name as the particles they
correspond to. In particular, electron denotes both e~ and e™, and muon both p~ and pt.






2. Theoretical Foundations

The Standard Model explains and summarizes most of the results obtained so far in physics.
It allows for very precise predictions, able to be tested experimentally with high accuracy,
as highlighted by the results of global fits discussed above. The following discussion of the
theoretical foundations for this thesis is built on ref. [8-10].

2.1. Standard Model

The Standard Model is defined by its particle content and the rules describing the interaction of
these particles. Four forces — or interactions — are known in nature: Gravity, electromagnetic
interaction, as well as the weak and strong interaction.

Gravity, while playing a large role on the scales of the visible universe, usually plays a
negligible role in particle physics. For the results presented in this thesis, no discernible effect
is expected. This can easily be seen by comparing the typical strength of the electric and
gravitational attraction between the particles involved: For two protons, the electromagnetic
force is 36 orders of magnitude larger. Interestingly, it is unclear whether gravity can be
described in the framework of the Standard Model at all. It is expected that the interaction
is mediated by so-called gravitons, particles with spin 2.

The electromagnetic interaction acts on particles with non-zero electric charge Q. It is
mediated by photons. In the Standard Model, it is the only force which acts on long range
due to the fact that photons are massless and do not carry an electric charge. The quantum
field theory of electromagnetic interactions is called Quantum Electrodynamics (QED).

The weak interaction acts on particles with non-vanishing weak isospin 7', a concept intro-
duced in greater detail later on. It is mediated by the vector bosons W and Z. The W boson
interacts only with left-handed fermions and right-handed antifermions. This is due to the
V' — A nature of the weak interaction. Moreover, the W and Z bosons are massive and there-
fore only play a role at small distances. In the 1960s, Glashow, Weinberg and Salam were able
to merge the theory of the electromagnetic interaction with that of the weak interaction (cf.
ref. [11]). The resulting interaction is called the electroweak interaction. Since this interaction
plays a central role in this thesis, it will be discussed in more detail in Section 2.2.

One of the properties of the weak interaction is the fact that the quark eigenstates, usually
defined with respect to the strong interaction, are not the eigenstates of the weak interaction.
This means, the quark eigenstates of the weak interaction — denoted as primed variables —
and strong interaction can be connected with a unitary matrix according to:

d Uud Uus Uub d
Sl = Ucd ch Ucb S (2.1)
v U Uis U b

This matrix is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Due to this mixing,
the weak interaction can produce transitions between the three different generations.
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The strong interaction acts on particles with a color charge. The associated quantum field
theory is called Quantum Chromodynamics (QCD). Unlike the electric charge, three different
types of color charge exist, called red, green and blue. The naming of these charges is due to
an analogy with additive color mixing: Objects neutral to the strong interaction are called col-
orless, a state which can be achieved by carrying an equal amount of red, green and blue color
charge, or same amounts of color and anticolor. In the SM, the strong interaction is mediated
by eight types of gluons, which have no mass, but carry different color charges and can thus
self-interact. This behavior is fundamentally different from the electromagnetic interaction,
where the photon is electrically neutral. Due to this feature of the strong interaction, the ef-
fective value of the strong coupling constant as(Q?) shows a strong dependence on the squared
momentum transfer @2 in the interaction. In hard scattering processes, where Q? is large —
corresponding to probing small distances — the strong coupling constant «;, and therefore the
strength of the strong interaction almost vanishes. This is called the asymptotic free behavior
of the strong interaction. On the other hand, at small values of Q? — corresponding to probing
large distances — the strong interaction gains in strength, such that particles carrying a color
charge cannot be observed isolated. This is called the confinement regime. It is believed that
this is the reason for the range of the strong interaction being limited to sub-atomic distances®.

As discussed above, the interactions are mediated by bosons — particles with integer spin S.
Table 2.1 gives an overview of these bosons. Apart from the bosons carrying the fundamental
interactions, the Standard Model also contains an additional boson, the so-called Higgs boson.
This boson has a mass of (125.7 £+ 0.4) GeV(cf. ref. [8]) and spin S = 0. It plays an important
role in the so-called Higgs mechanism, which leads to the observed masses for the particles in
the SM. The Higgs mechanism will be explained in Section 2.3.

Boson Interaction Mass M Electric Charge ¢ Spin S
Photon v Electromagnetic 0 0 1
W+ Weak (80.385 + 0.015) GeV +1 1
A Weak (91.1876 + 0.0021) GeV 0 1
Gluon ¢ Strong 0 0 1
Graviton? G Gravity 0 0 2

Table 2.1.: Exchange bosons in the Standard Model. Note that eight types of gluons with different
combinations of color can be exchanged. Masses taken from ref. [8].

Apart from the bosons discussed above, the Standard Model also contains fundamental fermions
— particles carrying spin S = 1/2. These can be viewed as the building blocks of matter, and
can be ordered in three families, or generations. This is similar to the periodic system of
chemical elements, and in the same way hints at an underlying theory able to explain this
structure. An overview is given in Table 2.2.

In addition to their spin, the particles are characterized by further so-called quantum num-
bers. These are the weak isospin 7', and its third component 72, the hypercharge Y and the

Tt has to be noted that up until now, the existence of confinement within the theory of QCD has not been
proven, and the quest for a deeper mathematical understanding of QCD is one of the Clay millenium
problems (cf. ref. [12]).

2@ravitons have not yet been observed. On the contrary, the description of gravity within the frame of the
Standard Model has to be viewed as hypothetical possibility at the time of writing.
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color C. The values of these quantum numbers govern the interaction between the particles.
Hypercharge and weak isospin will be discussed in greater detail in Section 2.2.

Generations Quantum Numbers
1 2 3 T T3 Y Q C
Leptons
Ve vy vy 1/2 1/2 -1 0 0
(), (o), (7)) () () (B) 6)
€n Ky Th 0 0 —2 -1 0
Quarks
u c t 1/2 1/2 1/3 2/3 r,g,b
@), (), ), 10 (%) G5 () (o)
UR CR tr 0 0 4/3 2/3 r,g,b
dR SR bR 0 0 —2/3 —1/3 r,g,b

Table 2.2.: Particle content of the Standard Model, with additional quantum numbers. Note
that here @) denotes the electric charge and should not be confused with the squared
momentum transfer Q2. Taken from ref. [13]

Local Gauge Symmetry

One of the foundations of the Standard Model is the connection between global symmetries
and conservation laws via Noether’s theorem. This theorem states that for each continuous
symmetry of a physical system a conservation law, and thus a conserved charge, exists (cf.
ref. [9]).

It can be shown that the interactions described by the Standard Model can be introduced
by forcing not only global, but local gauge symmetry. This concept can best be introduced
for the case of the electromagnetic interaction, which is U(1) symmetric. Starting from the
Lagrangian describing the field of a single free fermion with mass m:

Z(x) = (x)(in" 9y — m)(x) (2.2)

the Dirac equation can be obtained through the principle of least action:
(iv"0y —m)ip(z) = 0 (2.3)
Here, 9(x) is the four-component spinor describing the fermion, and 0, := 0/0z*. The

symbol v denotes the Dirac matrices, and, as is common in these calculations, Einstein’s sum
convention is used.
A global transformation of this system can be introduced by:

P(x) — ' (x) = e_ww(a:) = Upp(x) (2.4)

In this equation, # is a constant, real number. It can be shown that this transformation is
unitary and Abelian. It is commonly denoted as U(1). According to Noether’s theorem, it
leaves the equations of motion invariant. This transformation can easily be made local by
letting 6 vary with z, i.e.

V() = (@) = "y (a) (2.5)
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With this transformation, the new Lagrangian reads:

L = L' =9 (@)(y"0 — m)yY'(2) (2.6)
= 9(2) (" 0y — m)Y (@) + ()" (2) 9,0 (x) -
=L+ j*(2)0,0(z) (2.8)

Here, the vector current carried by the fermion, j*(x) = 1 (x)y*1(x), is introduced. As can
be seen, this local transformation leads to a modification of .Z yielding modified equations of
motion. This can be prevented by replacing the derivative in Equation 2.2 with the so-called
covariant derivative:

Oy = Dy =0y — ieAy(x) (2.9)

This minimal coupling transforms Equation 2.2 to:

£ = §(@)(ir* Dy — m)(z) (2.10)
= (x)(iv"' 0y — m)p + ej" A, (2.11)

The field A, (x) is required to transform as:
1
Ay — A=A, — gauoz(x) (2.12)

In this way, the resulting Lagrangian is invariant under local U(1) transformations; however, at
the same time, a further vector field A, had to be introduced. In the case of the electromagnetic
interaction, this field describes the photon. To obtain the full Lagrangian, terms describing
the kinetic energy and mass of this new particle have to be introduced. As can be shown, each
form of mass term would violate local gauge invariance, leading to m = 0 for the photons as
observed in nature. The kinetic energy is known from the theory of electromagnetism to be
given by —%F w P, with the field-strength tensor F),, given by:

Fuu = 0,4, — 0,A, (2.13)

In summary, the full Lagrangian is now given by:

1

&L = (x)(iv" Dy — m)(z) 4FWF‘“’ (2.14)
The strong and weak interaction can also be introduced in a similar fashion via minimal cou-
pling. The difference is to be found in the symmetry — while the electromagnetic interaction
corresponds to an Abelian U (1) symmetry, the strong interaction corresponds to a non-Abelian

SU(3) symmetry, and the weak interaction to a non-Abelian SU(2) x U(1) symmetry.

2.2. Electroweak Interaction

The theory of the electroweak interaction is one of the cornerstones of the Standard Model.
It was first proposed in the late 1960s by Glashow, Weinberg and Salam (cf. ref. [11]) and is
therefore also known as the GWS model. In this model, electromagnetic and weak interaction
appear as two aspects of a unified electroweak interaction. The W and Z bosons predicted by
this theory were first discovered by the UA1 and UA2 experiments at CERN in the early 1980s
(cf. ref. [14-17]). Precision studies on the properties of the W and Z bosons were subsequently

10



2.2. Electroweak Interaction

performed by the experiments at LEP and Tevatron. A review of these measurements is given
in ref. [8].

The GWS model can be developed from the observation that only left-handed leptons and
right-handed anti-leptons take part in weak processes, such as the 8 decay. This approach
follows ref. [9]. Assuming one generation of fermions — an electron e and a massless neutrino®
ve — it is possible to write the amplitudes associated with the £ decay in terms of charged
currents, defined as:

Ju(x) = Ju(2)" = ver(x)yper(x) = %ik(aﬁ(vp — Yus)e(x) (2.15)

38@) 0 = n)e(2) (216)

The terms v, and 7,75 transform as vector and axial-vector under Lorentz transformations,
respectively. This V-A structure is characteristic for the weak interaction. The previous

Ju(2)T = Ju(2)” = ep(@)uver, =

equations can be rewritten as:
Ji =Ly, L (2.17)

J, =Ly, L (2.18)
with 7¢ the Pauli matrices and L a doublet under SU(2) obtained as:

=15 (2)- (),

This suggests the introduction of a neutral current in order for the weak currents to fulfill a
SU(2) symmetry according to:

3 -7 1_ 1_
J'u(l') = L'YMEL = 51/6'7#”6 - §€L'YueL (2.20)
The resulting triplet under SU(2) can be written as:
, _ , i
Ju@) = Iyl = Dy, 5L (2.21)

The charges associated to these currents can be written as:

T = /Jg(x)d% (2.22)
These charges follow the SU(2) algebra:

[T%,T9) = ik T* (2.23)

Since only left-handed Weyl fermions take part in this interaction, the associated symmetry
is commonly denoted as SU(2)r. Especially the right-handed component of the electron is
sterile under this interaction and thus forms a singlet under SU(2):

1
R= 5(14—’75)6:63 (2.24)

3Experimental observations of neutrino oscillations, i.e. transitions between the three different generations,
show that the eigenstates of the weak interaction are not the eigenstates of the Hamiltonian, which is
responsible for the evolution of the state in time. From these observations, it can be assumed that at least
two neutrino flavors are massive, in contradiction to this model.
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2. Theoretical Foundations

It is now feasible to include the electromagnetic interaction in a consistent way by requiring an
additional local U(1) symmetry. The charge connected with this symmetry has to commute
with the charges of the SU(2), symmetry and can therefore not be the electric charge. Instead,
the so-called weak hypercharge* Y is introduced as:

Y =2(Q —1?) (2.25)

with T3 the charge which is connected with the neutral current. The four charges are associated
with four gauge fields, denoted AELZ) and B,,. The full Lagrangian for fermions and gauge bosons
in this SU(2)r, x U(1)y theory reads:

—

Ly = Li" (0, — igg . ffu + %g’BH)L + Riv*(8, +ig'B,)R (2.26)
1, 1
Lo =~ Fu " = B B (2.27)
with:
Fj, = 0,AL — 0, A, + geijr Al AL (2.28)
By, =0,B, — 0,B, (2.29)

Here, AL and B, are the gauge boson fields associated with the local SU(2);, and U(1)y
symmetries, respectively. The couplings g and ¢’ correspond to SU(2)y and U(1)y.

Since possible mass terms for the fermions or bosons would violate gauge invariance, it is not
feasible to incorporate the observed masses of the bosons in this theory. The solution for this
is a spontaneous breaking of gauge invariance, called the Higgs mechanism. This is discussed
in the next section.

2.3. Higgs Mechanism

2.3.1. Prerequisites

As was discussed before, the GWS predicts four gauge bosons, three bosons AZ associated with
the SU(2)r, symmetry, and one boson B,,, associated with the U(1)y symmetry. All fermions
and bosons in the GWS model are massless. This, however, does not agree with observations:
In nature, three massive gauge bosons W+, W~ and Z°, connected to the weak interaction,
are observed. Only the photon, connected to the electromagnetic interaction, is massless.
Moreover, the fermions are also massive. As stated above, this breaks the SU(2); x U(1)y
Symmetry.

One way to reconcile the GWS model with the observations is the Higgs mechanism. In its
simplest form, an additional SU(2) doublet of two complex scalar fields with weak hypercharge

Y =1 is introduced as:
-0 :

The two scalar fields ¢ and ¢° are positively charged and neutral, respectively. The La-
grangian for these scalar fields can be written as:

Ly = (Do) (D"¢) — V(¢T9) (2.31)

“The name stems from the analogy with the hypercharge in the Nakano-Nishijima-Gell-Mann relation for
hadron classification, cf. ref. [9].
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2.3. Higgs Mechanism

The covariant derivative D), is:

-

LT o 1
D¢ = (0, — zg§ A, - ingu)gb (2.32)
The potential V is given by:
V(') = —i*¢To + A(oT¢)? (2.33)

In this equation, ;2 and X are real constant parameters. Higher terms are not allowed in order
to ensure renormalizability. For p? > 0 and A > 0, this potential has a shape illustrated in
Figure 2.1. Due to its form, it is sometimes referred to as mezican hat potential.

Figure 2.1.: Tllustration of the potential V' = —pu2¢fé + A\(¢T¢)? as a function of o and .
Before symmetry breaking, the vacuum is in the symmetric state in the center of the
potential. After spontaneous symmetry breaking, its state corresponds to one of the
points in the ring forming the minimum. Taken from ref. [18].

In addition, a Lagrangian representing the coupling between fermions — in the simple model
discussed here, only electrons — and scalars can be introduced as:

Ly = —Go(LOR + ROTL) + h.c. (2.34)

In this equation, G, acts as Yukawa coupling constant. This allows to write down the full
Lagrangian of the GWS model, including the scalar field needed for the Higgs mechanism, as:

L =L+ %+ %+ LY (2.35)

2.3.2. Spontaneous Symmetry Breaking

The potential V(¢¢) introduced above, with % > 0 and X > 0, has a minimum at:

2 2
th— — | *
Po=—5, v 3 (2.36)
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2. Theoretical Foundations

The values of ¢ and ¢?, for which the potential is minimized, are no longer unique. Moreover,
for all of these points, the vacuum expectation value of ¢ is non-zero. Through spontaneous
symmetry breaking, the vacuum assumes one of these possible values, such that:

01010 = (, s) (2.37)

This new vacuum breaks the SU(2); and U(1l)y symmetry, and a new symmetry, U(1)en,
arises with the electric charge @) as the associated conserved charge.

It is now feasible to perform a SU(2) gauge transformation on the Lagrangian above. In
this process, it is useful to rewrite ¢ as:

0= (20) = (o mpe) (239

Here, £ are three real fields, absorbed into the W and Z bosons as discussed below, and H is
a Higgs boson. Apart from this, the following substitutions can be used:

1
+ 1 . 2
WE= 5 (WD = iw @) (2.39)
Z,+dgA
W = I2n I S (2.40)
H /92 +g/2
_ A
B, = —9'Zu+ gAu (2.41)

Now tan @y = 9'/g can be defined, where Oy is the so-called weak mixing angle, also known
as Weinberg angle. Using this relation, Equation (2.40) and (2.41) can be rewritten as:

W;S?’) =sinbw Z, + costw A, (2.42)

B, = —cosbwZ, +sinfyw A, (2.43)

The Lagrangian can now be rewritten in such a way that mass-like terms for the H, W and
Z bosons appear. To this end, the following relations are introduced:

1

My = SV (2.44)
1 v
My = - 2.45
2™ 9 cos Ow ( )
My = \/2pu? (2.46)
The resulting Lagrangian now reads:
1 Lo o 3 A
gs = iaMHa'“H — §MHH — MWH” — ZH
2
9 2 1 + —

—(H"+2H ——Z, 2P+ 2W W H 2.47
* 8 (H”+2Hv) <cos2 Ow " 2 ) (2.47)

1
+ MWWt M2, 2"
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2.4. Perturbation Theory

Similarly, the Lagrangian .45 can be rewritten such that a mass term for the electron appears,

leading to a mass of:
Mme = \Cj%v (2.48)

From experiments, v can be measured to be 246 GeV. It is feasible to extend this simplified
model to include all known fermions and to endow all of these particles with mass. Together
with the SU(3). of QCD, the full symmetry of the Standard Model is given by SU(3). X
SU(?)L X U(l)y

It can be shown that the GWS model requires quarks with three color degrees of freedom in
order for so-called anomaly cancellation to occur (cf. ref. [9]). This hints at a deeper connection
between the strong and electroweak interaction, as well as an underlying symmetry different
from the current Standard Model.

2.4. Perturbation Theory

In high energy physics, the predominant picture of the movement and interaction of particles
was shaped by Richard Feynman (cf. ref. [19]). It is built on three postulates:

e The probability p for a particle to move from a space-point x* to a space-point y* is the
absolute square of a complex number called the probability amplitude <y, = (z|y).

e The probability amplitude .27, is the sum of the complex amplitudes connected to each
possible path from z* to y*.

e The amplitudes from each path have the same magnitude, but their phase ¢ is given by
the action S calculated along the path, where S = [ .Z(i(t), z(t))dt.

Mathematically, these postulates can be summarized as:
p=|(zly) |* = |yl (2.49)

Ay = / x] exp(iS) (2.50)

Here [ D[z] denotes the integral over all possible paths. This gives a direct connection between
the mathematical expression, which has to be evaluated, and a space-time interpretation, which
can be expanded to include also interactions. If interactions are considered, the amplitude for
the full process is the sum over the amplitudes for each possible processes leading from the
initial state to the final state.

The expressions for the transition probabilities can be transformed into pictorial descriptions
as suggested by Feynman in ref. [20]. These pictorial descriptions are called Feynman diagrams.
As an example, one of the processes for the scattering of two electrons is shown in Figure 2.2.
The rules for the transformation between Feynman diagrams and the connected amplitudes
are the so-called Feynman rules. While these rules differ for each theory, the basic principles
are:

e Each vertex y; corresponds to a factor /o [ d*y;, where o gives the coupling strength.

e Each line between two points y; and y; corresponds to the amplitude .o7;
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2. Theoretical Foundations

k1

)
ks

e (&

Figure 2.2.: Feynman diagram for one of the processes for electron scattering.

As can be seen, each vertex is associated with an additional factor /. If « is less than unity,
amplitudes corresponding to diagrams with a higher number of vertices, are suppressed, giving
a natural order for the evaluation of different diagrams. It has to be noted, that the power
of a only acts as a rough estimate for the amplitude connected with each diagram. This is
because each amplitude is a complex number with magnitude and phase, and because the
magnitude of the amplitude can still be large for high powers of « if the remaining factors are
large. Mathematically, the amplitude for the full process can be decomposed:

o = (o) + () + ... (2.51)

In the example in quantum electrodynamics, « is on the order of 1/137, meaning that diagrams
with larger number of vertices are strongly suppressed. In this case, the calculation of the full
amplitude can be performed by calculating the diagram with the lowest number of vertices
first, called the leading order diagram. The following diagrams are called higher-order diagrams
and are treated as perturbations, or corrections, to the original result. Such a perturbative
ansatz is only feasible in the case of small couplings. As was discussed before, in quantum
chromodynamics, the coupling strength can become very large if long distances are considered.
This feature renders perturbative solutions impossible for such cases. Instead, non-perturbative
techniques, such as lattice QCD (cf. ref. [21]), have to be used.

2.5. Renormalization

The Standard Model appears to be only an effective theory. This means, that similar to
thermodynamics, which can be traced back to the behavior of single atoms and molecules, it
is assumed that the Standard Model can be traced back to an underlying theory describing
structures at much smaller scales than probed by current particle detectors. In this underlying
theory, which is assumed to unify gravity, quantum effects and special relativity, it is expected
that the gravitational constant G, the reduced Planck constant i and the speed of light ¢
appear. Combining these quantities® in such a way that the result has the dimension of length
leads to (cf. ref. [8]):

by = hc—? =1.61 x 1073 m (2.52)
This quantity is known as the Planck length. Using this quantity as de Broglie wavelength,
the associated Planck momentum of p, = h/{, = 7.8 x 10" GeV is far beyond the reach of any

5Note that in this equation, in contrast to the remaining discussion, international units are used.
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2.5. Renormalization

particle detector. It may be assumed that both Planck lengths and momenta occur naturally
in the underlying theory, hinting to the scale at which the Standard Model breaks down. This
is called the Planck scale.

However, within the framework of the SM, it is common that integrals sum over all momenta,
including those larger than p,, if loops are involved in the processes under investigation.
As can be expected, these integrals commonly lead to unphysical results. The divergences
introduced by these integrals have to be removed by the so-called renormalization procedure,
which introduces effective values for physical observables.

An example is the charge of the electron e, or equivalently the QED fine structure constant
00,QED = e?/4m. Consider the case of electron-electron scattering. In leading order, this
process can be described by the Feynman diagram shown in Figure 2.3.

k1

ko
_ kg _
e e

Figure 2.3.: Leading order diagram for the e~ e~ scattering process. Taken from ref. [9], modified.

The amplitude corresponding to this diagram is:

LiM = [iea(k})y u(ky)] _i]g;‘” liea(ky)y u(ks)] (2.53)

In O(a%}Q D), it can be shown that the so-called Ward-Takahashi identity leads to cancellation
of all contributions with the exception of the diagram shown in Figure 2.4.

Figure 2.4.: Next-to-Leading order diagram for the e~e™ scattering process. Taken from ref. [9],
modified.

It can be shown that the effect of this diagram can be written as a modification of the photon
propagator:

—1ig —1ig
q;‘” — q2“”(1 —I(¢%)) (2.54)
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2. Theoretical Foundations

In this equation, the quantity I(¢?) is given by:

% qp2 ) 1 2(1 —
I (1_“2@) (2.55)

3 2 p? T 0 m

Here, the symbol m represents the mass of the particle in the loop. The first term in this
equation is divergent, therefore the upper bound is replaced by a so-called cut-off parameter,
or regulator, A. Note that in general the introduction of such a cut-off is not the only way
by which such expressions could be regularized. For example, the dimensionality of the loop
integral could be reduced from d = 4 to d =4 — e. This is called dimensional regularization.

For the case that (—¢?) = Q? > m?, it can be shown that the result is equivalent to
introducing an effective ﬁne structure constant agep, which can be related to the so-called
bare fine structure constant Q,QED Vvia:

Q0,QED
1+ 0 QED log <Q2>

aQED(Qz) = (2.56)

While this equation cannot be used to calculate the effective fine structure constant from first
principles, it allows to connect values of agrp measured at different values of Q2. In this
way, given a measured value at a defined scale Q% = p2, it is feasible to calculate the values
at all other scales Q2. Similarly, it can be shown that in the case (—¢?) = Q> < m?, the
divergence arising from the first integral in Equation (2.55) can be absorbed into an effective
fine-structure constant.

In conclusion, the fine structure constant aggrp depends on the squared momentum transfer
Q? of the photon with which the electron interacts. This is the so-called running of the coupling
constant, which can also be interpreted as an effective charge which the electron is carrying.
In a similar way, the masses and field strengths involved in the theory have to be modified. In
this way, divergences are kept from appearing in physical results, such as cross sections. This
procedure is called renormalization, and it can be shown to work for all results obtainable in
electroweak theory (cf. ref. [22]).

2.5.1. Radiative Corrections to My,

Before considering the effects of renormalization and effective observables, a step back to
Section 2.3 is needed. In this section, an overview of the connection between g, ¢/, My,
My, sinfy and v was given. It can be shown (cf. ref. [23]) that a set of three of these
parameters is sufficient to calculate the remaining ones. These three parameters are the so-
called free parameters of the electroweak sector of the Standard Model, and the choice of these
parameters is to some extent arbitrary. Instead of considering Myy a free parameter, it is
common to consider the Fermi constant G, agrpp and My as free parameters, since these
can be measured with high precision (cf. ref. [23]). The Fermi constant Gr can be introduced
by considering the interaction of electrons and neutrinos at small momentum transfer. In this
case, the W exchange can be approximated by a point-like interaction, and the propagator of
the W boson becomes independent of the momentum transfer (cf. ref. [24]:
g2

1
R _ 2.57
Q2+ MQg Q=0  ME, (2:57)

MinCQ
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b H
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t w+

Figure 2.5.: Next-to-leading order corrections to the propagator of the W boson. The left example
shows a loop with a t and b quark, while the right example shows the interaction
with a Higgs boson.

By including several constants for historic reasons, this expression can be rewritten as:

2
g _3gq (2.58)

o F
Mi, V2

This means that G is directly connected to Myy. It can further be shown that G = 1/(v/2v?).
Using only Mz, agep and G, My can be calculated through (cf. ref. [25]):

1 1 TQQED
M2 =MZ |-+, [>— —9ED_ 2.59

A (2 4 V2GpM2 (259
This relation, however, is only valid in leading order. In next-to-leading order, loop diagrams,
very similar to those discussed in the last section, appear. Examples are shown in Figure 2.5.
These higher order corrections lead to an effective value of My, which can be calculated by
incorporating these corrections into a so-called form factor Ar. Equation 2.59 is then modified:

1 1 TQOED
M2, =M2| = - TOQED g4 A 2.

In reference [25], a parametrization of Ar in terms of My, Mz, agcp, agep and My is given.
It can be observed, that the largest impact is due to a quadratic dependence on M;, with
smaller contributions from Mz, agep and agep and basically only a logarithmic dependence
on Mpy. Using these corrections, a theoretical prediction of My of (80.358 £ 0.008) GeV is
obtained (cf. ref. [7]), consistent with the value of the world average.
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3. Production of Electroweak Gauge Bosons
at the Large Hadron Collider

At the LHC, i.e. in proton-proton collisions, the predominant process for the production of the
electroweak gauge bosons W and Z is the Drell-Yan process (cf. ref. [26,27]). In leading order,
this process can be described by the Feynman diagrams shown in Figure 3.1. Since this thesis
focuses on analyses with muons in the final state, only such diagrams are shown. However, for
the study of electrons, as discussed in Appendix A, the muons and muon neutrinos in these
diagrams have to be replaced with electrons and electron neutrinos.

4d N+ Qu i
w+ W=
q pt
zZ/y
q ,u_

Figure 3.1.: Feynman diagram of the Drell-Yan process. The upper left diagram shows the pro-
duction of W bosons, the upper right diagram the production of W~ bosons. The
lower diagram shows the diagram for the production of Z bosons. In all cases, only
the decay into muons and the corresponding muon neutrino is shown.

In the lower diagram in Figure 3.1, a quark from one proton annihilates with an anti-quark
from the colliding proton, producing a Z boson or photon. While the anti-quark has to be a
sea quark, the quark can be either be a valence or a sea quark. The Z boson or photon then
decays into a muon—anti-muon pair. Since both Z and « exchange lead from the same initial
state to the same final state, the amplitudes for both processes have to be added coherently.
This leads to an interference term between both processes, which can in principle be used to
measure the weak mixing angle sin fy,. The magnitude of the amplitude for the Z exchange is
much larger than for the photon exchange in the kinematic regime investigated in this thesis.
Therefore, it is common to drop the photon exchange in the notation of this process.

The production and decay of the W boson, shown in the upper diagrams in Figure 3.1,
is very similar to that of the Z boson. In this case, a quark from one proton interacts with
the anti-quark from the same family, but different flavor!. Depending on whether the quarks

Tt has to be noted that — as discussed in the last chapter — the quark eigenstates with respect to the
electroweak interaction do not agree with the eigenstates with respect to the strong interaction.
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3. Production of Electroweak Gauge Bosons at the Large Hadron Collider

involved are of up or down-type, a W or W~ is produced and decays into a muon of the
same charge, accompanied by a neutrino of opposite lepton number.

Although Z bosons always appear as internal lines in the Feynman diagrams above, it is
common at ATLAS to define them as real instead of virtual if their mass lies between 66 GeV
and 116 GeV.

3.1. Kinematics of the W and Z Production

The kinematics of the decay of a W or Z boson is governed by its mass. The decays are
two-body decays, in which the exact values of E and p of the decay leptons can be calculated
through energy and momentum conservation. Following common nomenclature, the products
of this decay are called daughters.

In the rest frame of the vector boson, the energy and momentum of the daughters can be
calculated as:

1
1
_, i 1
R == i ('~ 202%(m? + m3) + (m} — m3)?) (33)
p1 = —p> (3.4)

In this equation, M is the mass of the vector boson, 1 and 2 the indices of the daughters and
m1 and mo their masses. The momenta of both decay particles point into opposite directions,
a configuration known as back-to-back. In the case of both the decay of W and Z bosons into
muons and muon neutrinos, the mass of the leptons can be neglected, leading to:

2

Bi=By= 0, pl=pt= (3.5)

Both partons in the initial state of the Drell-Yan process carry only a fraction of the total

proton momentum. In Section 3.2, it will be discussed that, in leading order, this quantity

corresponds to the so-called Bjorken scale variable xp. In the decay of W and Z bosons, xp

cannot be measured and the boost along the beam axis is of unknown size. For this reason, it

is useful to limit the discussion to the plane transversal to the beam. At ATLAS, a coordinate

system with the z axis parallel to the beam axis and an angle 6 with respect to the beam axis

is used (cf. Section 4.3). The component of the momentum in the transversal plane can be
calculated as:

pr = |p]sin 6 (3.6)

As can be seen, it is essential to know the angle 6 in order to calculate ppr. To this end, the
angular distribution of the decay leptons has to be known. This distribution is governed by
the V — A nature of the weak interaction. For the decay? of W — puv,,, it is given by (cf.
ref. [28]):

d?c

— ~ (1 520 .
dcos By (14 cos”0) (3.7)

2Here, and in the following, the symbols denoting particles and anti-particles will not be shown. For example,
by the notation W — uv, the processes W+ — pv, and W~ — p~ 7, are denoted.
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3.1. Kinematics of the W and Z Production

Higher-order effects as discussed in Section 3.3 lead to additional terms, and the resulting
distribution can be expanded as:

d? 1
m ~ (1 + cos? 9) + §A0 (1 — 3(30529) + Ay cosf

1 .
+ Ajsin (20) + 5A2 sin?  cos (2¢) + Az sin cos (38)

+ Assin@sin (2¢) + Agsin (260) sin ¢ + A7 sin @ sin ¢

In this expansion, the coefficients A; are called the angular coefficients. Theoretically, it is very
challenging to calculate these coefficients. As could be shown in ref. [13], different Monte Carlo
generators (cf. Section 5) produce different predictions for A;, which in part differ significantly
from the observed distributions. The coefficients As, Ag and A7 appear at second order in
the QCD coupling constant ag and can be neglected. If the dependence on ¢ is now removed
through integration, the following distribution is obtained:

do
dcos@

1
= cos’ 0 <1 - ;Ao) + cosA, + <1 + 2A0> (3.9)

This equation describes a parabola in cos . Now the differential cross section with respect to
the transverse momentum can be calculated using the variable transformation:

do do dcos@ do 2 1

de:dCOSH dpr Ndcos@M\/m
T

The shape of this spectrum is known as a Jacobian due to the common derivation using a
transformation. As can be seen, the modeling of pr is much more challenging than that
of |p], because the shape of pr also depends to a large extent on a correct modeling of the
angular coefficients. The Jacobian is characterized by an edge at approximately M /2. This is
illustrated through an MC simulation of 10 M events without detector effects, performed with
PYTHIAS (cf. ref. [29,30]) in Figure 3.2(a).

The mass of the vector boson can therefore be estimated from the shape of the transverse
momentum spectrum of the decay lepton. As will be discussed in Section 4.5.5, the kinematics
of a final-state neutrino in the transverse plane can be indirectly measured with the so-called
Missing Transverse Energy Ejnliss, i.e. by assuming p7 ~ E%liss. From this, the transversal
mass can be calculated as:

(3.10)

mr = /204051 — cos(g! — o)) (3.11)

The distribution of this variable is illustrated using events from the aforementioned simulation
in Figure 3.2(b). As can be seen, the distribution of my shows a pronounced edge at ~ My, a
value which is only reached if both decay leptons are emitted with § = 7/2, i.e. perpendicular
to the beam axis. Events in which the decay leptons are emitted with 6 # 7/2, the value of mp
is smaller than My, and subsequently a long tail towards lower values can be observed. Note
that the observed distributions differ significantly from these simulated distributions, since
pr can only be estimated with a large uncertainty. This leads to a smearing in the observed
distributions.

In the considerations above, the mass of the intermediary vector boson was assumed to be fixed.
In reality, the bosons can be produced off-shell since they always appear as internal lines in
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(a) Transverse momentum of decay leptons. (b) Transverse mass.

Figure 3.2.: Typical spectra of lepton pr (left) and transverse mass mr (right). As can be seen,
lepton pr has an edge at approximately My, / 2. The distribution of mr follows a
similar shape, with an edge at approximately Myy .

the corresponding Feynman diagrams, or in other words, both W and Z bosons are unstable.
This means, that in general M? # p?> = m?2. In the case of W and Z bosons, the widths are
small compared to their mass: for the W boson I'/M ~ 2.085GeV/80.385 GeV = 2.6% and
for the Z boson I'/M ~ 2.4952 GeV /91.1876 GeV = 2.7% are the current best estimates (cf.
ref. [8]). This means that often a so-called narrow width approximation can be used, i.e., that
the production of off-shell W and Z bosons usually plays a negligible role.

A significant impact on the distribution of the decay lepton pr is due to the non-zero
transverse momentum of the intermediary vector boson. Higher-order effects, as discussed in
Section 3.3, lead to the production of particles such as gluons, quarks or photons, against
which the vector boson recoils. This means, that the momentum of the decay lepton will
be modified. Depending on the angle between the decay lepton and the vector boson, the
transverse momentum of the decay lepton will either be higher or lower. This is reflected in a
smearing of the Jacobian as illustrated in Figure 3.3.
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Figure 3.3.: Broadening of the distribution of lepton pr due to non-zero transverse momentum
of the intermediary vector boson. As can be seen, a significant smearing of the decay
lepton pr is introduced.
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3.2. Parton Distribution Functions

3.2. Parton Distribution Functions

Up until now, the exact origin of the partons which produce the W and Z bosons was not
discussed. Therefore, a closer look at the proton is needed.

The proton can be regarded as consisting of three valence quarks uud and a large number of

quark-antiquark pairs and gluons, forming the so-called sea. Due to the asymptotic freedom
of the partons, each interaction with the proton can be treated as interaction with one of its
partons independently of the remaining partons.
In the following, the interaction of a photon with the proton will be considered: If the interac-
tion of the photon with the proton is viewed in a Breit system, a frame of reference in which
the proton carries a high velocity and the energy transfer by the photon vanishes, the so-called
Bjorken scale variable zp can be introduced as (cf. ref. [24]):

QQ

- 12
2Pq (3.12)

TB
Here, P denotes the four-momentum of the proton, and ¢ the four momentum of the photon.
The symbol Q? is introduced as Q% = —¢*. The variable x is called the Bjorken scale variable.
In the frame of reference discussed above, g is equal to the fraction of the momentum P
carried by the parton. Moreover, it can be shown that Q2 is related to the spatial resolution

X of the probing photon via®:

A= P (3.13)

ez
The process pp — Z+ X — ppu~ + X can now be divided into two parts. In the first part, the
proton structure and the kinematics of the different partons is modeled. In the second part,
the parton-parton interaction takes place as discussed in the previous section. The ability to
perform this separation is ensured by a factorization theorem (cf. ref. [31]). Historically, the
Drell-Yan process is the paradigm process for this approach (cf. ref. [32]). In this approach,
the cross-section for the production of massive lepton-antilepton pairs can be written as:

Opp—s Z )y + X =t 0=+ X = Z/d%dxbfa/A(%,M%)fb/B(be,M%)X
q

[60 + agep(UR)o1 + -] 0y g /e it (3.14)

In this equation, A and B are the indices of both protons taking part in the interaction,
while @ and b stand for the partons from proton A and B. The functions f,/4(za, p2) and
foy (T, ) are parton distribution functions (PDFs), which encode the probability of finding
a parton at a given value of Bjorken z. It has to be noted, that apart from Bjorken x, these
functions also depend on the so-called factorization scale up. The latter can be thought of
as the scale separating the long-distance physics encoded in the PDFs and the short-distance
processes of the parton-parton interaction. The dependence on up arises because the PDFs
contain real and virtual gluon emissions (cf. ref. [32]). The so-called hard interaction of the
partons is shown in square brackets. It consists of the leading order cross-section g and higher
order corrections in agcp. The latter denotes the physical, not the bare coupling constant,
which leads to a dependence on a further scale ug. The hard-scattering cross-section itself
is a function of the reduced squared center-of-mass energy s’ = z,zps. It is common to set

3In this equation, international units were used for clarification.
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3. Production of Electroweak Gauge Bosons at the Large Hadron Collider

purp = pr = M, with M being the mass of the lepton-antilepton pair. The final result is
only dependent on pur and ugr because the calculation cannot be performed to all orders in
perturbation theory (cf. ref. [32]).

The PDFs have to be obtained from experimental results. The most important input data
were obtained through electron-proton scattering as performed for example by the HERA
experiment at DESY (cf. ref. [28]). Different collaborations have been formed in order to
use the available data sets to produce PDFs. Notable examples are the CTEQ (cf. ref. [33]),
MSTW (cf. ref. [34]), ABKM (cf. ref. [35]), GJR (cf. ref. [36]) and NNPDF (cf. ref. [37])
collaborations. The results of these groups differ due to varying approaches taken for example
in the selection of experimental data sets and the treatment of possible inconsistencies between
those. Moreover, each group uses a certain function for the parametrization of the PDFs?, and
a fitting approach containing different assumptions which are to a certain extent arbitrary or
under discussion. This leads to further differences between the different PDF's.

As an example, the analyses presented in this thesis are based on the CT10 PDF (cf.
ref. [38]). In this PDF, results from HERA and Tevatron experiments were used, with the
notable exception of the data collected at Tevatron concerning the W lepton asymmetry, since
the authors reported tension with the remaining data set. The PDF's are parametrized using
26 free parameters, for example the valence quark PDFs take the form:

@, 1) = apr™ (1 — 2)® exp(azz 4 a4x? + as/) (3.15)

In this parametrization, as...as are free parameters, fitted separately for v and d quarks,
while a; is set to 0.5 due to theoretical considerations. The uncertainties on the final PDF
from each of the 26 parameters are de-correlated and stored as 26 up- and down variations
along the new eigenvectors.

An illustration of the content of the aforementioned PDFs for different flavors and their
dependence on zpg is shown in Figure 3.4. As can be seen, the distribution for u and d quarks
shows a shoulder at values of g ~ 10~!. This is understandable, since in the naive model
each valence quark would carry an equal amount of the proton momentum, corresponding to
a value of xp of 1/3. The remaining quark flavors form the sea, for which no such shoulder
is expected nor visible. Gluons also carry only a small fraction of the proton momentum on
average.

Given a certain PDF, its dependence on Q? can be calculated. This is the reason why PDFs
using input data at much lower values of @ than commonly observed at ATLAS can be used.
This evolution is performed via the so-called DGLAP evolution (cf. ref. [28]). The kinematic
regime in which the PDF's are probed at ATLAS is shown in Figure 3.5.

For the measurement of My, the proton structure plays an important role. This can be
easily seen in leading order in a simplified case in which only u and d quarks are considered.
Here, the production of W bosons can be decomposed into terms corresponding to helicity
states A = +1 and A = —1 (cf. ref. [39]):

ow+ x u(z1)d(z2) + d(z1)u(xs) (3.16)
ow- o d(xy)u(xe) + u(xr)d(x2) (3.17)

In this equation, u and d represent the corresponding PDFs for u and d quarks, with x1 and
x9 denoting the value of g for each quark. As can be seen, the helicity of W+ and W, and

4An exception is the NNPDF collaboration, which trains a neural net instead of fitting pre-defined functions
to obtain PDFs.
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3.2. Parton Distribution Functions

therefore the angular distribution of the decay leptons, depends on the contributions of u, ,
d and d quarks. In NLO, states with A = 0 can also be produced through gluons in the initial
state. Reference [39] expects the systematic uncertainty on My due to the PDFs among the
leading uncertainties, estimating approximately 10 MeV to 20 MeV, depending on the chosen
PDF set.
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Figure 3.4.: Probability density to find a parton of given flavor as function of . The densities
are shown for Q? = M2. Taken from ref. [28].
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Figure 3.5.: Kinematic plane spanned by Bjorken = and Q2 with a selection of experiments and
their coverage. As noted above, the dependence with respect to Q2 can be calcu-
lated with perturbative methods, while the dependence with respect to x has to be
measured. Taken from ref. [28].
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3.3. Higher-order effects

As discussed above, the Drell-Yan process is only the leading order contribution to the full
production cross-section of W and Z bosons. Higher-order processes can be grouped into QCD
and electroweak processes.

The QCD processes can only partly be calculated perturbatively. The running of the strong
coupling constant as(Q?) prohibits perturbative calculations in the regime where the momen-
tum transfer Q? is small. Currently, the inclusive production cross-section and boson rapidity
distributions are known in NNLO (cf. ref. [28]). However, the non-perturbative corrections
have a large impact on the measured angular distributions, and therefore on pp, mp and
ErT]rliss of the resulting decay leptons. Examples of higher order QCD processes are shown in
Figure 3.6.

g q q g

q Z 4

Figure 3.6.: Examples for higher-order QCD contributions to the Drell-Yan process. The left
diagram shows the production of Z bosons through reactions of quarks and gluons,
the right diagram QCD initial state radiation. Following ref. [28].

The electroweak processes, while small compared to higher-order QCD corrections, have a
significant effect on the line shape of the invariant mass of the vector boson. Neglecting
these processes would introduce a significant bias of the order of 10 MeV on the resulting
measurement (cf. ref. [28]). The largest impact is due to final state radiation (FSR) of photons.
A sample of higher order electroweak processes is shown in Figure 3.7.
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Figure 3.7.: Higher-order electroweak contributions to the Drell-Yan process. The upper his-
tograms show a photon loop and simultaneous Z and 7 exchange. The lower his-
tograms show initial and final state radiation, respectively. Following ref. [28].
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As can be seen in all these processes, the production of the vector boson is accompanied by
further particles, meaning that its momentum transversal to the beam axis will be non-zero.
This introduces a broadening of the distributions of the transversal momentum of the decay
particles. Producing an accurate model of this distribution is theoretically very challenging,
due to the strong interaction and hadronization processes involved. Therefore, detailed studies
of this quantity have been performed with Z bosons (cf. for example [40]), with the result
transferred to W bosons, as described in Section 5.4.1.

3.4. Underlying Event

After the production of a vector boson via the Drell-Yan process, two color charged proton
remnants remain. On its own, none of these remnants are color-neutral, meaning that the
partons in both remnants immediately start to interact with each other in order to form
colorless particles. In the course of this process, a large number and variety of particles
is produced — mesons, baryons, charged leptons and neutrinos. Most of these newly formed
particles are unstable and decay within the detector. These processes are called the underlying
event, and accompany each collision in which Z and W bosons are produced via the Drell-Yan
process. Since the energy in the underlying event is spread over a large number of particles, the
average momentum is very small compared to the decay of the Z and W bosons. Therefore,
the latter is known as the hard scattering. An illustration of this theoretically challenging
process is shown in Figure 3.8.

Figure 3.8.: Illustration of a proton-proton collision leading to the production of tth. The hard-
scattering process is the large red dot. Both quarks and the Higgs decay directly
after their production, illustrated by the small red dots. This leads to further hard
QCD radiation. The proton remnants interact in the lower half of the illustration,
as illustrated by the purple dot. In the end, the final state partons hadronize (light
green) and decay (dark green). Photon radiation can be observed at every stage of
the process, and is illustrated by the yellow line. Taken from ref. [41].
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3.5. Pile-up

At the LHC, the proton beams consist of so-called bunches of protons. In the configuration
chosen in 2011, each of these bunches contained approximately 1.5- 10! protons (cf. ref. [42]),
which means that generally several protons collide with each other at the same time. This
means that, apart from the collision leading to the production of the Z or W boson, several
other collisions are observed at the same time. This is called the in-time pile-up. Its main effect
is a degradation of all energy measurements relying on the calorimeters, since a separation of
the energy deposition in the detector into pile-up, underlying event and hard scattering can
only be performed approximative. In addition, the tracking efficiency is affected due to the
larger number of hits in the tracking system and subsequent ambiguities in the reconstruction.
Figure 3.9 shows an overview of the number of interactions per crossing. As can be seen,
for the two beam configurations with different 5*, on average 6.3 and 11.6 interactions per
crossing were observed.
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Figure 3.9.: Pile-up distribution for data taken in 2011. The two values of 8* correspond to
the beam configuration after and before the September Technical Stop, respectively.
Taken from ref. [42].

Apart from the in-time pile-up, also a certain amount of out-of-time pile-up can be observed.
This is due to the fact that several signals in the detector have a time scale much larger than
the time between the collisions of the bunches. An example is the rise and fall of the voltage in
the LAr calorimeters after a particle has passed through (cf. also Section 4.3.2). These signals
have a duration of approximately 700ns, which greatly exceeds the time frame between two
bunch collisions, which was 50 ns in 2011.

3.6. Background Processes
At the LHC, none of the processes above can be observed in isolation. On the contrary, in each

measurement an admixture from unwanted physics processes is observed. These processes form
the background, and usually exhibit properties fully unconnected to the process under study.
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(a) Production of 7 leptons through the Drell- (b) Production of WW pairs.
Yan process.

Figure 3.10.: Examples for electroweak background processes.

Therefore, events from these processes have to be suppressed, and the remaining admixture
has to be carefully estimated.

In the case of W and Z production with charged leptons in the final state, these back-
ground processes can be grouped into three categories: electroweak background processes, top
background processes and QCD background processes.

3.6.1. Background from Electroweak Bosons

Background from electroweak bosons, or electroweak background in short, originates from de-
cays of W and Z bosons into charged leptons. In the analysis of the decay Z — pu, this
background is very small, with significant contributions from the decay of 7 leptons and the
production of pairs of gauge bosons. In the decay of W — puv, a significant level of electroweak
background is produced through decays of Z — pu in which one muons is not emitted within
the detector acceptance.

At the LHC, 7 leptons are mostly produced through the Drell-Yan process. The processes
Z — 11 and W — T, are the same as described above, except for Z and W bosons decaying
into 7 leptons instead of muons. The reason why these processes appear as background pro-
cesses is the short life time of the 7 lepton of (290.3 & 0.5) x 107155 (cf. ref. [8]). This means
that the 7 will usually decay inside the detector. One of the decay channels for the 7 lepton is
T — pvuvr. This process has a branching ratio of (17.41 £ 0.04) % (cf. ref. [8]) and is depicted
in Figure 3.10(a).

Decays of 7 leptons usually play a minor role due to the small momentum of the muons
in the final state. While the 7 has a momentum distribution very similar to the muons from
Z — ppoor W — pv, with the only difference being the larger mass of the 7 compared to p,
the neutrinos produced in the 7 decay carry a significant part of the momentum on average.

Apart from the production of 7 leptons, also the production of pairs of gauge bosons, as
illustrated in Figure 3.10(b), can lead to background events passing the selection criteria for
the Drell-Yan process. This background is also to a large extent negligible, since its cross-
section, multiplied with the branching ratio for muonic decays, is only ~ 10nb, much smaller
than that of the Drell-Yan process with 990 nb.

3.6.2. Top Background

The top is the heaviest fermion known so far. With its mass of (173.21 £ 0.51(stat.) £
0.71(sys.)) GeV (cf. ref. [8]), a large variety of decay channel are feasible. The large decay
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width of 2.00704% GeV (cf. ref. [8]) translates into a very short life time of 3.3 - 1072°s using
7 = h/T. This means that, even when considering relativistic time dilation, the top quark
decays almost instantaneously inside the detector. This also means that the top quark will not
form hadrons, i.e. hadronize, before its decay. The decays usually progress via W radiation
into lighter quarks. The W bosons involved in these decay chains are able to produce muons.

In a process similar to the Drell-Yan process, pairs of top and anti-top quarks can be
produced via a triple gluon vertex, as illustrated in Figure 3.11. Another possibility to produce
top quarks is via a gluon induced t-channel process (cf. ref. [43]), in which two gluons couple
to the tt pair.

Figure 3.11.: Example for a process producing tt pairs.

3.6.3. Multijet Background

Apart from top decays, the production and subsequent decay of the remaining quark flavors
also plays a large role. However, contrary to the top quark, the life time of these quarks
is long enough for hadronization to occur. Simulating these processes is very challenging
due to the amount of strong interactions involved. Moreover, decays in which muons are
produced, are rare and only play a role due to large cross sections for quark production. The
theoretical uncertainty, as well as the large statistics needed, make it impossible to obtain a
good description from Monte Carlo simulations alone. On the contrary, the contribution from
these processes is usually estimated via data-driven methods. Detailed descriptions of these
strategies can be found in the sections describing the different analyses later in this thesis.

3.7. Overview of Previous Measurements

Since its discovery through the UA1 and UA2 collaborations at CERN in the early 1980s (cf.
ref. [14,16]), the mass of the W boson could be measured with ever increasing precision. From
values of (81 +5)GeV and 807" GeV reported by the UA1 and UA2 collaborations in the
references above, towards the current world average of (80.385 %+ 0.015) GeV (cf. ref. [8]), an
improvement in precision of more than two orders of magnitude could be achieved. An overview
of the measurements used by the Particle Data Group in calculating its world average are shown
in Table 3.1. Note that, for comparison, the world average of Mz is (91.1876 £+ 0.0021) GeV
(cf. ref. [8]), with the uncertainty an order of magnitude smaller. As will become clearer in
Part III of this thesis, this is mostly driven by the availability of a second charged lepton in
the final state.
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Year Experiment My [GeV] AMy[GeV] Reference
2001 CDF (Tevatron) 80.433  0.079 [44]

2002 DO (Tevatron) 80.483 0.084 [45]

2006 ALEPH (LEP) 80.440  0.043(stat.) £ 0.027(sys.) [46]

2006 L3 (LEP) 80.270 0.046(stat.) £ 0.031(sys.) [47]

2006 OPAL (LEP)  80.415  0.042(stat.) = 0.031(sys.) [48]

2008 DELPHI (LEP) 80.336  0.055(stat.) = 0.039(sys.) [49]

2012 CDF (Tevatron) 80.387 0.019 [50]

2014 DO (Tevatron)  80.375  0.023 [51]

2015 World average 80.385 0.015 8]

Table 3.1.: Overview of previous measurements of My, and I'y,. Only the values used by the
Particle Data Group for the fit of the world average are shown. Values taken from
ref. [8].

As can be seen, the mass of the W boson could be measured with higher precision at the
pp Tevatron experiments DO and CDF than those at the ete™ collider LEP. This appears
to be counter-intuitive at first glance, because lepton colliders generally offer a much cleaner
environment for precision studies. This is because the two collision partners are point-like,
leading to better constraints on the kinematics of the vector boson exchange than can be
accomplished at hadron colliders.

Even though effects of the structure as well as interaction of remnants of the collision partners
play no role, the measurement of My, at lepton colliders is very challenging. This is because
the production mechanism for W and Z bosons differ fundamentally at lepton colliders: At
hadron colliders, W bosons are produced via the Drell-Yan process, similarly to Z bosons and
with comparable cross-sections. At lepton colliders, on the other hand, Z and W bosons are
produced through very different processes. While Z bosons can be produced similar to the
Drell-Yan process via ete™ — Z — (*¢~, W bosons are predominantly produced via the
exchange of a neutrino and the production of a W boson pair. The latter process has a much
smaller cross-section than the former — for example, the ALEPH result for My, was obtained
with only 8692 W boson events, while the DO result for My, was obtained with 500000 W
boson events. This illustrates the different strategies pursued at lepton and hadron colliders.

At lepton colliders, in addition to direct reconstruction of the decay particles of the decay
of the W boson pair, the sharp turn-on of the cross-section as function of the center of mass
energy at 2x My = 161 GeV can be used to measure Myy. This was done for all measurements
performed at LEP shown in Table 3.1. At hadron colliders, the measurement of My is driven
by single W boson production close to My .
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4. Experimental Setup

4.1. Large Hadron Collider

The Large Hadron Collider (LHC) is a particle accelerator located at the European Laboratory
for Particle Physics (CERN!) on the French-Swiss border close to Geneva, Switzerland.

With a circumference of 27km, the Large Hadron Collider (LHC) is the largest particle
accelerator at the time of writing. It uses the tunnel built for its predecessor LEP?, an ete™
collider aimed at precision measurements of W and Z properties. It can be operated in two
modes, accelerating either heavy ions or protons, and supplies four large and several small
experiments with high-energetic beams and collisions.

For protons, the LHC was designed for a center-of-mass energy of up to /s = 14 TeV. The
results discussed in this thesis were obtained on data collected in 2011 and 2012, with a center-
of-mass energy of /s = 7TeV in 2011 and /s = 8 TeV in 2012. At the beginning of 2013, the
LHC was shut down for maintenance work until its restart with /s = 13 TeV in 2015.

At the design luminosity of 1 x 103 cm™2s~!, two bunches of protons, each containing 1.1 x
10! protons, are brought into collision each 25 ns, leading to approximately 25 inelastic proton-
proton interactions during each collision. In 2011 and 2012, these parameters were not reached.
The time between two collisions was increased to 50ns. In 2011, the luminosity could be
steadily increased with an average of 3.6 x 103 cm™2s~!'. The number of protons per bunch
was slightly higher than designed, with 1.5 x 10! protons per bunch. At the beam parameters
chosen, this lead to an average of only 9.1 inelastic proton-proton interactions per collision.
From the point of view of the measurement of My, this is very advantageous, since higher
pile-up leads to a degradation of the reconstructed values of E%ﬁss and thus mp, as discussed
in Section 4.5.5.

The LHC is the last link in a chain of accelerators, as illustrated in Figure 4.1. This chain
starts with a Linear Accelerator (LINAC2), from where the protons are accelerated via the
BOOSTER, PS and SPS before being injected into the LHC itself. The beam quality and
luminosity deteriorates on a time scale of hours, until the beams have to be dumped and the
acceleration process starts anew.

Tt should be noted that CERN refers to the organization which operates the European Laboratory for Particle
Physics. The origin of this abbreviation is the former name of the organization — Conseil Européen pour
la Recherche Nucléaire, now the European Organization for Nuclear Research. CERN is commonly used as
shorthand reference for the European Laboratory for Particle Physics and so will be in this thesis.

2Large Electron-Positron Collider
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Figure 4.1.: Overview of the CERN accelerator complex. Shown in light grey are the beam lines
for protons, in darker grey for ions, in orange for neutrons, green for anti-protons and
brown for electrons. The years give the dates of the inauguration for the different

accelerators. Taken from ref. [52].
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4.2. Overview of Detectors

The four large detectors at the LHC can be divided into two general purpose detectors, ATLAS
and CMS, and two detectors with a specialized physics program, ALICE and LHCb.

At the ATLAS? detector (cf. ref. [53]) as well as the CMS (cf. ref. [54]), a broad physics
program is pursued. Apart from studies of the Standard Model, of which this thesis is a part,
searches for new particles are performed. A special emphasis is put on the now successful
search for the Higgs boson, as well as for particles predicted by extensions of the SM, such as
supersymmetry, which predicts yet undetected partners for each particle of the SM, or further
exotic particles, such as heavy versions of the W and Z bosons.

The ATLAS and CMS experiments are independently planned and operated, offering a very
similar scope and performance. This means that both experiments are able to cross-check
their results and validate their discoveries.

ALICE (cf. ref. [55]) was built to address questions in the physics of heavy ion collisions,
such as the investigation of quark-gluon plasmas, a state of matter which likely existed shortly
after the Big Bang. It can perform measurements similar to those performed at the RHIC
collider in Upton, New York (cf. ref. [56]).

LHCDb (cf. ref. [57]) is a detector specially designed to investigate the physics of b-quarks and
B-mesons, with a special focus on the measurement for C'P violation, one of the prerequisites
for the existence of the universe in its present form?.

In addition to these four large detectors, also two small detectors are built at some distance
from the interaction points where the large detectors are located. These are the TOTEM (cf.
ref. [59]) and LHCf (cf. ref. [60]). Their goal is the investigation of particles emitted at very
small angles to the beam line, which cannot be accessed by the other experiments. TOTEM
is specialized in measuring the total proton-proton cross section, while LHCf uses the high
energetic pions to study the effect of cosmic rays on detectors. The high-energetic particles for
these two small detectors originate from the collisions in the interaction points of CMS and
ATLAS, respectively.

3 ATLAS was originally an abbreviation for A Toroidal LHC Apparatus, a name which is no longer commonly
used.

4The other prerequisites are a violation of baryon number conservation, breaking of C' symmetry and a state
out of thermal equilibrium, the so-called Sakharov criteria (cf. ref. [58]).
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4.3. ATLAS Detector

Note: The information presented in this chapter is to a large extent based on ref. [53].

Like most modern particle detectors in use at collider experiments, the ATLAS detector is
built with cylindrical symmetry around the beam axis, as shown in Figure 4.2. It has a length
of approximately 44 m and diameter of 25 m with a weight of 7000t. The detector is generally
divided into the two end-caps on both sides and the so-called barrel between them. Using
this design, the ATLAS detector is able to cover the full azimuthal angle ¢ and almost the
full polar angle #. Only the range of || > 4.9° is not fully instrumented®, corresponding to
f < 0.85° and € > 179.15°, yielding a coverage in solid angle of 12.51sr, or 99.5% of a full
sphere.
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forward calorimeters
Pixel detector

LAr electromagnetic calorimeters
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Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

Figure 4.2.: Tllustration of the ATLAS detector. As can be seen, the ATLAS detector exhibits a
cylindrical symmetry allowing for an almost complete 47 sr coverage. Figure taken
from ref. [62].

Following common design principles, it has an onion-like structure. A particle produced in
the interaction point and with sufficient energy and life time” will transverse a set of detector
layers, each specialized for a specific purpose. This is shown in Figure 4.3.

5The pseudorapidity 1 will be introduced in greater detail later. Tt is defined as n = — In(tan(6/2)).

5With the exception of the ALFA, ZDC and LUCID detectors, mostly aimed at a precise luminosity determi-
nation and beam monitoring (cf. ref. [61]).

7Apart from stable particles, such as electrons, this includes also muons and neutrons. Due to their high
energy, they will generally decay after having traversed the detector first.
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Figure 4.3.: Working principle of the ATLAS detector. The image shows a section of the ATLAS

detector with the interaction point at the bottom and the surface of the ATLAS de-
tector at the top. The particle traverses a set of different detector systems specialized
for measuring different properties. Figure taken from ref. [63].

From inside out, the systems are:

e Inner Detector The inner detector (ID) is used to measure the trajectory of high
energetic charged particles originating in the interaction point. This information can
be used to infer the type of the particle, its momentum and exact origin. A detailed
description is given in Section 4.3.1.

Solenoid Magnet The ID is surrounded by a solenoid magnet producing a magnetic
field of 2 T in the ID. This field is needed in order to infer the ratio of charge to momentum
q/p via the Lorentz force and its effect on the traversing charged particle.

Calorimeters The purpose of the calorimeter system is the measurement of the energy
of the particles produced in the interaction by absorbing them. The electromagnetic
calorimeter measures the energy of electrons and photons, while the hadronic calorime-
ter measures the energy of hadrons produced in the collision. This distinction can be
made since electrons and photons interact via the electromagnetic force unlike hadrons,
which predominantly interact via the strong force. A detailed description is given in
Section 4.3.2.
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e Muon System Unlike most other particles, muons can pass through the detector with-
out being absorbed. Therefore, the muon detectors are forming the outer shell using the
rest of the detector as shielding against other particles able to mimic a muon signature.
The muon system consists of the muon detectors themselves as well as a system of mag-
netic coils producing a toroidal magnetic field around it. A detailed description is given
in Section 4.3.3.

The coordinate system of ATLAS reflects its symmetries. It is a modified cylindrical coordinate
system, with the z axis formed by the beam axis. Positive values of z point into the clock-wise
direction of the beam pipe. The y axis points upwards and the x axis into the center of the
accelerator ring. The azimuth ¢ is chosen such that ¢ = 0 corresponds to the positive x axis.
Instead of using the polar angle 8, the pseudo-rapidity n is chosen. It is defined as:

2= o (2)] -

E+p.

Tp Strictly speaking,

For massless particles, this is identical to the rapidity y = %ln(
this definition is only valid if p,,p, < p., which is usually the case at hadron colliders and
therefore a common definition in high energy physics. The rapidity y has the favorable feature
that differences in y are invariant under Lorentz boosts along the z-axis. For particles with
negligible mass, such as electrons and muons, the same holds true for the pseudo-rapidity 7.

Distances in 17 — ¢ space are calculated as AR = \/An2 + Ap?2.

4.3.1. Inner Detector

As described earlier, the purpose of the inner detector is a precise measurement of the tra-
jectories of the particles produced in the interaction point. Apart from the measurement of
the particle momentum, the trajectories measured by the ID have to be so precise that an
assignment of the particle to the correct production vertex can be made. In 2011, an average
of 9.1 inelastic interactions could be reconstructed per bunch crossing. In 2012 this number
increased to 20.7 (cf. ref. [64]). These collision vertices are called primary vertices (PV). Usu-
ally, only one of these primary vertices produces the particles of interest, e.g. a W or Z boson.
The other PV are called pile-up vertices. Apart from these primary vertices, also secondary
vertices can appear if relatively long-lived particles, such as 7 leptons and b hadrons, decay
after some time of flight. This is for example important in the tagging of jets originating from
b-quarks.

In order to meet its requirements, the inner detector consists of three specialized sub-
detectors, from inside out the Pixel Detector (PIX), consisting of three layers of silicon pixel
sensors, the Silicon Strip Detector (SCT), consisting of four layers of silicon strip sensors and
the Transition Radiation Tracker (TRT), being a straw tube tracker. An illustration of the ID
is shown in Figure 4.4.

In total the ID has a dimension of 6.2 m in length and 2.1 m in diameter. It covers a range in
pseudo-rapidity up to |n| = 2.5. In order to reduce leak currents due to radiation damage, the
silicon detectors — PIX and SCT — are kept at a temperature of —5 to —10°C. The whole
ID is placed in a solenoid, providing a homogeneous magnetic field with 2T, oriented parallel
to the beam axis. This means that charged particles will be deflected in the r-¢ plane. On
average, more than 40 hits are produced per track.
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End-cap semiconductor tracker

Figure 4.4.: Tllustration of the Inner Detector and its components. Taken from ref. [53].

Pixel Detector

As is common at ATLAS, the Pixel detector (PIX) is separated into a barrel and two endcaps.
The barrel is formed by three layers of silicon pixel sensors, while the endcaps are formed
by three so-called disks on each side. An overview is found in Table 4.1. Each of the 1744
modules contains 47 232 pixels each, forming 46 080 readout channels. In total, this equals
approximately 80 M readout channels, corresponding to 80 % of the total readout channels of
ATLAS. Approximately 90 % of the pixels have a size of 50 pm x 400 pm, with the remaining
pixels of a size of 50 pum x 600 pm. This is due to geometry constraints from the readout
electronics.

Barrel Radius [mm] Modules Pixels

Layer-0 50.5 286 13.2 x 106
Layer-1 88.5 494 22.8 x 108
Layer-2 122.5 676 31.2 x 108
End-cap (one side) z [mm] Modules Pixels

Disk 1 495 48 2.2 x 106
Disk 2 580 48 2.2 x 108
Disk 3 650 48 2.2 x 106
Barrel and both end-caps 1744 80.4 x 106

Table 4.1.: Overview of the PIX detector. It is separated into a barrel, formed by three layers,
and two end-caps formed by three disks each. Almost every pixel has its own read-out
channel. Table taken from ref. [53], adapted.
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The pixels offer an accuracy in the position measurement of 10 pm in the R — ¢ plane and
115 um in the z axis for Layers 0,1 and 2, as well as 10 um in the R — ¢ plane and 115 pum in
the R axis for the disks.

Silicon Strip Detector

The Silicon Strip Detector (SCT) consists of a barrel formed by four layers, and two endcaps,
formed by nine disks each. In total, the SCT has 4088 modules, consisting of four sensors
each. Two sensors are on the bottom, two on the top side of the module, and are rotated
by £20mrad with respect to each other. This stereo angle enables a measurement of R — ¢,
as well as R or z, simultaneously. Each barrel module contains 786 strips with 80 pm pitch,
aligned along the beam axis. In the endcaps, the strips are oriented radially. On average, eight
hits per track are expected. The accuracy of these measurements is 17pm in the R — ¢ plane
and 580 pm in the z axis for the barrel as well as in the R axis for the endcaps.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) consists of a barrel part and two endcaps, formed by
nine wheel-like structures. It consists of approximately 280k proportional drift tubes (straws)
of 4mm in diameter, which are oriented in the z axis in the barrel and radially in the endcaps.
Their diameter was chosen such that the TRT can operate at the high rates. With the chosen
design, all charged tracks with pr > 0.5 GeV and |n| < 2.0 will transverse at least 36 straws,
except in the transition region between barrel and end cap (0.8 < || < 1.0), where the mini-
mum is 22 crossed straws. The purpose of the TRT is twofold: Not only do the straws detect
the passage of ionizing particles, in addition the material between the straws — polypropy-
lene fibers (barrel) and foils (endcaps) — leads to the production of transition radiation for
ultra-relativistic particles. An average of seven to ten hits from transition radiation are ex-
pected for electrons with energies above 2 GeV. This information is used to differentiate pions
from electrons, since the amount of transition radiation for particles with identical momentum
decreases with the mass.

4.3.2. Calorimeters

The main task of the calorimeter system is the energy measurement of all particles — except
neutrinos and muons — produced in the interaction. Both neutrinos and muons are not
absorbed in the calorimeter. While muons are detected by the muon system surrounding the
calorimeter, neutrinos leave ATLAS without interaction. In order to estimate their energy and
direction, the so-called missing energy E%liss is calculated as described in Section 4.5.5. A good
estimate can only be found with a large coverage of the detector. For ATLAS, as discussed
above, the calorimeters are able to cover 99.5% of a full sphere, thus providing an excellent
estimate of Ejniliss.

The ATLAS calorimeters are divided into electromagnetic and hadronic calorimeters. The
task of the former is an energy measurement of photons and electrons, while the latter is
used to measure the energy of hadrons. Similar to the ID, the calorimeters are divided into
barrels and endcaps. In addition, a so-called forward calorimeter was added, which is used for
electromagnetic as well as hadronic calorimetry. An illustration of the calorimeters is shown
in Figure 4.5, while a summary of the coverages of the different systems is shown in Table 4.2.
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Figure 4.5.: Illustration of the calorimeter system and its components. Taken from ref. [53].

System Coverage in ||  Detector medium  Absorber medium
Electromagnetic Barrel 0.0 < |n| < 1.475 Liquid Argon Lead
Electromagnetic Endcap 1.375 < |n| < 3.2 Liquid Argon Lead
Hadronic Tile Barrel 0.0< |n <1.0 Plastic Steel
Hadronic Tile Extended Barrel 0.8 < |n| < 1.7 Plastic Steel
Hadronic Endcap 1.5 < |n] < 3.2 Liquid Argon Copper
Forward Calorimeter 3.1< |n <49 Liquid Argon Copper & Tungsten

Table 4.2.: Summary of the different calorimeter sub-systems. Values taken from ref. [53].

The ATLAS electromagnetic calorimeters were built to obtain a relative energy resolution of
og/E =10%/+/E[GeV]®0.7%. For the hadronic calorimeters, the design goal was a jet energy
resolution of og/FE = 50%/+/E[GeV] @ 3% in |n| < 3.2 and og/E = 100%/+/E[GeV] & 10%
in the forward region. All calorimeters are sampling calorimeters, albeit with different choices
for the absorber and active detection material. A summary is given in Table 4.2.

Apart from measuring the energies of the electromagnetic and hadronic particles produced
in the collision, the calorimeters have an important secondary task: shielding the muon sys-
tem from these particles by absorbing them. Otherwise a so-called punch-through into the
muon system would occur, faking the presence of a real muon. To this end, the calorimeters
have a large depth, as measured by the radiation length or interaction length for the elec-
tromagnetic and hadronic calorimeter respectively. For the electromagnetic calorimeter, the
radiation length® is at least 22 X in the barrel and 24 X in the end-caps. For the hadronic

8The radiation length X, denotes the length after which the energy of the incoming particles has decreased to
1/e of the original value.
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calorimeters, the interaction length? is 9.7 X in the barrel and 10 \ in the end-caps. Together
with 1.3 A from the outer support, a total depth of 11 A could be reached at n = 0. With this
depth, punch-through is negligible at ATLAS.

Electromagnetic Calorimeter

The electromagnetic calorimeter consists of the Electromagnetic Barrel and the Electromag-
netic Endcap (EMEC). The former is divided into two halves with a gap of 4mm at |n| = 0,
while the latter consists of two so-called wheels. The EMEC outer wheel covers from 1.375
to 2.5 in |n| and surrounds the inner wheel (EMEC IW), which has a coverage in |n| from
2.5 to 3.2. Between the Barrel and Endcap a transition region exists, which is usually ex-
cluded in analyses performed with electrons due its deviating behavior from the reminder of
the calorimeter. Similarly, the region of the transition from the EMEC IW to the Forward
Calorimeter is excluded.

The choice of liquid argon (LAr) as the active detector material was motivated by its ”in-
trinsic linear behavior, its stability of response over time and its intrinsic radiation-hardness”
(cited from ref. [53]). Due to the usage of LAr as active material, the calorimeters have to
be cooled to 87K (cf. ref. [65]). To this end, the barrel and both endcaps are each housed in
cryostats. The endcap cryostats also contain the hadronic end-cap calorimeter (HEC) and the
forward calorimeter (FCal).

The electromagnetic calorimeter has an accordion geometry, offering a full coverage with
respect to ¢ without any cracks. Moreover, it allows for a fast extraction of the obtained
signal. However, the length of the signal still is on the order of multiple bunch crossings,
thereby requiring a careful examination of the energy as a function of in-time and out-of-time
pile-up (cf. Section. 3.5). Studies of this kind were performed as a service task as part of this
thesis. The structure of the accordion geometry was optimized for large uniformity in terms
of linearity and resolution as a function of .

The electromagnetic calorimeters consist of several layers with different granularity. An
overview is given in Table 4.3. It should be noted that the granularity with respect to ¢ is
usually larger than with respect to n. This is because the inner detector is immersed in a
solenoidal magnetic field, which deflects electrons along the ¢ direction. The bremsstrahlung
produced by these electrons will therefore encompass a larger area in ¢ than 7.

Hadronic Calorimeter

The hadronic calorimeters are specialized in the measurement of the energy of the hadrons
produced in the collision. It surrounds the electromagnetic calorimeter and inner detector,
which together have a depth of ~ 2 )\, depending on the location in 7. This means that
the energy measurement of the hadronic calorimeters is almost unaffected by these detector
components.

Similar to the electromagnetic calorimeter, the hadronic calorimeter is a sampling calorime-
ter, using a steel-plastic combination for the tile component, and a copper-LAr combination
for the endcap. The latter was chosen to withstand the high particle flux expected in this
region.

9The interaction length is the mean free path of the hadrons in the detector material.
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Sub-system Coverage in |n| Granularity in Anp x Ay
Barrel Presampler In| < 1.52 0.025 x 0.1
In| < 1.40 0.025/8 x 0.1
Barrel Ist layer 1.40 < |n| < 1.475 0.025 x 0.025
I < 1.40 0.025 x 0.025
Barrel 2nd layer 1.40 < |n| < 1.475 0.075 x 0.025
Barrel 3rd layer In| < 1.35 0.050 x 0.025
Endcap Presampler 1.5<n <18 0.025 x 0.1
1.375 < |n| < 1.425 0.050 x 0.1
1.425 < || < 1.5 0.025 x 0.1
1.5 < |n < 1.8 0.025/8 x 0.1
Endcap 1st layer 1.8 <|n| <20 0.025/6 x 0.1
2.0 < |n| < 2.4 0.025/4 x 0.1
2.4 < |y <25 0.025 x 0.1
2.5 < |n| < 3.2 0.1 % 0.1
1.375 < |n| < 1.425 0.050 x 0.025
Endcap 2nd layer 1.425 < |n| < 2.5 0.025 x 0.025
2.5 < |n| < 3.2 0.1 x 0.1
Endcap 3rd layer 1.5<n <25 0.050 x 0.025

Table 4.3.: Granularity of the electromagnetic calorimeters. Values taken from ref. [53].

Forward Calorimeter

The forward calorimeter (FCal) covers the range 3.1 < |n| < 4.9. Only with this calorimeter an
almost hermetic design of ATLAS could be reached. Due to the vicinity to the beam, a large
flux of high-energetic particles had to be expected. For this reason, the FCal was designed to
have only very small LAr gaps, using a rod-like structure for the electrodes. The FCal consists
of three modules: from the interaction point outwards these are FCall, FCal2 and FCal3.

FCall uses copper as absorber and is mainly used as electromagnetic calorimeter. Copper
was chosen to obtain an optimal resolution and heat removal. FCal2 and FCal3 use tungsten
as absorber and are used as hadronic calorimeters. They were optimized for high absorption
length. In total, 1762 channels are read from each FCal.

4.3.3. Muon System

The muon system (MS) is illustrated in Figure 4.6. It forms the outer shell of the ATLAS
detector, with the detector components closer to the interaction point acting as a shield for
other species of particles. It is designed to detect muons with |n| < 2.7, with the ability to
trigger on these muons in the region with |n| < 2.4. The resolution of the transverse momentum
is 0y, /pr = 10% at pr = 1TeV. The main components are listed in Table 4.4. As for the
other detector systems, the muon system can be divided into a barrel, consisting of MDT's and
RPCs, and two endcaps, each consisting of MDTs, CSCs and TGCs.
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Figure 4.6.: Illustration of the muon system and its components. Taken from ref. [53].

Component Range in || Main Task
Monitored Drift Tubes (MDT) 0<|n <27 Precision tracking
Cathode Strip Chambers (CSC) 2.0 < |n| < 2.7 Precision tracking
Resistive Plate Chambers (RPC) 0 < |n| < 1.05  Triggering, second coordinate
Thin Gap Chambers (TGC) 1.05 < |n| < 2.7 Triggering, second coordinate

Table 4.4.: Overview of the different components of the ATLAS muon system. Data taken from
ref. [53].

The muon system is located in and around the toroidal magnets after which ATLAS is named.
It provides the magnetic field necessary for the measurement of muon momenta, which amounts
to 0.5 T in the barrel region and 1T in the end-cap region. Between those regions, the field is
irregular, which poses a challenge for track reconstruction. The toroid magnet system consists
of three large air-core toroids — one barrel toroid and two end-cap toroids on each side of the
detector.

As can be discerned from Table 4.4, the muon sub-systems can be divided into two sub-
systems specialized in tracking and two sub-systems specialized in triggering. The precision
tracking is performed by the Monitored Drift Tubes (MDTs) at low values of |n|, with added
Cathode Strip Chambers (CSCs) at larger values of |n|. The triggering is performed by fast
trigger chambers, namely the Resistive Plate Chambers (RPCs) and Thin Gap Chambers
(TGCs). The latter provide a signal a few tenths of a nanosecond after being traversed by a
charged particle. All sub-systems exist in two widths, large and small, which are installed in
alternating order (cf. ref. [13]).
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e Monitored Drift Tubes (MDTs): The main components of this system are pres-
surized drift tubes with a diameter of approximately 30 mm. These are filled with an
Ar/COg2 mixture at 3bar. The main goal of this system is precision tracking with a res-
olution in the z-axis of 35 pm. Approximately 20 measurements per track are expected.

e Cathode Strip Chambers (CSCs): Similar to the MDT, the CSC provides a precision
measurement, the difference being the larger values of |n| covered by the CSC and the
deviating working principle. The CSCs consist of two disks with eight chambers each —
eight small chambers and eight large chambers. Each chamber contains four CSC planes,
resulting in four independent measurements in 77 and ¢ along each track.

The reason for the switch to CSCs at high values of || lies in the high-rate limit of
MDTs. The limit safe operation for MDTs is 150 Hz/cm?, which is exceeded in the
region of |n| > 2 in the first layer of the end-cap. CSCs can be safely operated at
counting rates of up to 1000 Hz/cm?, which is sufficient to reach a value of |n| = 2.7.

e Resistive Plate Chambers (RPCs): The RPCs are gaseous parallel electrode-plate
detectors. They consist of two resistive plates, made of plastic laminate, and kept parallel
to each other at a distance of 2mm by insulating spacers. A voltage of 4.9kV is applied
between these plates, leading to avalanches being formed along the ionizing tracks. The
resulting signal is read out via capacitative coupling.

The timing resolution of the RPCs is 1.5 ns. Compared to the time span between bunch
crossings of 50 ns in the 2011 data taking campaign, this allows for a correct assignment
of bunch crossing in almost all cases.

e Thin Gap Chambers (TGCs): The TGCs replace the RPCs as trigger system at
values of |n| > 1.05. They are multi-wire proportional chambers, characterized by a
wire-to-cathode distance smaller than the wire-to-wire distance (1.4mm vs. 1.8 mm).
The filling consists of highly quenching gas, preventing the formation of streamers.

The muon spectrometer has a non-uniform response in the n-¢ space. This is due to transi-
tions between the different muon sub-systems as well as support structures. Among the most
pronounced structures are the so-called feet — the structures which carry the ATLAS detec-
tor. In this region, the ¢-symmetry is broken, because some chambers are missing, leading to
a smaller reconstruction efficiency. In 7, the region at |n| ~ 0 has less muon chambers due
to space constraints from the services for the calorimeter and ID. At |n| ~ 1.2, the transition
between barrel and end-cap occurs, and only one layer of muon chambers is traversed. This
decreases the reconstruction efficiency. Following ref. [13], ten different regions can be defined
as shown in Table 4.5. These are illustrated in Figure 4.7.
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Region

Definition

Barrel large
Barrel small
Barrel overlap
Feet
Transition

End-cap small
End-cap large

Regions only consisting of large barrel chambers

Regions only consisting of small barrel chambers

Overlap between small and large barrel chambers

Support structures of the detectors, some chambers are missing
Transition between barrel and end-cap region, most tracks only
traversing two instead of three muon stations

Small end-cap sectors, MDTs

Large end-cap sectors, MDTs

BEE Barrel-FEnd-cap region, specialized MDTs mounted on top of the
end-cap cryostat; only part of the azimuthal range covered

CSC small Small end-cap sectors, CSCs, outside TRT acceptance

CSC large Large end-cap sectors, CSCs, outside TRT acceptance

Table 4.5.: Different regions of the muon system. This classification follows [13].

CSC small
CSC large
BEE

Endcap small
Endcap large
Transition
Feet

Barrel overlap
Barrel small

Barrel large

Figure 4.7.: Illustration of the different regions in the muon system. Taken from ref. [13]

4.4. Data Acquisition and Triggering

In 2011, bunches of protons were brought into collision approximately each 50 ns — correspond-
ing to a rate of 20 MHz. On average, each of these bunch crossing produced 9.1 proton-proton
interactions (cf. ref. [64]), out of which only a tiny fraction led to the production high-energetic
lepton pairs via W or Z bosons!®. The selection and storage of these events — among others
of interest to analyses at ATLAS — is the task of the trigger system.

In order to cope with the high rate, which is orders of magnitude larger than the read-out
capacity of ATLAS of 300 Hz, a multi-staged trigger is implemented. The first level (L1)
operates on very coarse detector information: Only coarse-grained calorimeter information
and the RPCs and TGCs of the muon system are used. Using this information, the L1 trigger

10The cross section for the signal processes pp = Z+X — pup+X and pp - W+ X — uvy 4+ X is on the order
of 10nb (cf. Table 5.2), while the full cross-section for inelastic proton-proton scattering is on the order of
60mb (cf. ref. [66]). This corresponds to a factor of 6 x 10°.
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is able to reduce the rate to 75 kHz with a maximum trigger decision time of 2.5 ps after the
bunch crossing.

The second level trigger (L2) is seeded by the regions of interest (ROIs) detected by the
L1 trigger. Using more detailed calorimeter and tracking information, the event rate can be
reduced to 3.5 kHz with an event processing time of 40 ms.

The event filter (EF) acts as the last step in the trigger chain. It works on fully reconstructed
events and uses analysis procedures similar to those used in physics analysis at ATLAS. With
these algorithms, the event rate can be reduced to 200 Hz with an event processing time of 4s.

At ATLAS, a large number of such trigger chains — combinations of L1, L2 and EF criteria
— are tested in parallel. This means that one event can pass several different trigger chains
at once. For example, an event can pass the so-called EF_MU18 trigger, which searches for a
muon with a transverse momentum of more than 18 GeV, but can pass the EF_E20_MEDIUM
trigger at the same time, which searches for an electron with transverse momentum larger than
20 GeV and additional cuts.

Several triggers are prescaled. A prescale of n means that only one of n events passing the
trigger is actually stored. This is especially the case for triggers with low momentum threshold.
In the analyses presented in this thesis, the triggers with the lowest transverse momentum
threshold without prescaling, the so-called lowest unprescaled triggers, were chosen.

4.5. Event Reconstruction

Event reconstruction is the task of inferring the identity, trajectory, momentum, energy and
charge of all particles produced in the collision. To this end, information from all sub-detectors
has to be combined. The relevant particle species and their interactions with the detector were
illustrated in 4.3.

4.5.1. Muons

Muons are measured in the ID and the MS, and can be accompanied by a small energy
deposition in the calorimeters. Naturally, the possible combinations of these measurements
allow for a number of definitions for muon objects, as can be found in ref. [67]:

e Stand-alone muons: In this case, the muon trajectory is only reconstructed in the MS.
The muon energy has to be corrected for the estimated energy loss in the calorimeters.
From the MS, the trajectory is extrapolated back to the beam line.

e Combined muons: Here, the measurements from the ID and the MS are combined.
The ID information is used to enhance the information on the trajectory compared to
stand-alone muons.

e Segment-tagged muons: Here the measurement relies mostly on the ID — a track in
the ID is selected as muon if it can be matched to straight track segments in the precision
muon chambers. All track parameters are reconstructed from the ID measurement alone.

e Calorimeter-tagged muons: Similar to segment tagged muons, the measurement
relies mostly on the ID. Tracks in the ID are identified as muons if the associated energy
deposition in the calorimeters is compatible with that of a muon. This definition has the
highest rate of mis-identification and is not commonly used.
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In 2011, two muon chains were used. Each of these chains represents a selection of algorithms
to reconstruct each of the muon objects defined above. These two chains are the MUID chain
and the STACO chain (cf. ref. [68] and references therein). Both chains differ in their approach
to pattern recognition and in the algorithm to combine ID and MS measurements for combined
muons.

In the analyses discussed in this thesis, the STACO chain was used. As far as possible,
only kinematics from the ID were used. As will be discussed in detail in Section 6, the muon
reconstruction efficiency, i.e. the probability of a muon to be reconstructed as such, is to a
large extent dominated by the MS efficiency, while the ID efficiency is very close to unity.

4.5.2. Electrons

Electrons are capable of producing showers in the electromagnetic calorimeters as well as tracks
in the inner detector. In the forward region, i.e. the region of |n| > 2.5, electron reconstruction
can only be performed using calorimeter!! information, while in the central region, i.e. the
region with || < 2.47, information from both ID and calorimeters can be used. Therefore,
electron reconstruction in the central and forward region uses different methods. A detailed
description of the reconstruction algorithm can be found in ref. [69].

Electrons produce energy depositions localized in 1 and ¢, so-called clusters, in the elec-
tromagnetic calorimeters. Due to their low mass, electrons are very likely to produce brems-
strahlung photons. The cross-section for this process makes it very likely for these photons to
be collinear to the electron and to carry only a small momentum. Therefore, these photons
are very likely to be added to the cluster under consideration. Only bremsstrahlung photons
with large momentum and large acollinearity produce separate clusters.

Due to the solenoidal magnetic field in which the ID is placed, the trajectory of the electron is
bent in the ¢ direction. Therefore, the emitted bremsstrahlung photons, which are unaffected
by the magnetic field, will exhibit a larger spread in ¢ than 7.

In the central region, electron reconstruction starts at the electromagnetic calorimeter, in
which clusters are searched. To this end, a sliding window algorithm is used, with a window
size of 3 X 5 in units of 0.025 x 0.025 in 1 X ¢. This algorithm is expected to locate clusters
from W or Z decay electrons with Er > 20 GeV with almost full efficiency.

In a second step, a track is searched in the ID which can be matched to the cluster. The
matching criteria are |An| < 0.05 and A¢ < 0.1 on the side where bremsstrahlung photons
are expected and Ap < 0.05 on the other.

After a successful match, the electron cluster is rebuilt by adding all calorimeter cells in
a block of 3 X 7 in n X ¢ in barrel, or 5 x 5 in the end-cap, respectively. These values were
optimized for the different energy distributions in barrel and end-cap.

In the forward region, calorimeter cells with energy depositions differing significantly from
the expected noise are clustered. These topological clusters have a varying number of cells.

Energy depositions in the electromagnetic calorimeter can also be produced by hadrons
misidentified as electrons, photons and background electrons (primarily from photon conver-
sions and semileptonic decays of heavy-flavor particles). Since photons do not produce tracks,
these can only be mistaken for electrons in the forward or central region through combinatoric
background. In any case, the reconstruction of electrons thus has to be accompanied by an
electron identification algorithm.

HEor the discussion of electron and photon reconstruction, also the first layer of the FCal is counted as an
electromagnetic calorimeter.
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The goal of the identification algorithm is to assign a probability to each electron candidate
of being a true electron. In 2011, the electron identification algorithm was based on a cut-based
selection using calorimeter, tracking and combined variables. Three reference sets of cuts were
obtained for three different levels of increasing background rejection power: loose, medium and
tight. These were defined inclusively, i,e. it is ensured that an electron passing a more stringent
identification level will also pass all loser levels. The target signal efficiency for these three
cut sets in the central region is 90 %, 80 % and 70 %, respectively, with a background rejection
power of approximately 2 500, 25000 and 50 000, respectively.

Electron identification in the forward region has to rely solely on the shape of the energy
deposition in the calorimeter. The forward region offers access to phase space of special
importance for studies such as on the PDFs or angular distribution of Z decays. Since studies
of these quantities play an important part in the measurement of My, an optimized forward
electron identification algorithm, obtained for data taken in 2012 at /s = 8 TeV was derived
as part of this thesis. It will be discussed in Appendix A.

4.5.3. Hadrons and Jets

At ATLAS, several processes, such as the decay of Z or W bosons or the interaction of the
proton remnants (cf. Section 3.4), can produce quarks and gluons with significant momentum.
Since these particles are not color-neutral, they will immediately hadronize. In the course of
this process, a multitude of hadrons, leptons and photons are produced. Due to the momentum
of the original quark or gluon, these decay products will be collimated into a so-called jet.

A large fraction of these particles will be absorbed by the calorimeters. The hadronic
contribution will produce clusters in the hadronic calorimeter very similar to those discussed
for electrons and photons in Section 4.5.2. Jet reconstruction can rely either on these clusters
or on the tracks in the ID (cf. ref. [70]). A large number of algorithms to group these energy
depositions or ID tracks into jets is available. At ATLAS, an anti-k7 algorithm is used (cf.
ref. [71]).

4.5.4. Hadronic Recoil

As discussed in Section 3.4, the hard scattering, in which the W or Z boson is produced
from quark-antiquark annihilation, is accompanied by the so-called underlying event — the
interaction and hadronization of the color-charged proton remnants. In leading order, this
means that a multitude of hadrons will recoil against the produced W or Z boson. In higher
order, these are accompanied by QCD initial and final state radiation. The kinematics are
illustrated in Figure 4.8 for the production of a Z boson. Here also the projections uﬁ and uf of
the hadronic recoil parallel to the transverse momentum of the vector boson and perpendicular
to it are shown.

Momentum conservation requires the sum of the incoming momenta to equal the sum of the
outgoing momenta. If the small boost due to the non-zero crossing angle is neglected, this
means that the total momentum of all outgoing particles has to vanish and that the momentum
of the hadronic recoil has to be balanced exactly by the momentum of the boson produced in
the hard scattering.

At ATLAS, the hadronic recoil is estimated by summing the energy depositions in all
calorimeter cells. This assumes that all particles produced as part of the hadronic recoil
are fully absorbed by the calorimeter cells.
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hadronic recoil

—>
Uur

Figure 4.8.: Illustration of the hadronic recoil in the production of a Z boson. In addition to the

hadronic recoil (denoted here by r), the projection onto the transverse momentum
of the vector boson -¢r, UI(IZ)’ and perpendicular to the transverse momentum, u(f),

are shown. Taken from ref. [72].

However, this assumption is not fully correct for several reasons:

e Incomplete acceptance: As discussed in Section 4.3, the ATLAS calorimeters are
almost hermetic. The area close to the beam axis, however, is not instrumented. Since
particles close to the beam axis carry a large momentum along the z axis, the longitudinal
momentum of the hadronic recoil can only be estimated with significant uncertainty and
is generally not used.

e Incomplete absorption: Neutrinos produced as part of the hadronic recoil are not
absorbed by the calorimeters, an effect discarded by the algorithm. This leads to an
additional uncertainty on the estimated hadronic recoil. In general, also muons pass the
detector without absorption. This can only be corrected for if the transverse momentum
of the muon is above the detection limit of the muon system of 6 GeV.

e Pile-up: In addition to the collision vertex in which the hard scattering takes place,
several so-called pile-up vertices exist as discussed in Section 3.5. The energy deposi-
tion from these interactions is added to the hadronic recoil, leading to an additional
uncertainty, and thus a degradation of resolution.

In general, the difference between the estimated hadronic recoil and the transverse momentum
of the boson is on the order of several GeV.

4.5.5. Neutrinos

In the production of W bosons, the decay neutrinos are not visible to the detector. However,
their presence can be inferred due to momentum conservation. To this end, the hadronic recoil
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and the momentum of the charged decay lepton is used. Momentum conservation requires the
muon momentum and the neutrino momentum to exactly balance the hadronic recoil.

Due to the points discussed above, this calculation is in general only performed in the
transverse plane. The transverse momentum of the neutrino becomes visible as an imbalance
in the total energy deposition of the calorimeters and is therefore called missing transverse
energy, or E?iss. Due to the challenges in the estimation of the hadronic recoil discussed
above, the transverse momentum of the neutrino can only be gained with reduced resolution
compared to that of the charged decay leptons.

Hadronic recoil and missing energy can be related by assuming the transverse momentum
of the center of mass to be negligible through momentum conservation. For the case of the
process pp - W + X — uv + X, the equation reads:

~HR =pl,+ MET 4.2
T
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Like all high-energy experiments, ATLAS relies heavily on Monte Carlo simulations (MC) for
designing the detector as well as its components, estimating detector performance, as well
as for the prediction of experimental outcomes (cf. ref. [73]). This is mainly because the
physics processes involved are complicated and difficult to calculate analytically, and because
the detector response to these processes is challenging to model.

This becomes very obvious in the measurement of the W boson mass. Here, the processes
leading to its production are governed by the PDF's discussed in Section 3.2. The dependence
of these functions on Q? and xp plays a large role, and has a huge impact on the distribution
of the transverse momentum of the charged decay lepton. The same holds true for initial and
final state radiation, both through QED and QCD processes. The impact of these processes
on the observables used for the measurement of My has to be well modeled.

The shape of the observables is also significantly impacted by the characteristics of the detec-
tor. Such detector effects, for example cut efficiencies depending on the transverse momentum,
are very common, and can significantly distort the observed spectrum of the transverse mo-
mentum.

These two facets of MC simulations are mirrored in the two-step approach taken at ATLAS.
First of all, the physics process is modeled using one or several combined MC generators, with a
resulting list of particles in the final state, including their momenta and charges. This is called
the truth record. It is used as input for the detector simulation, which uses a very detailed
model of the detector, and which simulates the response of all sub-systems to these particles.
Part of the second step is also the reconstruction of these particles, i.e. the inference from
the response of the ATLAS detector to the trajectory, momentum, charge and flavor of the
original particles. In Monte Carlo simulations, these reconstructed particles can be compared
to their counterparts in the truth record, yielding information on the expected reconstruction
efficiency and quality.

5.1. Event Generators

A wide range of MC generators is available at ATLAS. An overview of the generators used for
the analyses discussed in this thesis is given in Table 5.1.

Following ref. [28], these generators can be characterized by the extent to which they are
able to simulate the full proton-proton interaction and by the order O(«y) to which the hard
scattering is calculated.

Generators able to simulate the full proton-proton interaction are known as multi-purpose
generators. These programs offer an interface to PDFs, initial-state showering models, a
simulation of the hard scattering, final-state showering, hadronisation and further particle
decays. Examples for such multi-purpose generators used at ATLAS are PyTHIA (cf. ref.
[29,30]), HERWIG (cf. ref. [74,75]) and SHERPA (cf. ref. [76]). All these generators offer an
extensive library of leading-order Standard Model processes.
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The results from these generators can be improved by replacing the routines calculating the
hard scattering process. To this end, specialized programs such as ALPGEN and MADGRAPH
are used. While not providing an NLO matrix element calculation, these programs are nev-
ertheless able to give an estimation of NLO effects by adding up to six (ALPGEN) or four
(MADGRAPH) additional partons in the final state. In this way, the additional partons are
treated as real instead of virtual.

The occurrence of additional partons poses a problem: A significant overlap exists between
the showers predicted by the initial- or final-state showering algorithms and the showers pre-
dicted by taking additional partons in the hard scattering into account. Therefore, the results
from both calculations have to be matched in order to avoid double-counting. To this end,
several algorithms were devised, such as the Catani-Krauss-Kuler-Webber (CKKW) algorithm
(cf. ref. [77,78]) and the Mangano (MLM) algorithm (cf. ref. [79]). Alternatively, merging
algorithms can also be used, which reweight the parton showers through weights from the
matrix element. Notable examples for this approach are PYTHIA and HERWIG. It should be
noted that it is very difficult to model higher jet multiplicities in this approach.

The measurement of Myy requires the incorporation of higher orders due to their effect on
the spectra of the observables used. Therefore, the hard scattering has to be calculated in
NLO. However, the matching algorithms described above only work for LO matrix element
calculations. More sophisticated methods are needed for the match between the NLO matrix
element from the dedicated program, and the parton shower algorithm from the multi-purpose
generator. The two approaches used at ATLAS are the MCQNLO approach (cf. ref. [80]) and
the POWHEG approach (cf. ref. [81]). The latter is also implemented in PYTHIA.

Apart from these event generators, three specialized generators were used in the analyses
presented in this thesis. RESBOs (cf. ref. [82]), a generator based on a resummation approach,
was used to obtain a very accurate prediction of the transverse momentum of the W or Z boson.
PHOTOS (cf. ref. [83]) was used to improve the description of QED final state radiation, which
is especially important with regard to electrons in the final state. When using PHOTOS, the
production of QED final state radiation in the multi-purpose generator is switched off to avoid
double-counting (cf. ref. [73]). A further event generator is DYNNLO (cf. ref. [84,85]), which
is able to take NNLO effects into account, thereby providing an excellent description of the
angular distribution of the decay leptons of W and Z bosons. This generator was used to
improve the results obtained from the standard POWHEG+PYTHIA simulation.

Commonly, these event generators contain processes which can currently not be calculated
from first principles. This is especially the case in the realm of non-perturbative QCD pro-
cesses, which govern for example parton showering, hadronization and multiparton interac-
tions. The models describing these processes, used in the event generators presented here, are
typically either approximations to high-multiplicity QCD calculations, or phenomenological
attempts to address non-perturbative physics (cf. ref. [86]). Therefore, these event generators
contain free parameters, governing the description of these processes. These free parameters
cannot be calculated from first principles, are interconnected and must be chosen, such that
these generators produce a reasonable description of these processes. The optimization of these
parameters is known as tuning. Due to the freedom of choice in this optimization process, a
range of tunes were derived for the ATLAS experiment. An overview for the PYTHIA event
generator is given in ref. [86].
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Program Matrix element Full Event Generator Merging/Matching
O(as)
PyTHIA LO yes matrix-element correction
for first branching
HERrRwIG LO yes matrix-element correction
for hardest branching
MC@NLO NLO yes (interface to HER- PS matching
WIG)
PowneEcBox NLO yes (interface to PS matching
PYTHIA or HERWIG)
ALPGEN LO no (but interface to MLM (all parton multi-
PyTHIA or HERWIG) plicities)
MapGrarPH  LO no (but interface to mn.a. (all parton multiplic-
PYTHIA) ities)
SHERPA LO yes CKKW (all parton multi-
plicities)
REsBoOs Resummation  no (only boson kine- n.a.
matics)
PHoTOS n.a. no (only QED FSR) n.a.
DYNNLO NNLO no (only boson and de- n.a.

cay lepton kinematics)

Table 5.1.: Overview of the different Monte Carlo generators used at ATLAS. Taken from ref. [28],
adapted.

5.2. Detector Simulation

The interaction between the particles produced by the event generator and the ATLAS detector
is simulated with a dedicated detector simulation. This simulation is based on the GEANT4
(cf. ref. [87]) package, which is able to simulate the interaction between final-state particles
and the detector on the microscopic level. To this end, the GEANT4 package contains a large
set of models for particle-material interactions across a wide energy range.

In the GEANT4 simulation, each particle produced by the event generator is tracked step-
by-step through the simulated detector. In each step, physics processes such as decays and
interactions with material are simulated. If the interaction takes place in a part of the detector
marked as sensitive in the simulation, a hit is recorded. From these hits, the simulated response
of the sub-detector is calculated in a process called digitization. The output of this process
are so-called Raw Data Objects (RDOs). These represent the detector output, for example
counts from an analog-to-digital converter (ADC) or a time-to-digital converter (TDC).

Naturally, this form of simulation is very time-consuming. In order to reduce the processing
time per event, several simulation algorithms with less detailed interactions have been devel-
oped (cf. ref. [73]). For example, in the so-called fast G4 simulation, the showering in the
electromagnetic calorimeters is simulated via a mixture of parametrization (as proposed for
example in ref. [88]), a library of pre-defined showers and full simulation, depending on the
energy.
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These digitized hits are then passed through the ATLAS reconstruction software in the
same way signals obtained from real data taking would be. This way, it can be made sure
that simulated and actually observed events are treated as similar as possible. Both the
reconstruction software and the simulation software are part of the ATHENA framework (cf.
ref. [89]). The main goal of the reconstruction algorithms is the inference from the digitized
hits to the momentum, trajectory, charge and flavor of the particle which has produced these
hits.

5.3. Overview of Monte Carlo Samples

An overview of the Monte Carlo samples used in this thesis is given in Table 5.2. The first
three samples are the MC signal samples for the production and subsequent decay of W
and Z bosons, while the following samples represent the MC samples used to estimate the
electroweak and top background, as introduced in Section 6.2. The r and p tags quoted in the
table represent the version of the software used to produce and reconstruct these Monte Carlo
simulations. The last column represents the cross section, corrected by the branching ratio,
with its accompanying uncertainty.

Process Generator Dataset ID r/p tags o X BR|pb]
Signal Samples
Wt — pty, POWHEG+PYTHIAS 147401 r4982 p1731 6160 (5%)
W= = pu~p, POWHEG+PYTHIA8 147404 r4982_p1731 4300 (5%)
Z — ptu~ POWHEG+PYTHIAS 147407 r4982 p1731 990 (5%)
Background Samples
W+ - 75 (= et ut)yr POWHEG+PYTHIAS 147412 r4982_p1731  930.04 (5%)
W~ =7 (e ,u )v POWHEG+PYTHIA8 147415 r4982 p1731  603.63 (5%)
Z =1t (= e, p) POWHEG+PYTHIAS 147418 r4982_p1731  260.42 (5%)
Ww HerwIG 105985 14982 p1731 20.86 (7%)
77 HerwiC 105986 r4982_p1731 1.54 (7%)
WZ HerwIG 105987 r4982 p1731 6.97 (7%)
tt MC@NLO 105200 r4982_p1731 137.30 (6.2%)
Single top t-channel ev MCQ@NLO 108340 r4982 p1731 6.83 (12%)
Single top t-channel pv MCQ@NLO 108341 r4982 p1731 6.82 (12%)
Single top t-channel v MCQ@NLO 108342 r4982_p1731 6.81 (12%)
Single top s-channel ev MCQ@NLO 108343 r4982 p1731 0.46 (12%)
Single top s-channel pv MC@NLO 108344 r4982 p1731 0.46 (12%)
Single top s-channel 7v MCQ@NLO 108345 r4982 p1731 0.46 (12%)
Single top Wt MCQNLO 108346 r4982_pl1731 14.37 (7%)

Table 5.2.: Overview of the MC samples used for the analyses performed on 2011 data. Cross
sections are normalized to NNLO. Relative uncertainties on the cross-sections are
shown in brackets. Data taken from ref. [90], uncertainties follow ref. [91].
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5.4. Additional Corrections

The simulated events, obtained by the methods above, cannot be used directly in the mea-
surement. Instead, further corrections are needed. The reasons for these corrections can be
grouped into two categories:

e Physics corrections: Examples for this group of corrections are the modeling of pro-
cesses not included in the event generator, or known differences between observations
and the generator prediction.

e Detector corrections: The simulation is based upon several assumptions about the
performance of the LHC and ATLAS, which were shown not to be fully correct. Enhanc-
ing the description through detailed studies and obtaining associated corrections plays
a large role in the measurement of My,. Work to this end will be presented in Part II of
this thesis.

5.4.1. Physics Corrections

In order to enhance the description of the measured observables, a large number of physics
corrections was applied. A detailed overview of these corrections can be found in ref. [90].

Resonance Parametrization and Corrections

In general, the Monte Carlo generators used include higher order QCD corrections, but only
leading order electroweak expressions. Since higher-order electroweak corrections have a sig-
nificant impact on the line shape of the W and Z bosons (cf. Section 3.3), these corrections
have to be added for a precise determination of Myy. To this end, the shape of the W and Z
resonance in the signal MC samples is reweighted to match the improved Born approximation
(IBA) as developed at LEP (cf. ref [92]). This is performed with the standard ATLAS package
LINESHAPET00L-00-00-04.

Boson Rapidity and Transverse Momentum

The transverse momentum of the boson has a direct impact on the three observables used
for the measurement of the W boson mass — lepton pr, mp and E%‘iss. Therefore, it has to
be modeled with high precision. As an additional challenge, pYW cannot be measured inde-
pendently of the hadronic recoil, contrary to the case of p:%. In the latter case, both leptons
can be reconstructed independently of the hadronic recoil, while in the former the kinematic
configuration of the neutrino has to be extracted using the measured hadronic recoil. This
means, that an improvement of the simulation output, using a comparison to the measured
distribution of pYVY , is not feasible.

Instead, as discussed in ref. [93], the distribution of ij has to be modeled using p%. This can
be performed relying solely on perturbative QCD, or, as was done for the analyses presented
in this thesis, through tuning. Here, the correction is achieved by using the PYTHIA AZ tune,
which in turn relies to a large extent on the measured p% distribution at ATLAS (cf. ref. [40]).
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Angular Coefficients

As discussed in Section 3.1, the angular coefficients play a large role in the transfer from the
distribution of the transverse momentum to the full momentum of the decay leptons. A mis-
modeling of these coefficients would therefore introduce a bias in the measured value of Myy.
In ref. [90], it could be shown that DYNNLO is able to reproduce the observed dependence of
the angular coefficients A; on the boson py much better than POWHEG+PYTHIAS, except in
the case of A4 in Z boson production. Therefore, in the W — pv MC samples, 4; (i =0 —4)
are reweighted to match the DYNNLO prediction; while in the Z — pu MC sample, only A;,
(1 =0 — 3) are reweighted.

5.4.2. Detector Corrections

The following corrections were applied due to mis-modeling of the detector or the accelerator
parameters.

Pile-up Reweighting

The number of interactions per bunch crossing is a function of the number of protons per
bunch, as well as the dimension of the beam spot and geometry of the beams. Moreover, it is
a function of time, since after the fill, the number of protons per bunch steadily decreases until
the beams are dumped. However, the MC was only simulated for a discrete number of pile-up
conditions. Therefore, the MC simulation has to be reweighted to describe the observed pile-up
conditions, which was performed with the ATLAS tool PILEUPREWEIGHTING-00-02-05.

Vertex Reweighting

The distribution of interaction vertices along the z axis was not correctly modeled in Monte
Carlo. Instead, the distribution is much wider in the simulation than in data, a fact which can
influence kinematic measurements. Therefore, the simulated distribution is reweighted with
the ATLAS tool VERTEXRWToOL from the tool collection EGAMMAANALYSISUTILS-00-04-
31.

Muon Momentum Correction

The muon momentum simulated in the MC samples has to correspond precisely to the momen-
tum distribution observed in data, since the transverse momentum of the decay lepton is used
to infer the mass of the W boson. In first order, the measured value of My, depends linearly
on p4.. Any mis-modeling of p. would therefore introduce a bias in My,. Therefore, the MC
simulation has to be calibrated through comparison with real data, for which the decay of Z
bosons can be used. In this decay, both leptons can be reconstructed, and the corresponding
background level is low.

As described in ref. [94], the correction of the muon momentum consists of three parts:
the muon scale and resolution correction as well as the sagitta bias correction. In all three
cases, the goal is an improved agreement between the values of muon pr from simulation and
subsequent reconstruction, and those obtained in direct measurements.
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The muon scale correction remedies mis-modeling of the detector along its the radial di-
mension, of the magnetic field in the ID and of the material distribution. These effects can be
parametrized via:

PR = pEo(1 + a) (5.1)

The muon resolution remedies imperfect modeling of the processes leading to a finite resolution
of the detector: fluctuations of the energy loss, multiple scattering as well as other effects
producing a deviation in the angle of the trajectory, and, finally, finite spacial resolution of
the detector. These effects can be parametrized by:

o(pr) =L ob@cx T (5.2)
pr pr

In this correction, only the last two terms are corrected, while multiple scattering is neglected
due to the small material upstream to the ID.

The third correction is the sagitta bias correction, which takes into account possible charge-
dependent mis-modelings, as can be introduced by mis-alignment of the detector. In this way,
the trajectories for positive and negative muons, which are bent into opposite directions by
the ID solenoid field, may exhibit a bias in the measured radius and therefore in the measured
transverse momentum.

Muon Efficiency Correction

The efficiency of the ATLAS detector to reconstruct and trigger muons, as well as the probabil-
ity of these muons to pass a detector-based isolation requirement, differs in part significantly
from the values used in the simulation. Most importantly, a dependence on the transverse
momentum of the decay leptons would be able to introduce a large bias in the resulting value
of My,. Therefore, a precise determination of these efficiencies and their dependence on the
kinematics of the decay leptons has been performed as part of this thesis. The results of this
study are presented in Part IT of this thesis, where it will be shown that a precise determination
of these efficiencies could be performed.

Hadronic Recoil Correction

The hadronic recoil was introduced in Section 4.5.4. Since it is the foundation upon which
the missing energy E}niss and transverse mass mqp are built, it is important to calibrate this
quantity with great care. To this end, the process pp — Z + X — putp~ + X was selected, as
described in ref. [95]. In this process, an independent estimation of the hadronic recoil via p:%,
in addition to the reconstructed hadronic recoil itself, is feasible. This is because momentum
conservation forces the transverse momentum of the Z boson in this process to balance the
hadronic recoil.

The transverse momentum of the Z boson can be measured with a high precision of 1-2 GeV
compared to the typical precision of the hadronic recoil of ~ 15GeV. Therefore, a precise
calibration of the latter with the former is possible.

In a first step, a correction of the distribution of the vertex multiplicity between data and
Monte Carlo is performed. This is followed by a correction of the distribution of ) Er, the
scalar sum of the transverse energies of all clusters from which the hadronic recoil is calculated.
This is performed using a Smirnof transform (cf. ref. [96]).
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As a final step, remaining differences between the hadronic recoil in data and Monte Carlo are
corrected, using a set of correction factors for the component of the hadronic recoil parallel
u)|, and perpendicular u, to the Z boson momentum.

The resulting equations for the w|| and u; components read:

uj = b (pT, O _Er- U)“) + < ) >pata + (¥ — < Y| >Data) X T (pT7 O Er- U)tr> (5.3)

W =y xr <pT, (X - u)t> (5.4)

In these equations, b is obtained from the means of u) + p% on data and Monte Carlo according
to:
b=<uy +pf > — <y +pf SMC (5.5)

The value of r is obtained from the spread of the distribution of ; in data and Monte Carlo:

r=—* (5.6)

Crossing Angle Correction

Since the beams of the LHC must only be brought into collision at the defined interaction
points, a certain crossing angle to separate them before and after each interaction point was
chosen. At Interaction Point 1 (IP1), where the ATLAS detector is located, the full crossing
angle 6 between the colliding beams is 240 urad according to ref. [97]. A simple calculation
shows the resulting size of the motion of the center-of-mass system with respect to the detector
system. With the four-momenta of the protons given by:

n= (i) m= (i) e

Using the following relations

(5.8)
EY ~p}, E35~ph (5.9)
p1,z = psin(0/2),p1,y = 0,p1,. = pcos(6/2) (5.10)
P2,z = psin(0/2),p2y = 0,pa. = —pcos(0/2) (5.11)
leads to
Ei + By
2psin (6/2
p=pi+p= psmo( /2) (5.12)
0
Using p = 3.5 TeV and 0 = 240 prad
7000 GeV
0.840 GeV (5.13)
0
0
(5.14)
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The center-of-mass energy +/s is not influenced by this Lorentz boost, as it is a Lorentz scalar.
However, the center-of-mass system has a momentum in positive x-direction of 0.840 GeV,
which is not modeled in the Monte Carlo simulations used. This can be corrected by either
performing the Lorentz boost on Monte Carlo in order to describe the movement of the center
of mass in data, or by performing the Lorentz boost on data. The latter has the advantage of
leading to a p-symmetric situation, and was therefore chosen.

For the decay leptons, this introduces a shift in the momentum on the scale of 10 MeV,
which has a different sign in the upper and lower half of the detector, thus canceling out
almost completely. However, for the hadronic recoil, introduced in Section 4.5.4, the effect is
much more significant and on the order of 1 GeV. Moreover, the effect on the hadronic recoil
depends on the number of pile-up vertices and the ability of the hadronic recoil reconstruction
algorithm to suppress contributions from these vertices. Unfortunately, for the purpose of the
analyses presented in this thesis, the full four-momentum information needed for the correction
is only available for the decay leptons and not for the hadronic recoil. Therefore, only the lepton
momentum could be corrected, indicating a point for further study.
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6. Overview of Muon Efficiency Corrections

Note: The results presented in this part of the thesis form the basis of an internal ATLAS note
as part of the W boson mass measurement effort, cf. ref. [98]

A precision measurement always acts as a benchmark for how well the characteristics of the
detector — to be precise, its response to incoming particles — have been understood and
modeled. While several measurements and calibrations had been performed before ATLAS
was assembled!, a detailed understanding can only be gained with in-situ measurements, i.e.
measurements performed while the detector is in operation. This is of special importance in
regard to the measurement of the mass of the W boson. This is because, as was shown in
Chapter 3.1, the spectrum of the transversal momentum of the decay lepton is both the variable
most sensitive to the mass of the W boson, but also very sensitive to physics and detector
modeling effects. Hence, the kinematic dependence of the muon reconstruction, trigger and
isolation efficiency has to be well understood. The reconstruction efficiency is the efficiency
of a muon already reconstructed as a track in the inner detector to be reconstructed as a
combined STACO muon. The trigger efficiency is the probability for a muon, having passed
the offline reconstruction and isolation requirements, to also fire the trigger. The isolation cut
efficiency is the efficiency of a signal muon to pass a detector-based isolation requirement. In
particular, it is important to evaluate how the reconstruction, trigger and isolation efficiencies
differ between data and Monte Carlo simulations. Using this information, correction factors
— the so-called scale factors — can be derived according to:

€D(777 @, pr, uh)
5MC(777 », Pr, uh)

SF(n, ¢, pr,uf)) = (6.1)

As stated explicit in this equation, up to four kinematic variables were considered in this
analysis: Apart from the pseudo-rapidity 7, azimuth ¢ and transverse momentum pr of the
decay leptons, a possible dependence on uf was also investigated. The latter variable, already
introduced in the previous part of this thesis, is defined as the parallel component of the
projection of the hadronic recoil onto the transverse momentum of the decay lepton. Similarly,
the quantity ulL is defined as the perpendicular projection of this quantity. For the sake of
brevity, the explicit dependence of both scale factors and efficiencies is suppressed in the
following. The variables n and ¢ are merged into a combined binning — the detector region
variable, defined in Figure 6.1.

Apart from the full three-dimensional dependence on region, pr and uf‘, two- and one-

dimensional projections onto the single variables are supplied with a finer binning?. Natu-
rally, the total number of bins increases considerably with the number of dimensions involved,
thereby decreasing the statistical precision. After careful consideration, the two-dimensional
correction factors with respect to the region and lepton pr were chosen since these usually give

!See for example the measurements described in the ATLAS Technical Design Report (ref. [53], Chapter 10).
2This means, that the two-dimensional combinations are (region, pr), (region, uh) and (pr, u)).
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Figure 6.1.: Definition of the region, the combined 7-¢ binning used in this study.

Dimensionality Observable Binning
(n,9) Region binning, cf. Figure 6.1
1-D PT 20...80 GeV in bins of 5 GeV
uh -80...80 GeV in bins of 4 GeV
(n, ) Region binning, cf. Figure 6.1
2-D PT 20...80 GeV in bins of 5 GeV
ujj -80..80 GeV in bins of 13 GeV
(n, ) Region binning, cf. Figure 6.1
3-D pr {20,25,30,35,40,45,50,60,70,80} GeV
ujj -80..80 GeV in bins of 20 GeV

Table 6.1.: Bin definitions for the 1-D, 2-D and 3-D scale factors.

the best trade-off between statistical precision and accuracy of the modeling. Therefore, this
binning is used for the W boson mass fit. The binning for all variables is shown in Table 6.1.

A priori, the muon isolation, trigger and reconstruction efficiencies depend on each other,
mostly because the amount of background expected in each bin depends on all three efficien-
cies. The studies presented in this part of the thesis are very clean with only little background.
However, due to the high precision aimed for, the remaining small effect of cross-talk is con-
sidered and minimized by calculating the efficiencies iteratively. This means that all scale
factors were first calculated without correcting for the reconstruction, trigger and isolation
efficiencies. In a second iteration, these efficiency corrections were applied to obtain the final
efficiency corrections. The uncertainties obtained in the first iteration were propagated into
the second iteration. After the second iteration, the results remained stable, as tested by
performing a third iteration.
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The muon reconstruction efficiency consists of three separate efficiencies — the efficiency
for muons to produce inner detector tracks, the efficiency for muons to be reconstructed in
the muon system and the efficiency for the tracks in the inner detector to be matched to
corresponding muon objects in the muon system. In this analysis, the two latter efficiencies
are combined, and the efficiency of inner detector tracks to result in a combined muon is
calculated. The former efficiency is expected to be very close to unity in data and Monte
Carlo. This assumption was tested in Appendix C and found to hold. All studies were
performed using the STACO muon reconstruction algorithm.

The muon trigger efficiency was obtained for the two triggers used in the measurement of the
W boson mass — EF_Mu18 and EF_MU18_MEDIUM — depending on the period of the data
taking: all periods up to period J use EF _MU18, while those following use EF_MU18_MEDIUM.
Data corresponding to 1.4 fb~! were collected using EF_MU18, the remaining data correspond
to 3.1fb~!. In order to cover differences in the detector performance observed in 2011, both
periods were divided into two sub-periods each. This will be discussed in more detail in
Chapter 8.

The analysis of the muon isolation efficiency was performed for the variable pCTone20/PT <
0.1, with p%one?o defined as the scalar sum of the transverse momenta of all tracks within
a cone of AR < 0.2 surrounding the track under investigation. This requirement acts as a
countermeasure against muons originating from the decay of quarks, since these are generally
accompanied by a jet of high energetic particles.

This part of the thesis is structured as follows: the next section deals with the Tag and Probe
method, central to the selection of lepton candidate and the measurement of efficiencies. In
Section 6.2, the event selection and the basic principle of the background determination is
described. The method to evaluate systematic and statistical uncertainties is documented in
Chapter 6.3. The evaluation of the muon reconstruction efficiency is summarized in detail in
Chapter 7. Here, details of the event selection specific to this measurement as well as the
scale factor determination, including uncertainties, is discussed. A similar discussion for the
trigger scale factors is given in Section 8 and for the isolation scale factors in Chapter 9. In
Appendix C a study on the ID track efficiency, very similar to the aforementioned studies, is
described. A closure test of the obtained results can be found in Chapter 10.

In Appendix A, an excursus is presented: if methods very similar to those described in this
chapter are used in combination with multivariate analysis methods to identify electrons as
the final state, a much wider range in pseudorapidity can be used. Instead of |n| < 2.7 for
muons, values of |n| < 4.9 can be reached by including the forward calorimeters in the electron
reconstruction. These extend the acceptance of the central calorimeters, which reaches up to
|n| < 2.47 by the range 2.5 < |n| < 4.9. Using this region of the detector, a much broader
range of Bjorken-x can be sampled, thereby testing different regions of the used PDFs. It
has to be noted that this region cannot be used to study the decay W — ev, because events
with the electron in the forward calorimeter are not triggered. However, in the study of the
decay Z — ee, important insights into the PDFs can be gained and used as indirect input
for the W boson mass measurement. Appendix A therefore presents an optimized electron
identification algorithm and a measurement of its efficiency for electrons, obtained as part of
the 2012 measurement campaign.
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6. Overview of Muon Efficiency Corrections

6.1. Tag and Probe method

The main challenge in this study lies in obtaining a clean sample of lepton candidates. Consider
for example the case of measuring the reconstruction efficiency: in order to perform this
measurement, the true nature of the lepton candidate has to be established before the offline
identification, which relies on the reconstruction algorithm under study, is applied. In order
to obtain sufficient certainty on the true nature of the lepton candidates without relying on
the reconstruction algorithm, the Drell-Yan process pp — Z/v* + X — ¢4~ + X can be used:
if a pair of two lepton candidates is found, with one passing very tight selection criteria, and
the pair having an invariant mass close to the Z mass, it can be assumed that the other lepton
candidate has a high probability of also being a true lepton. This is the key idea of the Tag
and Probe method, as illustrated in Figure 6.2. In this method, the first lepton candidate,
passing the tight selection criteria, is called the Tag, while the second candidate, only required
to pass very loose criteria, is called the Probe. Naturally, a small rate of mis-identifications
will be observed and has to be corrected. Its size and dependence on the kinematic variables
has to be estimated with Monte Carlo and data-driven methods.

probe muon ™

Figure 6.2.: Tllustration of the Tag and Probe method used for the detector studies discussed in
this chapter. Figure taken from ref. [99].

6.2. Event Selection and Background Subtraction

6.2.1. Event Selection

The detailed event selections differ for the determination of the muon reconstruction, trigger
and isolation efficiencies and are described in detail in Section 7.1, Section 8.1 and Section 9.1.
However, the basic selection is similar: two tracks are required, each with a transverse momen-
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tum of pr > 20 and |n| < 2.4, and with an invariant mass of 81 < mpair < 101. The study
of the muon reconstruction efficiency requires only one muon track to be a combined muon,
while the other muon track only needs to be reconstructed in the inner detector without any
further muon-based requirements. Both tracks have to appear isolated in the detector. The
study of the trigger efficiency is based on two combined muon tracks, both fulfilling an isolation
requirement. The study of the isolation efficiency is based on two combined muon tracks, of
which only one has to fulfill the isolation requirement under study. In all three cases, the tag
is required to be matched to a muon trigger object. As will be shown, all three selections lead
to clean signal samples.

The studies are based on data corresponding to 4.6 fb~! of the 2011 data set®. The Monte
Carlo samples used were already introduced in Table 5.2. It has to be noted that the samples
listed in this table are so-called SMLIGHT samples. This means that, in order to reduce the
file size of these samples, only information sufficient for a standard W /Z selection has been
kept. In this way, all information concerning the ID tracks in the events is lost. However,
this information is required to measure the muon reconstruction efficiency (cf. Chapter 7) as
well as the ID track reconstruction efficiency (cf. Appendix C). Therefore, so-called SMWZ
samples had to be used for these two analyses. These samples differ not only in terms of
contained information, but also in terms of the software version used. In Chapter 10 it is
shown that the results obtained on these samples are also valid for SMLIGHT samples. Note
also, that the samples describing the process W — uv were not used in this part of the thesis,
since the contribution from these processes were estimated data-driven, as described below. A
full overview of the samples used is given in Table 6.2. The NNLO cross-sections quoted in
the table are used to normalize predicted event counts for the various samples. The relative
uncertainties on the production cross-sections are shown in brackets.

3The data used for this analysis was selected with a so-called Good Run List (GRL), in which the lumi-
blocks, i.e. data blocks corresponding to approximately two minutes of data-taking, with sufficient data
quality are stored (cf. ref. [100]). In the case of this analysis, the GRL used was DATA11_7TEV.PERIODALL-
YEAR_DETSTATUS-V36-PRO10_COOLRUNQUERY-00-04-08 _-WZJETS_ALLCHANNELS_DTOM.XML. The inte-
grated luminosity quoted here was calculated considering this GRL.
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Process Generator Dataset ID r/p tags (SMLIGHT) r/p tags (SMWZ) o x BR|pb]
Signal Sample
Z — up POWHEG+PYTHIAS 147407 r4982_p1731 r4982_p1486 990 (5%)
Background Samples
Wt 7t (= et uT)yr POWHEG+PYTHIAS 147412 r4982 _pl1731 r4982_p1486 930.04 (5%)
W= =71 (e ,u")v POWHEG+PYTHIAS 147415 r4982 p1731 r4982_p1486 603.63 (5%)
Z =1t (= e p) POWHEGH+PYTHIAS 147418 r4982 _pl1731 r4982_p1486 260.42 (5%)
WwW HERWIG 105985 r4982_p1731 14982 _p1486 20.86 (7%)
77 HerwIG 105986 14982 p1731 14982 p1486 1.54 (7%)
WZ HERWIG 105987 r4982_p1731 14982 _p1486 6.97 (7%)
tt MC@NLO 105200 14982 p1731 r2993_p1035 137.30 (6.2%)
Single top t-channel ev MC@NLO 108340 r4982 p1731 r2993_p1035 6.83 (12%)
Single top t-channel uv MCQ@NLO 108341 r4982 _p1731 12993 _p1035 6.82 (12%)
Single top t-channel Tv MCQ@NLO 108342 r4982_p1731 r2993_p1035 6.81 (12%)
Single top s-channel ev MC@NLO 108343 r4982_p1731 12993 _p1035 0.46 (12%)
Single top s-channel pv MCQ@NLO 108344 r4982 p1731 r2993_p1035 0.46 (12%)
Single top s-channel 7 MC@NLO 108345 r4982 _p1731 12993 _p1035 0.46 (12%)
Single top Wt MC@NLO 108346 r4982_p1731 r2993_p1035 14.37 (7%)

Table 6.2.: Overview of the MC samples used for the Tag and Probe analyses performed on 2011 data. Cross sections are normalized to
NNLO. Relative uncertainties on the cross-sections are shown in brackets. Data taken from ref. [90], uncertainties follow ref. [91].
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6.2. Event Selection and Background Subtraction

In all analyses, quality cuts on the ID track are enforced. These consist of a minimal number
of hits in the silicon detectors, as well as a veto against TRT hits far away from the fitted
track. These so-called outliers can originate either from drift tube signals without a nearby
track, or drift tube hits which cannot be reconciled with the trajectory measured in the Pixel
and SCT detectors. In this way, fake tracks, as well as signals produced by hadrons, can be
suppressed. These quality cuts are summarized in Table 6.3.

Sub-Detector Requirement
Pixel at least two pixel hits if pixels not dead
SCT at least six SCT hits if channels not dead

Pixel + SCT at most two holes
TRT (|n] < 1.9)  nnits + Noutliers > 5 and nh:”‘jr% < 0.9

TRT (W > 19) for Nhits T Noutliers > o: —Lloutlicrs < 0.9

Nhits+Moutliers

Table 6.3.: Quality cuts enforced on the track segment in the inner detector. As described in the
text, the purpose of these cuts is a safeguard against fake tracks and tracks originating
from hadrons.

6.2.2. Background Subtraction

As mentioned before, all three analyses are performed on clean samples with only small back-
ground admixtures. Concerning the relevant background processes, it is important to note
that several of these produce isolated muons quite similar to those originating in Z decays.
This means that their admixture has only a minor effect on the observed efficiencies. On the
other hand, muons originating from QCD processes — for example from the decays of hadrons
containing b or ¢ quarks — are seldom isolated, and can bias the efficiencies significantly, if not
subtracted correctly. An overview of the main background processes is given in Section 3.6.

For the reconstruction, trigger and isolation efficiency studies, the EW and top background
processes were estimated using corresponding MC samples, scaled by the data luminosity.
Uncertainty on this estimation stems from the limited statistics of the MC samples and the
MC cross-section uncertainties.

Only part of the background originating from QCD-related processes can be estimated
with Monte Carlo-driven methods. This includes the decay of top quarks into lighter quarks,
associated with the production of W bosons decaying into muons. The remaining processes, e.g.
the production and decay of b and c-hadrons mentioned above, however, could not be assessed
with Monte Carlo simulations, since no sample with sufficient statistics and precision exists.
Therefore, as it is common, only this data-driven background is denoted QCD background.
By construction, it contains also the process W — pv in association with the production of
a further muon candidate. Two methods were used to obtain this QCD background: a fit to
the isolation distribution and the so-called ABCD method. The fit method was performed
on a background-enriched sample, in which the isolation requirement on the probe (for the
trigger and reconstruction efficiencies) or the tag (for the isolation efficiencies) was dropped.
The distribution of the isolation is dominated by QCD background towards high values — this
was chosen as the background control region. In this fit, signal MC was considered as a signal
template, while a selection with same-signed muon candidates was taken as a background
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6. Overview of Muon Efficiency Corrections

template. From this background template, all EW and top contributions described by the
Monte Carlo samples shown in Table 6.2 were subtracted.

The fitting procedure (template fits) consisted of the determination of signal and background
normalization factors Sge and Spig in order to describe the distribution of data in the signal
region with EW and top backgrounds subtracted, Ngata_Ew:

Naata—EW = SsiglVsig + Sbkg Noke, (6.2)

where Ng;g is the number of signal MC events, scaled by data luminosity. The quantity Npig
is the number of background events in the template used. The factor S, is used as a small
correction to the luminosity normalization, which has a value close to unity and is within the
cross-section uncertainties. This method is similar to that performed in ref. [91]. Examples for
these fits are shown separately for each scale factor determination in Section 7.1, Section 8.1
and Section 9.1.

In the ABCD method, four different selections, defining four different sub-samples, were
performed, as illustrated in Figure 6.3. Events A are signal dominated events, used for effi-
ciency calculations. The goal of the method is to estimate the QCD background in sub-sample
A, using only sub-samples B, C and D since the latter are dominated by background and the
corrections due to the admixture of signal are small.

Cha‘rge 1,12 . . .
m Opposite sign  Same sign

Tag isolated A B
Tag anti-isolated C D

Figure 6.3.: Illustration of the four possible selections in the ABCD-method for the estimation of
the QCD background. The two cuts are assumed to be independent of each other.

The cut on the charge of the muon candidate pair is assumed to be independent of the cut on
the tag isolation. Given this assumption, the relations shown in Eq. 6.3, where N is a number
of QCD background events in a given sub-sample, can be obtained.
No N Na Nc
Ne Np' Ng  Np
Sub-samples B, C and D are dominated by QCD background. The remaining signal con-
tamination, as well as EW and top contributions, can be estimated with corresponding MC
samples (see Table 6.2) and subtracted. After this subtraction, the obtained distributions —
for example for 7, ¢, lepton pr and uf — are considered background templates, which can be
used to describe the QCD background in the corresponding distributions from sub-sample A.
However, since high positive values of uf‘ are correlated to a low isolation efficiency of both

(6.3)

the tag and probe muon (cf. Section 9.2), QCD templates C and D are expected to insufficiently
describe the QCD background in this important variable in sub-sample A. Therefore, the QCD
background in sub-sample A was taken from QCD template B, scaled with the ratio No/Np.

The systematic uncertainties for the QCD background come from the statistical uncertainty
of the ABCD factor and the difference between the normalization obtained in the fit method
and the ABCD method, which is usually larger by a factor of two. The normalization factor
was obtained once for each analysis. The values for the isolation and anti-isolation definitions
are shown in Table 6.4.
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Analysis Isolation variable Signal cut QCD cut (ABCD) QCD cut (Fit)

Reconstruction — pipkeonedd / plik < 0.1 > 0.1 > 0.5
Trigger P20/ prp <0.1 > 0.1 > 0.5
Isolation P20/ pr < 0.1 > 0.1 > 0.5

Table 6.4.: Overview of the isolation definitions used to obtain the muon efficiency scale factors.

6.3. Treatment of Uncertainties

6.3.1. Estimation of Uncertainties

Muon reconstruction, trigger and isolation efficiency SFs are used to correct MC samples for
differences in efficiency to data and are calculated as a ratio of data efficiency €pgq to MC
efficiency ep¢ (cf. Eq. 6.4). The efficiency is calculated as a ratio of probes passing the
selection Nprobe after cut Under study (reconstruction, trigger or isolation) to the number of all
probes Naii probe- In the case of the data efficiency calculation, the estimated background is
first subtracted from both numerator and denominator:

€Dat
SF = =% where

EMC
bkg
. Nprobe after cut — Nprobe after cut . Nprobe after cut (6-4)
€Data = bkg y EMC = N,
Nan probe — Nall probe all probe

For the statistical uncertainty, the uncertainties from the data sample, the signal Monte Carlo
sample and all background Monte Carlo samples were combined. For the resulting statistical
uncertainty, the same approach as in ref. [101] was used, with the resulting equation reading:

2 2
Ae — (1 B 2‘éﬁ)A]\fprobe after cut T €2ANall probe
Nall probe

(6.5)

Since on data a background subtraction was performed, the value AN, denoting the statistical
uncertainty of the entries per bin, has to be calculated via error propagation from the statistical
uncertainty of each sample, assumed to be Poissonian distributed.

For the cases where Ny probe = 0, € is set to 0.5 and Ae to 1/4/12. The uncertainties on
the data and Monte Carlo efficiencies were propagated into the statistical uncertainty on the
Scale Factor. This was performed assuming no correlation between the data and Monte Carlo
efficiencies using Gaussian error propagation.

Different sources for the systematic uncertainty were studied, namely:

¢ Muon momentum scale uncertainty: For this analysis, muon momentum scales,
obtained in the dedicated analysis described in ref. [94], were used. The influence of the
momentum scale uncertainty was assessed by propagating the scale and smearing up and
down variations into the MC signal sample and the MC background sample.

e Hadronic recoil correction: The effect of the hadronic recoil correction was esti-
mated by extracting the scale factors without the correction, and taking the difference
as additional systematic uncertainty.
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e Monte-Carlo corrections: As described in detail in Sections 7.1, C.1, 8.1 and 9.1,
several weights were used in the study of the muon reconstruction, trigger and isolation
efficiencies. These weights are accompanied with uncertainties, which were estimated by
shifting the values of these weights by £10. The difference to the nominal result was
used as systematic uncertainty due to reweighting.

e Background subtraction uncertainty: The background contamination is overall
small. The uncertainties on the background subtraction (discussed in Sec. 6.2) con-
tribute to the uncertainties of the efficiency SFs. The estimation of the SF's (reconstruc-
tion, trigger and isolation) was performed multiple times with a variation of +10Pke and
the resulting uncertainties were counted as independent uncertainty sources.

The systematic uncertainties were assessed by calculating the difference between the nominal
scale factors and the scale factors obtained in the variation. The systematic uncertainties listed
here are assumed to be fully bin-by-bin correlated. Methods to perform a variety of combina-
tions of the obtained uncertainties are provided. For the bin-by-bin correlated uncertainties, a
signed value was chosen, where the sign signifies if the variations lead to higher or lower values
for the scale factors than the nominal selection.

For the control plots shown in the following sections, the uncertainties were grouped as
shown in Table 6.5.

Group Grouped sources of uncertainty
Statistical Combined statistical uncertainty from data and all background
sources
Weights Uncertainty due to the application of the remaining other two scale
factors
Scale Combined muon momentum and hadronic recoil scale uncertainty

Cross-Section  Theoretical uncertainty on the cross-sections of the used Monte
Carlo samples
QCD Template Uncertainty on the QCD template normalization

Table 6.5.: Groups of uncertainties as used in the control plots in the following sections.
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7. Muon Reconstruction Efficiency

7.1. Methodology, Event Selection and Corrections

The reconstruction efficiency of muons in the ATLAS detector depends on the reconstruction
of inner detector tracks, on the reconstruction of muons in the muon spectrometer and their
subsequent combination. Since the tracking efficiency of the inner detector for high energetic
muons with pr > 15 is close to unity!, it is sufficient to study the muon reconstruction
efficiency of combined muon tracks with respect to inner detector tracks. The predicted MC
reconstruction efficiency for MC Truth muons? vs n and pr for W — pv and Z — ppu events is
shown in Figure 7.1. The reconstruction efficiencies are very similar for both samples, which
confirms the assumption that the determined reconstruction efficiencies in Z-boson data can
also be applied to the W boson samples®. In addition, only a very weak dependence on the
transverse momentum of the muon can be observed, with a change of only 4 %o over the whole

spectrum.
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Figure 7.1.: Reconstruction efficiency of muons in W — pv and Z — pp MC samples vs. i (left)
and pr (right). The uncertainties shown are purely statistical.

The determination of the muon reconstruction efficiency in data is based on the ‘tag-and-
probe’ method. The ‘tag’-object in this case is an isolated combined muon, the ‘probe’-object
is an isolated inner detector track, which leads — together with the tag-kinematics — to an
invariant mass close to the Z boson. Since the background contribution to this process is low,
the reconstruction efficiency of combined muon tracks can be precisely determined.

1See Appendix C

2All truth muons with pr > 20 GeV and |5| < 2.4 are considered.

3Remaining differences can be explained by the difference in the underlying pr or n distribution of the decay
leptons from W and Z bosons.
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The selection criteria for the tag and probe object selection are summarized in the following:

e Event cuts:
— Trigger: EF_MU18 up to period J, EF_MU18_MEDIUM from period J inclusive

— At least three tracks from primary vertex

e Tag track:
— Quality cuts summarized in Table 6.3
- Inl <24
— prip = 20 GeV

|20,pv| < 10 mm

— Trigger matched with AR < 0.01

— Isolated with pikeonedd /. < 0.1

e Probe track:
— Quality cuts summarized in Table 6.3
—Inl <24
— prip > 20GeV

— |2z0,pv| < 10 mm

e Pair:
— |20,pv,1 — 20,PV,2| < 3mm
— | M, — M| < 10GeV
— Opposite charge

— Exactly one pair per event

The muon reconstruction efficiency is determined in the binning defined in Table 6.1. On
average, several thousand probe-tracks per bin are found for the full 2011 data-set in the
three-dimensional binning, with a subsequently higher number in the one- and two-dimensional
binnings.

Technically, the efficiencies are represented by two sets of histograms, one representing the
kinematics of probe-tracks, the other representing the kinematics of those probe-tracks which
could be matched to a combined muon. A probe muon (= inner detector track) is defined as
matched to a muon track if a muon track is found within AR = 0.05. It is defined as combined
muon, if the ISCOMBINED flag is set by the reconstruction algorithm. The final reconstruction
efficiencies are obtained by dividing the histograms from both sets, after backgrounds are
subtracted.

The background determination was already described in Section 6.2. As discussed, two
methods for the estimation of the QCD background were used: the ABCD method and a fit
in the isolation distribution of a control selection with skipped isolation requirement on the
probe. A same-sign selection — corresponding to selection B in the ABCD method — was
used to obtain QCD templates for all histograms. An example is shown in Figure 7.2(a) for
the distribution of the transverse momentum of the probe candidates. Here, the discrepancy
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7.1. Methodology, Event Selection and Corrections

between Monte Carlo and data corresponds to the background template obtained for this
variable. Figure 7.2(b) shows the result of the fit approach. A good description of data by the
combined Monte Carlo and QCD template can be observed.

T T — paa
10° Data 2011 (s = 7 TeV) W Powheg Zpy
QCD (data driven)
J‘L dt = 4.6 fo MCANLO Top
Herwig WZ
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(a) Shape of the QCD template in probe pr. (b) Result of the fit approach in the probe iso-
lation.

Figure 7.2.: Control plots from the QCD background estimation. Figure (a) shows the shape of
the QCD template in the same-signed selection. Figure (b) shows the result of the
fit performed in the isolation distribution of the probe.

An overview of the selected inclusive number of events in the numerator and denominator,
including the background estimations, is given in Table 7.1.

Sample Numerator Denominator
N Astat Asyst N Astat Asyst

Data 2299373 1516 0 2466222 1570 0
POWHEG Zpup (147407) 2322274 576 116113 2457768 593 122888
MC@NLO ¢t (105200) 554 4 34 1411 7 87
HeErwIiG WW (105985) 208 2 14 471 3 33
HERWIG ZZ (105986) 757 4 53 808 4 51§
HErwIG WZ (105987) 1100 5 77 1194 ) 83
PyTHIA Z77 (106052) 183 27 9 656 ol 32
MCQ@NLO Single Top (108340) 0 0 0 0 0 0
MC@NLO Single Top (108341) 0 0 0 16 1 1
MCQ@NLO Single Top (108342) 0 0 0 1 0 0
MC@NLO Single Top (108343) 0 0 0 0 0 0
MC@NLO Single Top (108344) 0 0 0 0 0 0
MC@NLO Single Top (108345) 0 0 0 0 0 0
MC@NLO Single Top (108346) 56 2 3 137 3 9
QCD (data driven) 74 9 8 3754 68 430

Table 7.1.: Overview of selected events in the numerator and denominator for data and all back-
ground contributions.
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7. Muon Reconstruction Efficiency

Several things should be noted. First of all, events which contain two tag-muons — i.e. two

inner detector tracks that are matched to combined muons — are used twice. First with the
positive lepton as tag candidate and the negative as probe candidate, then vice versa. The
efficiencies are calculated separately for both cases. This ensures a correct treatment of the
combinatorics. Secondly, only the tag muons are required to trigger the events and no similar
requirement is applied to the probe-object. Hence, the determined efficiencies are independent
from trigger requirements.

Several kinematic distributions of probe tracks are shown in Figures 7.3 and 7.4, where all

MC corrections except the reconstruction efficiency scale factors have been applied. Since this
is the first time such control plots are presented in this thesis, it is worthwhile to discuss the
shapes of these distributions one-by-one:

80

e Invariant Mass: This plot shows the invariant mass of the selected Tag and Probe

muon candidate, m,,. As can be seen, this distribution is dominated by the Z boson
peak, with the position of its center corresponding to the Z boson mass of 91.1876 GeV
(cf. ref. [8]). Moreover, almost full agreement with the prediction from the Monte Carlo
simulation of the process pp = Z + X — up + X can be observed. This shows that
background plays a negligible role, as well as that the peak is very well described. The
distribution of the invariant mass is in general very robust against physics and detector
mis-modeling.

Probe pr: Here, the so-called Jacobian shape discussed in Section 3.1 can be observed,
with an edge at pr ~ Myz/2. As was also discussed in Section 3.1, the distribution is
washed out by the non-vanishing transverse momentum of the intermediary Z boson.

Probe n: The angular distribution of the decay lepton was also discussed in Section 3.1.
If transformed from the cos § dependence chosen in this discussion into the 1 dependence,
the angular distribution of the decay muon close to the Z peak has a shape similar to that
of a normal distribution centered at zero. This corresponds to the distribution visible in
the sub-plot in Figure 7.3.

Probe ¢:: This distribution can a priori assumed to be flat. However, effects due to
inefficiencies in the detector can easily produce structures in this plot, such as the dip
between 1rad and 2rad. This can be attributed to a drop in the reconstruction efficiency
between —1.1and —1rad and —2rad. In this region, as discussed in Section 4.3.3, the
so-called feet of the muon spectrometer are located, with a sparser instrumentation and
subsequent decrease in the reconstruction efficiency. Since a reconstruction requirement
is enforced on the tag muon candidate and tag and probe appear almost fully back-
to-back with respect to ¢, this is mirrored in the distribution of the azimuth ¢ of the
probe.

uh: This variable is centered at zero, since the correlation between probe pr and HR is
not very strong. The value of uh can be seen as a proxy for the distance AR between probe

and hadronic recoil. If hadronic recoil and probe transverse momentum are parallel, uh
can reach large positive values, whereas in the case of both being anti-parallel, the sign of
uh flips and very negative values can be reached. If the hadronic recoil was projected onto

p%, a bias towards small values would be expected. The modeling of ul‘ is a part of the
modeling of the hadronic recoil, and therefore depends on a number of kinematic cuts, as
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well as the modeling of other quantities, such as p:% . The slight mis-modeling observed
here is expected, since the HR correction applied here was tuned for the settings used in
the W boson selection, especially the hadronic recoil used in the SMLIGHT samples.

° uﬂ_: For this variable the same remarks as for the associated variable u! hold. Also here
a mis-modeling is visible, and also in this case it can be attributed to a selection different
from that used for the Z and W boson mass measurement. The variable u/ is centered
at zero. This is because the hadronic recoil is on average expected to be small and does
not show a strong correlation with lepton pr.

In general, a good data/MC agreement can be observed, except for the two variables associated
with the modeling of the hadronic recoil. The remaining differences are expected to vanish
after the correct application of the reconstruction efficiency scale factors determined in this
chapter.
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Figure 7.3.: Kinematic distributions of probe-tracks comparing data to the combined signal and
background prediction. From left to right, top to bottom: Invariant mass of the
selected pp pair, probe pr, 1, .
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Figure 7.4.: Kinematic distributions of probe-tracks comparing data to the combined signal and
background prediction. The plots show uh (left) and u! (right). As discussed in the
text, the mis-modeling observed here is likely due to the usage of SMWZ samples.

7.2. Efficiency and Scale Factor Determination

The resulting efficiencies are shown in Figure 7.5 in one-dimensional projections with a higher
granularity, where the tag and probe method has been applied on both data and the POWHEG
Z — pp sample. For clarity, instead of presenting the region, i.e. the combined 7-¢ binning,
separate results for 7 and ¢ are shown in two separate histograms. Overall, a shift of the muon
reconstruction efficiency can be seen. The general dependence on the studied variables is very
similar between data and Monte Carlo.

As can be seen, three pronounced drops exist with respect to 7. These can be associated
with the structures of the muon system: At |n| ~ 1, the transition between barrel and end-
cap takes place, with sparser instrumentation and subsequent decrease in the reconstruction
efficiency. A similar effect can be seen at |n| = 0, where a gap between the two barrel parts of
the muon system exists.

With regards to lepton pr, a structure with a dip around ~ 20 GeV is visible. This structure
alone cannot be taken as indicating that the reconstruction efficiency depends on pr. On the
contrary, it has to be kept in mind that, in essence, the momentum of all probe muons is close
to Mz/2, and that lepton pr can therefore be regarded as a direct function of lepton 7. In
this way, inefficiencies in 1 are directly propagated to lepton pr. This will be investigated in
larger detail below.

With respect to u!,, a drop in the efficiency is visible. The almost identical drop in data
and signal MC shows that the effect is expected and cannot be due to background effects.
Its appearance could be explained by the following consideration: a corrected value of the
hadronic recoil was used, via the ATLAS algorithm HR_CORRRECOIL_20. In this algorithm,
calorimeter activity associated to signal muons is subtracted. In the case where the muon fails
to be reconstructed, it is likely that the algorithm fails to correct for the additional activity
produced by the muon. Subsequently, the resulting hadronic recoil will be biased towards the
non-reconstructed muon, and uh will be overestimated.

To cross-check this hypothesis, studies of the reconstruction efficiency with respect to uh

and to a similar quantity obtained from the projection of —p% onto the probe instead of the
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Figure 7.5.: Determined reconstruction efficiency by the tag and probe method for data and
MC. From left to right, top to bottom: 77a<P7PT7Uf|- Only statistical uncertainties are

hadronic recoil, were performed.

shown.

In these studies, only the truth information from Signal

Monte Carlo was used. If the effect was due to increased activity around the probe, a drop
at large values should appear in both cases. The results are shown in Figure 7.6, where it is
clearly visible that no such drop exists when replacing the hadronic recoil with —p% . This can
be assumed to be further evidence that the calculation of the hadronic recoil introduces this
bias. The effect is well-modeled in Monte Carlo and therefore does not play a large role in the
extraction of Myy.

Figure 7.7 shows the resulting efficiencies for each of the four 7 regions used in the measure-
ment of the W boson mass. As can be seen, region 1 is influenced by the crack at |n| &~ 0, which
influences mostly the low-pp probes due to the fact that |p and pp are correlated. Region 2
covers the crack region at |n| ~ 1, where the efficiency also drops.
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Figure 7.6.: Comparison of reconstruction efficiencies as a function of uh, calculated from the
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hadronic recoil, and from pZ. As can be seen, the efficiencies are flat with respect to
pZ, while a clear drop with respect to the hadronic recoil is visible.
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In order to correct the differences between data and MC, scale factors are defined via the ratio
of the reconstruction efficiency in data and MC, SF := epaia/enc. These scale factors have to
be applied to the MC sample, in order to model the muon reconstruction efficiency correctly.
The resulting scale factors are shown in Figure 7.8. As it could already be assumed from the
good description of the data efficiencies by Monte Carlo, the resulting scale factors are relatively
flat and close to unity. Towards high values of uh, the scale factors drop down, albeit with
large uncertainties. This might in part be due to a possible mis-modeling of this background-
dominated tail of the signal distribution, also visible in the Figure 7.3. The uncertainties shown
are the total uncertainties obtained by combining statistical and systematic uncertainties.
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Figure 7.8.: Reconstruction scale factors determined for the POwHEG MC simulation. From left
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The general approach for the treatment and estimation of uncertainties is described in Sec-
tion 6.3. Figure 7.9 shows the different contributions to the uncertainty on the one-dimensional
scale factors. The statistical uncertainty is dominant in all distributions in these specific plots.
The largest systematic uncertainties are due to the QCD background estimation. The uncer-
tainties due to the corrections applied to Monte Carlo are usually very small. As expected,
the uncertainties grow larger in regions where the background becomes larger: at high and low
values of uh and pr. As a reminder, towards high values of uh data is almost fully background-

dominated.
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Figure 7.9.: Uncertainties on the reconstruction scale factors for the POWHEG MC prediction.
From left to right: n, pr, ufl. Table 6.5 gives details on the categories shown in the

plot.
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As mentioned before, it is possible that the fluctuations in pp can be fully explained by the
structures in 7 and their effect on the pr distribution. To test this hypothesis, the detector
was divided into four bins in 7, which have a relatively uniform reconstruction efficiency.
These regions are —2.065 < n < —1.445, —0.945 < n < —0.105, 0.105 < n < 0.945 and
1.445 < n < 2.065, thereby excluding the crack regions between the endcaps and the barrel at
In| ~ 1.05 and the gap at |n| = 0. The resulting scale factors in pr for these four regions can
be seen in Figure 7.10(a). In this figure, the results from a fit for each of the distributions with
a polynomial of the form pg + p;1 - pr in the range of 25 to 60 GeV is shown. The slope p; for
all 18 bins in 7 is shown in Figure 7.10(b). The associated significance p;/Ap; is summarized
in Table 7.2. As can be seen, the distribution of the scale factors is compatible with a flat
distribution in all four regions, as well as in all 18 bins in which the scale factors were originally
derived. In this study, only statistical uncertainties were used, since these are the dominating
source of uncertainty.
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Figure 7.10.: Test of the flatness of the reconstruction scale factors. The left plots shows the
reconstruction scale factors in four regions of the detector with uniform efficiency
defined in the text. The corresponding fit values are shown in Table 7.2. In this
plot, only the statistical uncertainty is shown. The right plot shows the values of
the fitted slope p; in each of the 18 7 bins in which the scale factors were obtained.

n x?/dof p1 [GeVT] Apy [GeVT  pi/Ap

-2.065.-1.445 3.2/5 -1.19-107°  4.21 -107° -0.28
-0.945..-0.105  8.5/5  -2.76 -107°  3.55 -107° -0.78
0.105..0.945 11.9/5 1.82-107%  3.76 -107° 0.05
1.445.2.065 16.2/5 -2.19-107°  4.33-107° -0.51

Table 7.2.: Resulting fit values for the fits shown in Figure 7.10(a).
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7.2. Efficiency and Scale Factor Determination

As mentioned earlier, charge-dependent scale factors were also obtained. Figure 7.11 shows
the comparison between the scale factors obtained for positive and negative probes. As can be
observed, the scale factors are, in general, very similar. However, there are some deviations:
With respect to n it is notable that the two transition regions at n=-1.05 and n=1.05 exhibit
significantly different scale factors for positive and negative probes. While the transition region
in the C side shows higher scale factors for g~ than p™, this flips around for the transition
region at the A side. Apart from this no significant differences can be observed, as is also
expected since the reconstruction efficiency should be charge independent.
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Figure 7.11.: Comparison of Reconstruction scale factors obtained for negative and positive
probes. From left to right: 7, pr, u‘l‘. The uncertainties shown are only statis-
tical.
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7.3. Comparison with Previous Results

In order to check for consistency with earlier measurements, these results were compared with
the scale factors from the recommended version of the official ATLAS package?. A detailed
description of the tag and probe method used to obtain these scale factors can be found in
ref. [102]. Scans in the variable n were performed. In the official scale factors, no dependence
on lepton pr, ¢ or uh was modeled. The scale factors shown in Figure 7.12 were obtained.

An overall shift of approximately 5 %o can be observed, which could be traced back to the
change from MC11c to Mc11D. This, as well as the fact that the official scale factor were not
supplied as function of ¢, pr or u‘l‘, shows the value of the re-assessment performed as part of
this thesis.
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Figure 7.12.: Comparison of the reconstruction scale factors obtained with the official ATLAS
package and from this analysis in dependence of 7. The official scale factors were
not supplied as function of lepton ¢, pr or u‘l‘.
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8. Muon Trigger Efficiency

8.1. Methodology, Event Selection and Corrections

In this analysis, the trigger efficiency is defined as the probability of an isolated, combined
muon to also fire the triggers used in this analysis. For the data taken in 2011 in period B-I,
EF _MU18 was the lowest unprescaled trigger, while for period J-M, EF _MU18_MEDIUM was
the lowest unprescaled trigger!. The data taken in 2011 was further divided into four sub-
periods, as shown in Table 8.1. This follows ref. [91], where a significant charge-dependence was
observed in periods B-Gb. In addition, the efficiencies in period L3 and L4 were significantly
influenced by a timing problem in the RPCs. These deviations, not modeled in MC, make
this separation in a total of four disjunct trigger periods necessary. In the following, the focus
will be laid onto the results obtained for EF_MU18_MEDIUM_STD, since this period contains
about half of the total integrated luminosity. Reference to the other three settings will only be
made to stress significant differences. The plots for the three other settings — EF_MU18_BGH5,

EF _MU18_G6I and EF _MU18_MEDIUM_L3L4 — may be found in Appendix B.

Sub-period Trigger Period Luminosity [fb~!]
EF _MUl18_BGH EF_Mul8 B-G5 0.76
EF _MU18_G6I EF_MUl18 G6-1 0.73
EF _Mmul8 MEDIUM_L3L4 EF _Mul8_MEDIUM L3,1L4 0.48
EF_MU18_MEDIUM_STD EF_MUl8_MEDIUM J-M except L3,L4 2.61

Table 8.1.: Definition of the four sub-periods for which dedicated trigger scale factors were ob-
tained. The sub-periods were chosen such that the data efficiency within each sub-
period is similar.

The predicted MC trigger efficiency for MC Truth muons vs n and pr for W — pv and Z — up
events are shown in Figure 8.1. Note that a large zoom on the y axis was necessary to make
the differences with respect to pr visible. The trigger efficiencies are very similar for both
samples and differ by only around 5 %o, which confirms the assumption that the determined
trigger efficiencies in Z-boson data can also be applied for the W boson samples?. The results
for the three other settings are very similar and shown in Figures B.1 in Appendix B.

The determination of the muon trigger efficiency in data is also based on the tag and probe
method. The tag object in this case is an isolated, combined and triggered muon, the probe
object is an isolated, combined muon which leads — together with the tag-kinematics — to
an invariant mass close to the Z boson. Since the background contribution to this process

The term lowest unprescaled trigger denotes the trigger with the loosest selection criteria without prescaling
factor. Obtaining the maximum number of events is ensured by choosing these triggers for the analysis.
2Remaining differences can be explained by the difference in the underlying pr or n distribution of the decay

leptons from W and Z bosons.
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Figure 8.1.: Trigger efficiency of muons in W — pv and Z — pp MC samples vs. 1 (left) and pr
right. The results are shown for EF_MU18_MEDIUM_STD. The uncertainties shown
are purely statistical.

is the lowest of all three analyses discussed in this part of the thesis, the trigger efficiency of
combined muons can be precisely determined. The selection criteria for the tag- and probe-
object selection are summarized in the following.
Pairs of STACO muons were selected according to these selection criteria:
e Event cuts:

— Trigger: EF_MU18 up to period J, EF_MU18_MEDIUM from period J inclusive

— At least three tracks from primary vertex

e Muon selection:
— Quality cuts summarized in Table 6.3
— Combined (CB) muon
—Inl <24
— prip = 20 GeV
— Isolated with p$ne20 /pp < 0.1

— |20,pv| < 10 mm

e Pair selection:
— |20,pv,1 — 20,Pv2| < 3mm
— My, — Mz| <10GeV
— Opposite charge

— Exactly one pair per event
e Tag trigger matched

The muon trigger efficiency is also determined in three dimensions, using the binning shown in
Table 6.1 for the transverse momentum of the muon pp, uh and also the detector region, which
is a combined 7-p-binning. On average, several thousand probe muons per bin for the full 2011
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8.1. Methodology, Event Selection and Corrections

data-set were found. Technically, the efficiencies are represented by two sets of histograms,
one representing the kinematics of probe muons, the other representing the kinematics of those
probe muons that could be matched to a trigger object. A probe muon is defined as matched
to a trigger object if a trigger object is found within AR = 0.10. The final trigger efficiencies
are obtained by dividing the number of probes passing the trigger matching requirement with
the total number of probes for any given bin.

The background determination was already described in Section 6.2. As discussed, two
methods for the estimation of the QCD background were used: the ABCD method and a fit
in the isolation distribution of a control selection with skipped isolation requirement on the
probe. A same-sign selection — corresponding to selection B in the ABCD method — was
used to obtain QCD templates for all histograms. An example is shown in Figure 8.2(a) for
the distribution of the transverse momentum of the probe candidates. Here, the discrepancy
between Monte Carlo and data corresponds to the background template obtained for this
variable. Figure 8.2(b) shows the result of the fit approach. A satisfying description of data
by the combined Monte Carlo and QCD template can be observed.

An overview of the selected inclusive number of events in the numerator and denomina-
tor including the background estimations for the EF_MU18_MEDIUM_STD trigger is given in
Table 8.2. The results for the other three trigger configurations are similar and shown in
Appendix B.
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Figure 8.2.: Control plots from the QCD background estimation. Figure (a) shows the shape of
the QCD template in the same-signed selection — the QCD template corresponds to
the difference between data and Monte Carlo stack. Figure (b) shows the result of the
fit performed in the isolation distribution of the probe. As can be seen from the com-
parison of data to the QCD shape in the upper half of this plot, the tail of the isolation
is described by the QCD template. Results shown are for EF _MU18_MEDIUM_STD.

The selection is run twice: In the first run, only positive muons are considered as tags, in the
second only negative candidates. This ensures a correct treatment of the combinatorics.
Several kinematic distributions of probe tracks are shown in Figure 8.3, where all MC correc-
tions except the trigger efficiency scale factors have been applied. In general, a good data/MC
can be observed. The remaining differences are expected to vanish after the correct application
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8. Muon Trigger Efficiency

Sample Numerator Denominator

N N Astat Asyst
Data 1095512 1412170 1188 0
POWHEG Zpuu (147407) 1102230 1409405 447 70470
MC@NLO ¢t (105200) 557 4 740 5 45
HeErwiG WW (105985) 121 1 155 2 10
HERrRwWIG ZZ (105986) 546 3 698 3 48
HeErwiG WZ (105987) 756 4 52 978 4 68
PyTHIA Z77 (106052) 65 16 3 87 18 4
MC@NLO Single Top (108340) 0 0 0 0 0 0
MC@NLO Single Top (108341) 0 0 0 2 0 0
MC@NLO Single Top (108342) 0 0 0 0 0 0
MC@NLO Single Top (108343) 0 0 0 0 0 0
MC@NLO Single Top (108344) 0 0 0 0 0 0
MC@NLO Single Top (108345) 0 0 0 0 0 0
MC@NLO Single Top (108346) 45 1 3 57 2 4
QCD (data driven) 162 21 0 227 25 0

Table 8.2.: Overview of selected events in the numerator and denominator for data and all back-
ground contributions for the determination of the EF _MU18_MEDIUM_STD trigger scale

factors.

of the trigger efficiency scale factors that will be determined. Compared to the plots shown in
Figure 7.3, several differences are notable: first of all, in the distribution of the probe 7, two
dips at |n| &~ 1 are visible. This is because, contrary to the selection for the measurement of
the reconstruction efficiency, the probe is now required to additionally fulfill the reconstruction
requirement. Subsequently, it is affected by the lower reconstruction efficiency in the transition
between barrel and end-cap. Second of all, the description of uh and ui is enhanced. This is
because the samples used for the measurement of the trigger efficiencies are the same as those
for the W boson and Z boson mass measurement. Therefore, the description of the hadronic
recoil, as well as the derived quantities u‘l‘ and ulL, is improved. The results for the three

remaining settings are found in Appendix B.
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8. Muon Trigger Efficiency

8.2. Efficiency and Scale factor Determination

The resulting efficiencies for EF _MU18_MEDIUM_STD are shown in Figure 8.4 in one-dimensional
projections with a higher granularity. For clarity, instead of presenting the region, i.e. the com-
bined 7-¢ binning, separate results for n and ¢ are shown in separate histograms. It can be
observed that the trigger efficiencies fluctuate much more than the reconstruction efficiencies.
With respect to ¢, a significant, but well-modeled, inefficiency can be seen in the region of
the feet. In 7, it may be observed that the transition from barrel to end-cap at |n| ~ 1, as
well as the structures at |n| = 0, lead to significantly lower trigger efficiencies. These general
characteristics can also be observed for the three remaining settings, shown in Appendix B.

As mentioned in the introduction, the division into four trigger periods was necessary because
of two reasons: in periods L3 and L4, the trigger efficiencies were significantly influenced by a
timing problem in the RPCs; and in periods G6-1, a significant charge dependence was observed
in several regions in 7. In both cases, the inefliciencies in 1 have a direct impact on the pr
spectrum. This can be understood by keeping in mind that the muon candidates used here
originate from Z boson decays, and are therefore produced with only a small spread in their
momentum |p], with |p] ~ Myz/2. The value of ppr can therefore be understood as a function
only of |n|, with pp = |p]/ cosh(n) ~ Mz/(2cosh(n)). In this way, it becomes clear that the
inefficiencies in 7 affect pr, as shown in Figure 8.5.
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8. Muon Trigger Efficiency

In order to correct for the differences between data and MC, scale factors are defined as
the ratio of the trigger efficiencies in data and MC, SF := epaia/enc. These scale factors
have to be applied on the MC sample, in order to model the muon trigger efficiency correctly.
The resulting scale factors are shown in Figures 8.6-8.9. As it could already be assumed
from the fluctuations of the data efficiencies and their mis-modeling by Monte Carlo, the
resulting scale factors show significant deviations from unity. This has already been observed
in ref. [103]. With respect to uh, the scale factors are quite flat, whereas a trend with respect
to pr is discernible. This slope would influence the measured value of My, if not corrected.
The uncertainties shown are the total uncertainties obtained by combining statistical and
systematic uncertainties.
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Figure 8.6.: Resulting trigger scale factors for the trigger EF_MU18_BG5. From left to right, top
to bottom: 7, @, pr, ufl. Uncertainties shown are the full systematic and statistical
uncertainties.
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Figure 8.9.: Resulting trigger scale factors for EF _MU18_MEDIUM_STD. From left to right, top
to bottom: n, ¢, pr, uh. Uncertainties shown are the full systematic and statistical
uncertainties.
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8. Muon Trigger Efficiency

The general approach for the treatment and estimation of uncertainties is described in Sec-
tion 6.3. Figure 8.10 show the different contributions to the uncertainty on the one-dimensional
scale factors for EF _MU18_MEDIUM_STD. The statistical uncertainty is dominating in all dis-
tributions in these specific plots. The largest systematic uncertainty is due to the scale cor-
rections, which includes the pyr and hadronic recoil correction. This is most probably due to
the pr dependence of the scale factors. Two other major sources of systematic uncertainty
are the reconstruction and isolation scale factors. The uncertainties due to imperfect detector
simulations are usually very small. Even though most uncertainties can be treated as fully
correlated among all bins, a somewhat larger impact on the W-boson mass fit is expected due
to the trend in lepton pr. The results for the three remaining trigger settings are very similar
and can be found in Appendix B.
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Figure 8.10.: Uncertainties on the obtained trigger scale for the trigger EF _MU18_MEDIUM_STD.
From left to right: n, pr, u!. Table 6.5 gives details on the categories shown in the
plot.
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8.2. Efficiency and Scale factor Determination

Similar to the approach in the analysis of the reconstruction scale factors, possible slopes in
pr were investigated by dividing the detector into four regions. These regions are —2.065 < 7 <
—1.445, —0.945 < n < —0.105, 0.105 < 7 < 0.945 and 1.445 < n < 2.065, thereby excluding
the crack regions between the end-caps and the barrel at n ~ 1.05 and the gap at n = 0. The
resulting scale factors in pp for these four regions can be seen in Figure 8.11. In this figure,
the results from a fit for each of the distributions with a polynomial of the form py + p1 - pr
in the range of 25 to 60 GeV are also shown. In this fit, only the statistical uncertainty on the
scale factors was taken into account, because it is the dominating source of uncertainty. In
Table 8.3 the significance p;/Ap; is shown. A full overview of all fitted values for all 18 bins
is shown in Figure 8.12. As can be seen, several regions exhibit significant dependencies on
pr. This indicates the importance of the trigger scale factors for the measurement of the mass
of the W boson, but it also indicates that the uncertainty on these scale factors will play an
important role in the precision achievable in the final measurement. It has to be noted, that
except for some bins in EF _MU18_G6I and EF_MU18_MEDIUM_STD a good description of the
scake factors by the polynomial function could be achieved.

Trigger n x?/dof p1 [GeVT'] Apy [GeVT  pi/Ap
-2.065..-1.445 3.9/5  -5.26:107* 2.47-10~4 -2.13
-0.945..-0.105  3.1/5  -4.38-107%*  2.79-10~* -1.57

EF-MUL8-BGS 0.105.0.945  5.1/5 -1.771073  2.7310~%  -6.48

1.445..2.065  4.8/5  1.66-1074 2.42:1074 0.68
-2.065..-1.445  7.6/5  1.75:107°  2.477-1074 0.71

-0.945..-0.105  5.8/5  -2.20-107°  2.74.1074 -0.80

EF-Mul8.G61 0.105.0.945  2.6/5  9.6510~°  2.6310~%*  0.37
1.445..2.065 16.1/5  4.77-1074 2.47-107* 1.93

-2.065..-1.445  7.2/5 -1.01-107*  3.13-107* -0.32

-0.945..-0.105  7.3/5  -3.10-107* 4.20-10~% -0.74

BEMUIS-MEDIUM-LSLA 105 6045 15/5  3.60.104  4.06-10~4 0.91

1.445..2.065  6.5/5  5.86-107% 3.23-1074 1.81

-2.065..-1.445  7.3/5 1.66-10~4 1.33-10~4 1.24
EF MUL8.MEDIUM.STD -0.945..-0.105  4.2/5  -3.60-107% 1.69-10~4 -2.13
- - - 0.105.0.945  12.9/5 -1.04-107% 1.62-10~4 -0.64

1.445..2.065 4.2/5 4.68-10~% 1.34-10~% 3.49

Table 8.3.: Values obtained in the fit to the trigger scale factors shown in Figure 8.11.
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8. Muon Trigger Efficiency

Apart from the inclusive scale factors, scale factors were also obtained as a function of the
charge of the probe. Figures 8.13 - 8.16 show the results for the triggers under investigation.
While the scale factors for positive and negative charge show a reasonable agreement in general,
notable features can be discerned: the x? tests of these histograms are often quite large, hinting
at differences. A visible discrepancy can be seen in the region 0 < n < 1 for the trigger
EF_MU18_BGH5, where the scale factors for negative probes are significantly higher than for
positive probes. This was already observed in [91] and is one of the reason for the chosen
binning in the run number.
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8. Muon Trigger Efficiency

8.3. Comparison with Previous Results

In order to check for consistency with earlier measurements, the results were compared with
the scale factors obtained in a previous analysis (cf. ref. [91]). A detailed description of the
tag and probe method used to obtain these scale factors can be found in ref. [103]. Scans
were performed in the variable 7. In the previous scale factors, no dependence on lepton pr
or uh was modeled, leading to the scale factors shown in Figure 8.17. A shift with respect to
previous values is notable. As was the case concerning the muon reconstruction scale factors,
the reason for this shift might also lie in changes of the underlying simulation between Mc11c
and MC11D.
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9. Muon lIsolation Efficiency

9.1. Methodology, Event Selection and Corrections

Decay muons of vector bosons mostly appear isolated in the detector, i.e. without further
activity in the calorimeter or the inner tracker within a narrow (7, ) cone around the signal
lepton. This is different from muons which stem from purely QCD related interactions, where
the resulting jets contain b- or c-hadrons, whose subsequent decay leads to muons. Muons from
the latter processes usually appear in a very active environment, i.e. are accompanied by a
larger number of other particles that leave energy or track signatures around the reconstructed
muons. Hence, several observables that quantify the isolation of a muon have been introduced
to suppress jet-induced backgrounds.
The most common one is defined as:

cone20 __ i, track
2y = E Pr (9.1)
i€ (tracks in cone with 0.2)

This isolation variable is the scalar py sum of all inner detector tracks around the signal lepton
within a cone-radius of 0.2 (where the muon itself is not taken into account). This quantity is
usually normalized to the transverse momentum of the muon and required to fulfill

p%mem/pcp < 0.1

for vector boson decay muons in order to suppress large fractions of the jet-induced background.
In this case, the isolation cut efficiency is defined as the fraction of signal events which pass this
cut. Since the underlying event and the hadronisation modeling in the signal MC plays a major
role in the expected p%imezo behavior, this efficiency has to be determined in a data-driven way.

As already discussed in Chapter 6, the currently available scale factors are not evaluated as
functions of the crucial observables for the W boson mass measurement. Hence, a reevaluation
has to be performed. The predicted MC isolation-cut efficiency for MC signal muons vs. p7 and
n for W — pv and Z — pp events is shown in Figure 9.1. The isolation efficiencies are very
similar for both samples, which confirms the assumption that the determined reconstruction
efficiencies in Z-boson data can also be applied to the W boson samples.
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pr (right). The uncertainties shown are purely statistical.

The basic approach is similar to the determination of the reconstruction and trigger scale
factors, described in the previous sections, and is based on a tag and probe method. The tag
object in this case is an isolated combined muon, the probe object is a combined muon without
any further isolation requirements, but which leads to an invariant mass close to the Z boson
when combined with the tag. The background was estimated as discussed in Section 6.2.
An overview of the selected inclusive number of events in the numerator and denominator,
including the background estimations, is given in Table 9.1.

Sample Numerator Denominator
N Asta‘c Asyst N Astat Asyst
Data 1936606 1391 0 1949633 1396 0
POWHEG Zpup (147407) 1933951 528 96697 1944284 530 97214
MCQ@NLO ¢t (105200) 958 6 59 1149 6 71
HeErwic WW (105985) 220 2 15 225 2 15
HErRwWIG ZZ (105986) 953 4 66 966 4 67
HErwIG WZ (105987) 1324 5 92 1339 5 93
Pythia Z77 (106052) 146 24 7 151 25 7
Single Top (108340) 0 0 0 0 0 0
Single Top (108341) 3 0 0 29 2 3
Single Top (108342) 0 0 0 0 0 0
Single Top (108343) 0 0 0 0 0 0
Single Top (108344) 0 0 0 1 0 0
Single Top (108345) 0 0 0 0 0
Single Top (108346) 80 2 5 93 2 6
QCD (data driven) 204 20 59 1390 52 404

Table 9.1.: Overview of selected events in the numerator and denominator for data and all back-
ground contributions.
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9.1. Methodology, Event Selection and Corrections

Since the background contribution to this process is low, the isolation efficiency of combined
muon tracks can be precisely determined. The selection criteria for the tag and probe object
selection is summarized in the following.

Tag and probe pairs were selected according to the following selection criteria:

e Event cuts

— Trigger: EF_MU18 up to period J, EF_MU18_MEDIUM from period J inclusive

— At least 3 tracks from primary vertex

e Muon tag selection:
— Quality cuts summarized in Table 6.3
— Combined (CB) muon
— [nf <24
— pr,ip = 20 GeV
— Isolated with probed isolation definition

- |Zojpv| < 10 mm

e Muon probe selection:
— Quality cuts summarized in Table 6.3
— Combined (CB) muon

n| <2.4

— pr,ip > 20 GeV

- |Z()7pv| < 10 mm

e Pair selection:
— Opposite charge
— |My, — MEPC| <10 GeV

— Exactly one pair per event

The muon isolation efficiency is determined in three dimensions as described in Table 6.1.
On average, several thousand probe-tracks per bin are found for the full 2011 data-set.

The background determination was already described in Section 6.2. As discussed, two
methods for the estimation of the QCD background were used: the ABCD method and a fit
in the isolation distribution of a control selection with skipped isolation requirement on the
tag. A same-sign selection — corresponding to selection B in the ABCD method — was
used to obtain QCD templates for all histograms. An example is shown in Figure 9.2(b) for
the distribution of the transverse momentum of the tag candidates. Here, the discrepancy
between Monte Carlo and data corresponds to the background template obtained for this
variable. Figure 9.2(a) shows the result of the fit approach. A good description of data by the
combined Monte Carlo and QCD template can be observed.

The same technical procedure as described in Section 7.1 is used. In Figure 9.3, several
kinematic distributions for the selected muon pairs are shown. Compared to the corresponding
plots for the muon reconstruction efficiencies (Figure 8.3), the distribution of probe 7 and ¢
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9. Muon Isolation Efficiency
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(a) Shape of the QCD template in probe pr. (b) Result of the fit approach in the probe iso-
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Figure 9.2.: Control plots from the QCD background estimation. Figure (a) shows the shape of
the QCD template in the same-signed selection. Figure (b) shows the result of the
fit performed in the isolation distribution of the tag.

now show a multitude of additional structures. In both cases, these structures originate from
inefficiencies in the trigger matching localized in the 7n-¢ space and showing their effect on
the control distributions. This is very pronounced in the case of probe ¢: As was described
earlier, muon candidates in the feet region of the muon system (—2rad < ¢ < —1rad) have
a significantly reduced probability to pass the tag requirement, visible as a decrease in the
number of probes between ¢ = 1rad and 2rad due to the back-to-back configuration of tag
and probe. In addition, in the measurement of the isolation efficiency the probe candidates
are now also affected directly, leading to two dips located at the position of the feet region and
opposite to it.
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Figure 9.3.: Kinematic distributions of probe-tracks comparing data to the combined signal and
background prediction. From left to right, top to bottom: Invariant mass of the
selected pp pair, probe pr, 1, @, uh and u!, .
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9. Muon Isolation Efficiency

9.2. Efficiency and Scale Factor Determination

The resulting isolation-cut efficiencies are shown in Figure 9.4 in one-dimensional projections
with a higher granularity. For clarity, instead of presenting the region, i.e. the combined 7-
© binning, separate results for 7 and ¢ are shown in different histograms. Especially when
compared to the corresponding results in the study of the trigger and reconstruction efficiencies,
the agreement between data and Monte Carlo is excellent. The drop with respect to high
values of uh is expected since high values of u!, correspond to the hadronic recoil being closer
to the probe muon. The additional activity in the vicinity of the probe decreases its isolation
efficiency — an effect well modeled by Monte Carlo. In a similar fashion, the turn-on with
respect to the transverse momentum of the probe can be explained: the activity surrounding
the muon originates partly from the muon itself, i.e. through bremsstrahlung, and can be
expected to rise with the transverse momentum of the muon. However, part of the activity
is fully independent of the transverse momentum of the muon and forms a baseline. This
baseline is sufficient to make the chosen isolation requirement fail at adequately low levels of
muon pr, leading to a decrease in efficiency. Ideally, the isolation requirement would be linear
in pp for high-energetic muons, and absolute for low-energetic muons.
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Figure 9.4.: Isolation efficiencies for p5?™°?Y /p7 < 0.1. From left to right, top to bottom: 7, ¢,
l
Pr, u.
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9.2. Efficiency and Scale Factor Determination

Figure 9.5 shows the resulting efficiencies for each of the four 7 regions used in the measure-
ment of the W boson mass.
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Figure 9.5.: Determined isolation efficiency using the tag and probe method for Data and MC as
a function of py. From left to right, top to bottom: Region 1 (0 < |n| < 0.8), Region
2 (0.8 < |n| < 1.4), Region 3 (1.4 < |n| < 2.0) and Region 4 (2.0 < |n| < 2.4). Only
statistical uncertainties are shown.
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9. Muon Isolation Efficiency

Analogous to the reconstruction and trigger efficiencies, isolation scale factors are defined
as the ratio of the isolation efficiency in data and MC, SF := epgia/enmc. These scale factors
have to be applied on the MC sample, in order to model the muon isolation efficiency correctly.
The resulting scale factors are shown in Figure 9.6. As could be expected from the efficiency
plots shown above, the resulting scale factors are very flat and close to unity. The remaining
drops and rises are well covered by the uncertainties shown, which are the full uncertainties.
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Figure 9.6.: Isolation scale factors determined as a function 7, pr, ufl. Uncertainties shown are
the full systematic and statistical uncertainties.
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9.2. Efficiency and Scale Factor Determination

The treatment and estimation of uncertainties for the isolation scale factors follows also Sec-
tion 6.3. Figure 9.7 shows the different contributions to the uncertainty on the one-dimensional
scale factors. The statistical uncertainty is dominating in all distributions in these specific
plots.

In comparison to the reconstruction scale factors, the uncertainties are significantly reduced.
This is mainly due to smaller background contributions and also the higher cut-efficiency.
Systematic and statistical uncertainties are of similar order of magnitude. Since the signal is
centered at uﬂ = 0 and pr ~ 45 GeV, the highest precision is expected at this point. This is
highly relevant for the W-boson mass measurement, since in this measurement, the highest
statistical precision is also expected in this region.
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Figure 9.7.: Uncertainties on the isolation scale factors. From left to right: 7, pr, u!. Table 6.5
gives details on the categories shown in the plot.
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9. Muon Isolation Efficiency

Similar to the approach in the analysis of the reconstruction scale factors, possible slopes in
pr were investigated by dividing the detector into four regions. These regions are —2.065 <
n < —1.445, —0.945 < 5 < —0.105, 0.105 < 5 < 0.945 and 1.445 < 5 < 2.065, thereby
excluding the crack regions between the end-caps and the barrel at n ~ 1.05 as well as the gap
at 7 = 0. The resulting scale factors in pp for these four regions can be seen in Figure 9.8(a).
In this figure, the results from a fit for each of the distributions with a polynomial of the form
po + p1 - pr in the range of 25 to 60 GeV are shown. Table 9.2 shows the significance p;/Ap;.
As can be seen, the isolation scale factors are almost flat with respect to lepton pr. A full
overview of the fitted slopes for all 18 bins in 7 is shown in Figure 9.8(b). For this study, only

statistical uncertainties were used, since these are the dominating source of uncertainty.
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(a) Scale factors in four regions of the detector

Figure 9.8.: Test of the flatness of the isolation scale factors. The left plots shows the isolation
scale factors in four regions of the detector with uniform efficiency defined in the
text. The corresponding fit values are shown in Table 7.2. In this plot, only the
statistical uncertainty is shown. The right plot shows the values of the fitted slope
p1 in each of the 18 n bins in which the scale factors were obtained.
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9.2. Efficiency and Scale Factor Determination

Figure 9.9 shows a comparison of the scale factors obtained for positive and negative probes.
As can be seen, both scale factors show no significant deviations and agree very well within their
uncertainties. This can also be seen in the resulting values of y?, except for the distribution
in uh. The systematic uncertainty is not included in these plots.
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Figure 9.9.: Comparison of isolation scale factors obtained for negative and positive probes. From
left to right: n, pr, u‘l‘. The uncertainties shown are only statistical.
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10. Closure Test of the Obtained Scale Factors

10.1. Closure Test for the Z Boson Selection

As was described earlier, the scale factors were obtained as a function of region, lepton pr and
ul|, the former being a combined 7-¢ mapping. Apart from the dependence on all variables,
the scale factors can also be used as a function of only a sub-set of those. Since the number of
bins increases exponentially in the number of dimensions used, a fact only somewhat mitigated
by merging bins, reducing the number of dimensions is advantageous in terms of stability and
precision. Therefore, it was chosen to drop the dependence on uh in the following, since it has
no direct impact on the kinematic variables 1, ¢ and pp, which are of largest importance for
the measurement of My .

To cross-check the obtained SFs, a clean signal selection analogous to the selections used in
the determination of the isolation and trigger scale factors was performed. Here, both muons
are required to be isolated and trigger-matched. The latter requirement poses a challenging
test for the quality of the extracted trigger scale factors. Strictly speaking, it would suffice
if only one muon was matched to a trigger object since the triggers under consideration are
single muon triggers. However, in this case, the resulting weight for the Monte Carlo event
would read:

B 1— (1 _ Elli)ata)(l _ €2Data)
I R R [( 1)

With the selection outlined above, this simplifies to w = SFj - SF>. The associated cut on
both triggers leads to a lower cut efficiency with a higher impact of possible mis-modeling.

(10.1)

In summary, the selection criteria used were:

e Event cuts:
— Trigger: EF_MU18 up to period J, EF_MU18_MEDIUM from period J inclusive

— At least 3 tracks from primary vertex

e Muon selection:
— Quality cuts summarized in Table 6.3
— Combined (CB) muon

In| <2.4

— prip = 20GeV

|20,pv| < 10 mm

— Isolated with p$2n°20 /p < 0.1

e Pair selection:

— |20,Pv1 — 20,pv2| < 3mm
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10. Closure Test of the Obtained Scale Factors

— My, — Mz| <10GeV
— Opposite charge

e Both muons trigger-matched

The different SFs were switched on one by one, starting with the trigger SFs, which are
expected to play the largest role. This is followed by the reconstruction SFs and the isolation
SFs. The resulting Xfed values! for a sample of control distributions are shown in Table 10.1.
The associated control distributions can be seen in Figures 10.1 to 10.5. As can be seen, with
each step Monte Carlo describes data better. The values of the reduced x? even fall below unity,
indicating that the derived scale factors capture some statistical fluctuations in the data and
Monte Carlo samples used. The notable exception from this picture is the uh distribution, for
which no scale factors were applied in this test. The central distribution in these comparisons
is the n distribution of the muons, since it is not affected by physics modeling, My or the
detector resolution. The mis-modeling of the n distribution in Monte Carlo before corrections
is almost exclusively due to the mis-modeling of the muon reconstruction, trigger and isolation
efficiencies.

Observable M,, Lepton pr  Leptonn Lepton ¢ uf‘
No weights 82.0 / 80 87 /12 7080 /18 50.0/6 52.3/80
Trigger 70.7 / 80 6.7 /12 141.4 / 18 16.4 /6 50.5 /80

Trigger + Reconstruction  70.6 / 80 74 /12 7.5 /18 99/6 509 /80
Reconstruction + Isolation 77.4 /80 11.5 /12 507.0 /18 46.1 /6 52.1 /80
Trigger + Isolation 70.7 / 80 6.3 /12 1440 /18 16.0/6 50.5 /80
Full weight 69.6 /80 7.2/12 76/18  93/6 50.9 /80

Table 10.1.: x2,, for a sample of control distributions. Shown are the values for no application of
the scale factors, with corrections for the trigger efficiencies, additional reconstruc-
tion and isolation efficiencies.

'Bach x2., value is obtained by performing a x? test only taking statistical uncertainties into account.
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Figure 10.1.: Distributions of lepton pr for different settings of the scale factors.
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Figure 10.2.: Distributions of lepton 7 for different settings of the scale factors.
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Figure 10.4.: Distributions of the invariant mass for different settings of the scale factors.
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Figure 10.5.: Distributions of uh for different settings of the scale factors.
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10.2. Closure Test for the W Boson Selection

In addition to the selection described above, where both muons were forced to be trigger-
matched, it is also useful to test the closure of the SFs for a selection similar to that used for
the measurement of the W boson mass. As a reminder, the W boson selection assumes one
signal lepton, which can be either p™ or u~, and which has to be matched to the trigger. If
this is to be simulated with the Z boson selection discussed in this chapter, the selection has
to be modified as follows:

e Positive muon trigger matched: In this case, only the u™ candidate is required to
be trigger-matched. The status of the trigger matching on the p~ is disregarded, and
the event weight subsequently reads:

w=SF. xSF. xSFT xSF_ x SF™.

reco reco iso iso trigger ( 10. 2)
e Negative muon trigger matched: Analogous to the case above, only the = candidate
is required to be trigger-matched. The status of the trigger matching on the u™ is

disregarded, with the event weight subsequently reading:
w=SFL, xSF., xSE!

reco reco iso

X SFiso X SFtrigger

(10.3)
Figures 10.6 and 10.7 show the distribution of n and ¢ of the u* and u~, respectively, be-
cause these distributions are most sensitive to mis-modeling of the reconstruction, trigger and
isolation efficiency. Additionally, the effect on lepton pr is also shown, since this is the most
sensitive variable for the measurement of the W boson mass. Table 10.2 gives an overview of
the values of Xzed obtained in the different settings.

Variable All weights except trigger Full weight

put matched 7t 722 / 18 18 / 18
u~ matched 7~ 514 / 18 11/ 18
put matched ot 38 /6 6/6
u~ matched ¢~ 53 /6 10/ 6
p matched  pf. 25 /20 20 / 20
p~ matched pi. 13 /20 13 /20

Table 10.2.: Overview of the values of x?_, for the W-like selection.

As can be seen, the trigger scale factors lead to a large improvement in the description of
lepton 7, ¢ and pp. In n and ¢, the reduced value of x? becomes consistent with unity after
application of the scale factors. In lepton pp, which is also very susceptible to physics mis-
modeling as well as detector mis-modeling, the effect is not as pronounced. However, a small
improvement can be observed also here.

130



10.2. Closure Test for the W Boson Selection

10° x?/ndof = 721.8/18 10? x2/ndof = 17.5/18
= & _ o is _
<) 200F- pata 2011 (E =7 T‘eV) ‘ ‘ ‘ - Powheg Zyy S 2007 2 2011 (‘iE =7 T‘eV) ‘ ‘ ‘ - Powihe Zy
= = 0 MCAINLO Te > = 9 MCANLO Top
£ 180 J'L dt=46 1" Homig Wz 2 180p IL dt=461" Herwig WZ
51 E Herwig 2Z ] 160~ Herwig 2Z
G 160 Seris e i E Betg oy
140 PowhegWrv | 140F Powheg Wiv |
120 3 120F- =
100~ = 100F- =
80— 3 80— =
60 3 60— -
40 — —
20k E 3
8] = Q AE 3
2 1.1E ¥ il 3 g 1, 1E E
S 105 e T e S 10sE =
L e =4 S et =
a E * - E e E -
0.95F = 0.95F =
0.9E =] 09E E
-2.5 2 1.5 1 -0.5 0 05 15 25 -:2.5 -2 -15 -1 -0.5 0 0.5 15 25
Lepton n Lepton n
(a) 0, all weights except trigger (b) n™, full weight
10° x2/ndof = 37.6/6 10° x2/ndof = 6.3/6
o T T T T Data ] T T T T T — Data
[ Data 2011 (1 = 7 TeV) Powheg Zuy s Data 2011 (fS = 7 TeV) . Powheg Zyp
=} Herwig WZ. < BN Herwig WZ
— J’L dt=4.6 fo MCAINLO Top — J‘L dt=461M" MCAINLO Top
~ Herwig 2Z ~ Herwig 22
a8 QCD (data driven) ] QCD (data driven)
c Herwig WW = Herwig WW
Q Powheg Wy o Powheg Wiy
w w
E E| Q E 3
g 1.;5 E g 1.1E 3
E 1.05 E 3 E 1.05 E 3
. : g :
0.95E El 095EF 3
ook 3 ook E
3 -2 -1 0 3 -2 1 0 1
Tag ¢ Tag ¢
(c) ¢T, all weights except trigger (d) ¢, full weight
10° x?/ndof = 25.1/20 10? x2/ndof = 19.1/20
> E T T T T —— Data > E T T T T —— Data
$ 250 Dar2011(E=7Tev) . Powheg Zpp $  250f Dam2011(f5=7Tev) W Powheg Zuu
= N Herwig WZ = N Herwig WZ
@ E J'L dt=4.61b" MCAINLO Top ° E J'L dt=461" MCANLO Top
Py C Herwig ZZ ) @ C Herwlg zz
S 200 s e £ 200 s
> C Powheg Wtv > C Powheg Wtv
w C | w C |
150 — 150 —
100 — 100[— —
Q LIF 3 Q 1IF =
§ 1.05E 4 ++ % 1.05F oy ]
<4 1B, I e e 3 % i S— o e -'?
8§ e 3 8 i .. ; 5
0.95F 3 0.95F =
0.9F E| 0.9F E
20 30 40 50 60 70 80 20 30 40 50 60 70 80
Tag P, [GeV] Tag P, [GeV]
. . + .
(e) pt, all weights except trigger (f) p7, full weight

Figure 10.6.: Distributions for ", ¢ and pJ. in the case of the IW-like selection. The left column
shows the distribution with only reconstruction and isolation scale factors applied,
the right column with the full event weight as defined in the text.
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Figure 10.7.: Distributions for 7%, ¢ and p7. in the case of the W-like selection. The left column
shows the distribution with only reconstruction and isolation scale factors applied,
the right column with the full event weight as defined in the text.
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Part III.

Towards a First Measurement of the
Mass of the W-Boson
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11. Overview of the Measurement

Building on the discussions in Part I, it is now possible to lay out the full strategy to measure
the mass of the W boson at ATLAS. As was shown in Chapter 3, three observables can be
used as proxy for the W boson mass:

e Transverse momentum of the lepton: The transverse momentum of the decay lepton
pr offers direct access to the mass of the W boson. It can be measured with very high
precision and, in the case of muons in the final state, is almost unaffected by pile-up.
On the other hand, the shape of the spectrum is very sensitive to physics and detector
mis-modeling.

e Missing transversal energy: The missing transversal energy E%liss acts as a proxy for
the decay neutrino pr. However, since the reconstruction of EX is a challenging task
including several sources of uncertainty, a smaller sensitivity to My, compared to that
using the lepton pr is expected. Moreover, since an estimation of the contribution from
pile-up vertices is challenging, the precision decreases with larger pile-up as observed
towards the end of the 2011 data taking campaign.

e Transverse mass: The transverse mass mqp is built from the information on the lepton
and the E%‘iss size and direction. Therefore, it can be seen as a compromise between
both observables. In principle, the transverse mass is less sensitive to mis-modelings
than lepton pr (cf. ref. [104]).

As discussed in Chapter 3 and Chapter 5, external variables, such as pile-up and hadronic
recoil, as well as detector effects, such as efficiencies depending on the value of pr, have a
significant impact on the shape of these distributions. Therefore, the value of My cannot be
directly extracted from these distributions. Instead, a technique commonly known as forward
folding is used.

In this approach, a Monte Carlo simulation is used to produce predictions for all three
observables at different values of My,. These predictions are stored as histograms called
templates, are merged with the background prediction and are finally compared to the observed
distributions in data. This comparison is performed using a x? test, leading to a set of different
x? values for different, simulated values of Myy. The value of My leading to the minimal value
of x? is used as estimator for the true value of Myy.

The measurement of My, was performed blinded. This means, that in each measurement a
fixed, but unknown shift was applied to the final result'. In this way, a possible bias towards
the current world average (cf. ref. [8]) was prevented. In the final measurement, after the
analysis is fixed, this blinding will be removed.

However, at the time of writing, not all corrections discussed in Section 5.4, which are needed
for the final measurement, were finalized. This means that, in order to prevent the authors of

'In practice, this is performed by using a random number generator, placing it in a defined state by fixing the
so-called seed, and using the first random number produced by the generator to define the shift.
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these corrections to be biased, the blinding could not yet be removed for the results presented
in this thesis. Instead, it was chosen to present results on a limited set of data, corresponding
to an integrated luminosity of 100 pb~!. This means that only ~ 2% of the full data set were
used. In this way, the statistical uncertainty is enlarged by a factor of approximately seven?.
Thus, a proof of principle of the measurement, as well as a first result, can be presented without
endangering the remaining work towards the publication of the final result.

Since the mass of the W boson is very sensitive to physics modeling effects, a cross-check was
performed by using the fitting package to measure the mass of the Z boson. This approach has
the advantage that the mass of the Z boson is very well-known, with an uncertainty of 2.1 MeV
(cf. ref. [8]) — well beyond the reach of this analysis. In this way, it can serve as an excellent
benchmark for both the fitting package and the current state of the corrections. However, it
has to be noted that a certain amount of correlation is introduced. This is due to the fact
that part of the corrections, namely the muon momentum scale and the muon efficiencies,
were obtained using Z — up events. This means that the significance of the deviations of the
measured values from the world average is to some extent underestimated.

In the remainder of this chapter, the topics common to both the measurement of the mass
of the W and the Z boson are discussed. The following chapters will then discuss the points
specific to the measurement of the mass of the Z boson and the W boson in turn.

11.1. Reweighting

Since the generation and reconstruction of ~ 10% events with the full ATLAS analysis frame-
work is a very performance-intensive task, it is impossible to perform a full simulation for
each possible value of My,. Instead, a reweighting approach is chosen. In this approach,
only events for a fixed value of My, are produced. Then these events are weighted according
to a theoretical description of the W and Z resonances, such that the line shape for values
of Myy other than the original value can be obtained. To this end, the official ATLAS tool
LINESHAPETOOL was used, which is based on the improved Born approximation (IBA) (cf.
Section 5.4). In this way, predictions for all possible values of My, were feasible.

11.2. Fitting Procedure

As mentioned earlier, each Monte Carlo template is first merged with the background predic-
tion?, yielding a prediction template hyic, and then compared to the distribution observed in
data hpata using a x? test. This test is performed after both histograms are normalized. In
this case, x? is defined as:

N
(fmc,i — foatai)?

=Y A o (11.1)
i=1 — fmci fData,i

2A detailed calculation, performed in Chapter 13, yields a factor of 6.77.

3Note that the background prediction is not reweighted to different values of My or Mz, respectively. This
is because in the case of Mz, background can be neglected, and because in the case of My, the leading
background contributions originate from Z — pu, which can be treated as independently of My . In the
measurement of My, the sub-leading contribution originates from the multi-jet background, which is data-
driven and therefore already includes the true value of My by construction. A remaining dependence of
the background on Mw plays only a negligible role.
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11.2. Fitting Procedure

Here, fumc,; and fpatas represent the uncertainties in bin ¢ of hyvic and hpata, respectively.
The quantities Ay, . and Ay, /. represent the uncertainties on f; vc and f; pata, respectively.
These uncertainties were estimated with Gaussian error propagation under the assumption of
Poissonian-distributed uncertainties on the original distributions.

With allowing for up to two-dimensional histograms, the number of degrees of freedom can
be calculated as:

Ndof = Mbins,z X Mbins,y — 1 (112)

One degree of freedom is lost due to normalization.

Since the templates are only produced for disjunct points in parameter space, interpolation
has to be used to find the global minimum of the y? curve, as shown in Figure 11.1. For this
interpolation, the fact is used that the x? curve can be approximated by a parabola close to
its minimum. The equation used is shown in Equation (11.3).

X2~ a+ Uz —z0)? (11.3)
In this equation, the coefficient U;; = Uj; is the entry of the inverse of the covariance matrix

Uij = (V‘l)ij, and a denotes the minimum value of x? and zy the values of & where the
minimum is reached.

80.25 80.3 80.35 80.4 80.45 80.5 80.55

M,, [GeV]

Figure 11.1.: Example of the interpolation used to obtain the global minimum of the x2 parabola.
The plot shows the actual result from the fit of the W boson mass in the observable

P
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11. Overview of the Measurement

11.3. Estimation of Uncertainties

11.3.1. Propagation of Uncertainties

Systematic uncertainties can be assessed by their effect on MC and background templates.
Some uncertainties only affect background templates, such as the QCD background estimation;
others affect both, such as the momentum scales; and some are only applied to the Signal MC,
such as the PDF uncertainties.

The propagation of the uncertainties from background templates is performed by replacing
the nominal background template with varied background templates and assessing the effect
on the fit result.

The propagation of the uncertainties from the MC templates can be performed in two ways,
illustrated in Figure 11.2:

o Full Template method: In the full template method, for each uncertainty source, a new
set of MC templates is produced. The fitting is then performed for each combination of
data template and combined signal plus background template.

e Pseudo-Data method: In this method, pseudo-data templates are produced from MC for
each uncertainty source. In the fitting package, the fit is performed for each combination
of the pseudo-data set and the nominal MC template set.

Signal Monte Carlo

Signal Monte Carlo 1 Pseudo-Data 1
Signal Monte Carlo 2 [ Pseudo-Data 2
Signal Monte Carlo 3 [ Pseudo-Data 3

( Signal Monte Carlo 4 [ Pseudo-Data 4

(
Signal Monte Carlo

( Signal Monte Carlo 5 Pseudo-Data 5
(a) Full Template (b) Pseudo-Data

Figure 11.2.: Illustration of the two methods available to obtain MC systematic uncertainties.

In this analysis, the pseudo-data approach was chosen. This is because it is purely MC-based,
meaning that the estimation of the systematic uncertainty is fully independent of statistical
fluctuations in the data sample. Apart from this, it is clear that this approach is only valid
if the Monte Carlo prediction describes the observed data well, a point fulfilled in both the
measurement of My, as well as M.

There are different classes of systematic uncertainties which are treated differently in the
calculation of the full uncertainty:

e Paired: Paired systematics consist of associated up and down variations. There are cases

in which several paired systematics have to be combined for a total paired systematic. For
example, the total uncertainty for the PDF's consists of several eigenvector uncertainties.
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11.3. Estimation of Uncertainties

In general, several paired systematics are combined following ref. [105]. The resulting
equations read as:

N
A+ = Z max (Xup,i - Xbasev Xdoum,i - Xbasea 0)2 (114)
=1
N
AT = \ Z max (Xbase - Xup,ia Xbase - Xdown,ia 0)2 (115)
=1
1 N
A= Z} (Xupi — Xdown.i)® (11.6)
1=

In this analysis, the symmetric form (Equation 11.6) is used.

e Shifts: In some cases, a number of shifts with respect to the baseline setting is supplied.
The resulting uncertainty for the error source is combined by quadratical addition of the
different shifts according to:

N

A= Z (Xs,i - AXrbase)2 (117)
=1

e Toy MCs: Uncertainties can be estimated with Toy MCs. Consider for example a cor-
rection with a set of scale factors (SF) for each bin. The connected uncertainty can be
estimated by performing an up and down-variation with SF = SF+10. A superior
approach is to produce combined Toy Monte Carlos, where in each Toy Monte Carlo ¢,
the scale factors for each bin k are modified as shown in Equation (11.8):

stat+uncorr * 9i

- S
SFF = SF* + ASE® P4+ ASFE, - gis (11.8)

s=1

Here, g is defined with g € Gauss(0,1), i.e. g is taken from a normal distribution with
1 =0 and o = 1. Note that g; s is the same random number for all bins k£ in a given
Toy Monte Carlo ¢. In this way, bin-to-bin correlated and uncorrelated uncertainties are
correctly taken into account. The resulting uncertainty stemming from the scale factors
on the parameter is now estimated using the empirical standard deviation:

1 N —\2
A=l (Xei— X) (11.9)

N —1¢4
=1

Naturally, the empirical standard deviation has to be interpreted as an estimator for the
true standard deviation, A = ¢. This also means that A will scatter around the true
value of the standard deviation o, a fact which has to be considered in the assessment
of the resulting uncertainties. The uncertainty A(d) on the resulting uncertainty can be
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estimated by assuming & to follow a normal distribution. Then the empirical standard
deviation of the sample is distributed like (cf. ref. [106]):

~92 o?

o~ % 2 (11.10)

From this the standard deviation of the sample standard deviation Ao can be computed
as:

A S (11.11)
o 2(N —-1)

In this equation, n corresponds to the number of Toy Monte Carlos. Table 11.1 shows
a small overview of a range of values for n. As can be seen, for the common cases of
n = 20 and n = 100, the uncertainty is on the order of 10 % and can only be decreased
significantly with significant computing effort.

n  A6/o [%)
35.4
10 23.6
20 16.2
50 10.1
100 7.1

Table 11.1.: Overview of the relative uncertainty on the uncertainty obtained via Toy MCs.

Different uncertainty sources can always be combined using the quadratic sum if no correlations
exist and the uncertainties are distributed following a normal distribution:
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11.3. Estimation of Uncertainties

11.3.2. Sources of Uncertainties

A number of possible sources of uncertainty were investigated in the measurement of the
W and Z boson mass. These uncertainties can be grouped into statistical and systematic
uncertainties. Statistical uncertainties would be different for each experiment and decrease
with the number of observed events. This plays a large role in the measurement of My, were
only a fraction of the full data set is used, leading to an artificial increase of the statistical
uncertainty. In contrast to the statistical uncertainty, the systematic uncertainty is fixed
for the experiment. The uncertainties investigated in the measurement of My and My, are
summarized in Table 11.2. It has to be noted, that two additional sources of uncertainty have
to be accounted for in the final measurement: these are the uncertainties connected with the
modeling of boson pr (cf. Section 5.4.1), and with the reweighting of the angular coefficients
(cf. Section 5.4.1). In both cases, no full estimation of the uncertainty was available, and no
propagation of the uncertainty to Mz and My, could be performed.

Source Method for Estimation

Muon Momentum Scale  Estimated using ref. [107]

Hadronic Recoil Estimated using ref. [107]

Statistical Toy Monte Carlos

PDF Variation of the PDF uncertainty set
Reconstruction Efficiency Combination of Toy Monte Carlos and shifts
Trigger Efficiency Combination of Toy Monte Carlos and shifts
Isolation Efficiency Combination of Toy Monte Carlos and shifts
Angular coefficients No propagation feasible

Boson pr modeling No propagation feasible

Table 11.2.: Uncertainties investigated in the measurement of My, and M.

Muon Momentum and Hadronic Recoil Correction

As mentioned before, not all corrections were published at the time of writing. This means
that, for the estimation of the systematic uncertainty associated with the hadronic recoil and
the muon momentum scale, only published estimations will be shown. These estimations
are taken from ref. [107], in which the size and impact of these uncertainties on My at the
ATLAS detector were studied for an integrated luminosity of 10 fb~! at a center of mass energy
of \/s =14 TeV.

The relative uncertainties quoted in this reference are assumed to be driven by statistical
uncertainties. In the calibrations performed for the measurement discussed in this thesis, a
smaller number of events was available. This is due to the fact that the actual center of mass
energy was /s = 7TeV, leading to a decrease of the cross section for the production of Z bosons
by a factor of 2.14 (cf. ref. [108]), and a reduced integrated luminosity? of [ Ldt = 4.58 fb~L.

4This integrated luminosity was calculated using the Good Run List datall_7TeV.periodAllYear_DetStatus-
v36-prol0_CoolRunQuery-00-04-08_WZjets_allchannels_DtoM.xml, created for the selection of events for the
measurement of My and Myz.
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11. Overview of the Measurement

Therefore, the smaller number of Z — uu calibration events available in the 2011 data-set has
to be taken into account through an additional factor, calculated as shown in Equation 11.13.

| N,
s= N—‘”’ = 2.17, with N = /Ldt X Opps 2+ X s i+ X (11.13)
obs

In summary, the values for the muon scale and smearing uncertainty, as well as for the hadronic
recoil scale and smearing uncertainty are shown in Table 11.3.

Uncertainty source Aa/a(14TeV,10fb~1)  Aa/a(7TeV,4.58fb~1)
Muon momentum scale 2x107° 4x107°
Muon momentum resolution 2x 1074 4x 1074
Hadronic Recoil scale 5% 107° 11 x 107°
Hadronic Recoil resolution 6 x 10~* 13 x 10~

Table 11.3.: Estimations for the relative uncertainty Aa/a on the muon scale and resolution, as
well as for the hadronic recoil scale and resolution. Values taken from ref. [107] and
scaled to the observed center-of-mass energy and integrated luminosity in 2011.

These uncertainties are propagated to the final measurement of My, through a set of up and
down shifts. Using ref. [107], the uncertainty on My in the p4. fit can be estimated to be
on the order of 9MeV for the muon momentum scale and 2MeV for the muon momentum
resolution. Moreover, the uncertainty on My in the fit to mp, due to the hadronic recoil scale
and resolution, can be expected to be on the order of 2MeV for the scale and 3 MeV for the
resolution.

Statistical Uncertainties

In this analysis, three uncertainty sources of statistical origin play a role. These are due to
the finite number of events in the Signal MC, Data and Background samples.

At this point, a careful distinction has to be made: the statistical uncertainty due to the finite
data sample leads to a true statistical uncertainty on My,. That means that, hypothetically
speaking, if the 2011 data-taking campaign could be repeated n times and no additional
uncertainties would exist, an analysis performed for each of these repetitions would yield a
different value of Myy, scattered around the true value of My, with a standard deviation equal
to the statistical uncertainty of Myy.

For the MC statistical uncertainty, this is not the case. Here, the same Monte Carlo sample
would be used each time. This means that the effect of the finite size of this sample will lead
to a difference between the measured and true value of My, which would be equal for each of
the aforementioned hypothetical repetitions. In this way, while the MC statistical uncertainty
originates from statistical effects, the result on My is of systematic nature. Therefore, it is
counted as one of the sources of systematic uncertainty on the measured value of My, and
not among the statistical uncertainties.

The background statistical uncertainty is more challenging to categorize, since it consists of
both data-driven and Monte Carlo samples. While the data-driven contribution will lead to a
true statistical uncertainty on Myy, i.e. it would change in each of the hypothetical repetitions,
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11.3. Estimation of Uncertainties

the Monte Carlo contribution will lead to a fully systematic contribution. The background
statistical uncertainty plays only a minor role, and will be counted as systematic uncertainty
on My in the following. This is because it is expected to be dominated by Monte Carlo
contributions if the full data-set can be used.

The total uncertainty on the measured mass due to these sources can in principle be esti-
mated from the width of the y? parabola. Unfortunately, in this way the size of the three
different contributions is lost. Therefore, the three different contributions are estimated sepa-
rately with Toy MCs. For this N variations of the original MC, Data and Background samples
were produced, with N being on the order of 100.

In general, the supplied Monte Carlo samples for the signal and background simulation are
sufficiently larger than the data sample. Moreover, the data-driven background contribution
considered in the case of the measurement of Myy is sufficiently small, such that the only
significant contribution to the total uncertainty is expected to arise from the uncertainty on
the data sample itself. Using the estimation performed in ref. [107], and including the afore-
mentioned corrections for the reduced center of mass energy and luminosity, this uncertainty
can be estimated to be on the order of 5 MeV.

Interpolation Uncertainty

As described above, a limited number of prediction templates, i.e. combined signal and back-
ground templates, is produced for different values of My, and is then compared to data using
a x2 test. From the different x? values obtained, the position of the minimum of the x?
parabola is found by interpolation. The interpolating function is a parabola, fitted using a x?
fit. This interpolation yields a further uncertainty, since the position of the minimum can only
be estimated with a given precision. This uncertainty is taken directly from the x? fit result.

PDF uncertainty

The PDF uncertainty is estimated from the set of uncertainties supplied with the CT10 PDF
used. These uncertainties are given as 90 % confidence intervals along 26 eigenvectors. Sub-
sequently, these uncertainties have to be scaled by 1/1.64485 to obtain uncertainties at the
Gaussian 1o level, corresponding to a 68% confidence level. The uncertainty on Myy is obtained
by performing up and down-shifts along the 26 eigenvectors, and adding the uncertainties in
quadrature as described above.

Reference [39] gives an overview of the expected uncertainties on Myy. In the case of fitting
in p%, an uncertainty of 16 MeV is expected. If separated into pgf and p%_, the uncertainty
is expected to be even larger, ranging up to 22 MeV for the chosen PDF set. This uncertainty
is mostly due to the fact that the polarization of the W boson, and therefore the shape of
p'7, depends to a large extent on the composition of the incoming protons, as discussed in
Section 3.2. A further impact originates from the uncertainties of the charm quark PDFs due
to the non-negligible mass of the charm quark and its effect on the spectrum of pTVY .

It has to be noted that, in the generator output used, no gluon information is stored. This
means that the uncertainty on My, due to the uncertainties on the gluon PDFs could not
be assessed. This will have to be remedied for the final measurement, a task which can be
performed by either reweighting the current Monte Carlos, or alternatively by producing new
Monte Carlo samples.
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11. Overview of the Measurement

Muon efficiency uncertainty

The uncertainty on the efficiencies for muon reconstruction, isolation and triggering were
obtained as part of this thesis. The uncertainties discussed in Section 6 were propagated
through 20 Toy Monte Carlos for the statistical uncertainty, and eight histograms representing
the systematic, bin-to-bin correlated uncertainties. The resulting uncertainty will be discussed
in detail in Section 13.6.

Boson pr modeling uncertainty & Angular Coefficients

As discussed in Section 5.4.1, the transverse momentum of the decay leptons is strongly in-
fluenced by the transverse momentum of the intermediary vector boson. The uncertainties
associated with the modeling of boson pr, however, were not yet finalized at the time of writ-
ing and could therefore not be propagated to the final result of My and My, respectively.
Reference [39] gives a first estimation of these uncertainties on My in the fit in p/.. In this
reference, the uncertainty associated with the modeling of ijY is found to be on the order of
6 MeV. For My, the effect can be assumed to be smaller, since the knowledge of p% is much
better through the availability of direct measurements. In both cases, the modeling of boson
pr can be expected to play a minor role.

The same is true for the angular coefficients. As discussed in Section 5.4.1, corrections to
these factors were obtained by comparing the output of the POWHEG+PYTHIA simulation used
to obtain the signal samples for pp — Z+ X — pu+ X as well as for pp - W+ X — ur+ X to
the output of the DYNNLO generator. For these corrections, no uncertainties were supplied
at the time of writing. However, it is expected that these uncertainties play only a minor role.
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Before performing the fit of Myy, it is important to validate the full analysis chain, including
all corrections. To this end, the process pp — Z + X — ptpu~ + X is chosen. Since the
world average of My is already used in the calibration of the muon momentum corrections, a
measurement of My can be expected to reproduce the world average within its uncertainty.

The choice of Z — uu as validation process has several advantages: the mass of the Z
boson is very well known, with a world average of (91.1876 + 0.0021) GeV (cf. ref. [8]), with
the uncertainty well beyond the reach of this analysis. A further advantage of the decay of the
Z boson is the low level of background observed in this analysis. Moreover, the topologies of
Z and W decays are very similar: in principle, muonic decays of W and Z bosons differ only
by the replacement of a neutrino as partner of the decay muon in the decay W — uv by a
muon of opposite charge in the decay Z — upu.

This allows for constructing observables that mimic those used for the measurement of My,
by treating one of the decay muons of the Z boson as a neutrino, adding it to the missing
energy of the event. In this way, W-like observables such as mr and E%ﬁss can be constructed.
Due to the ambiguity as to which decay muon is treated as neutrino, these W-like observables
can be constructed either for the case of only u* being treated as a neutrino, or only i~ being
treated as neutrino, or both.

The measurement was performed inclusively as well as in several bins in order to test for
internal consistency. These bins were chosen to match those of the measurement of My, and
are summarized in Table 12.1. Apart from two bins in p% and four bins in ™ and 7~, also
three bins in pile-up p were defined.

Observable Bin borders

% 0GeV 15GeV  30GeV

nht 0 0.8 1.4 20 24
nt= 0 0.8 14 20 24
1 2.5 6.5 9.5 16

Table 12.1.: Bin definitions for the measurement of M. Note that u is the standard ATLAS
notation for the average number of interactions per bunch crossing.

12.1. Selection

The selection used for the measurement of My is very similar to that for the Tag and Probe
analyses discussed in Chapter 6. The following criteria were used:

e Good Run List: The Good Run List used for this analysis was datall_7TeV.periodAll-
Year_DetStatus-v36-prol0_CoolRunQuery-00-04-08_WZjets_allchannels_DtoM.xml, cor-
responding to 4.58 fb~! of integrated luminosity.
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Vertex: At least three tracks are required to originate from the primary vertex.

Trigger: The triggers applied are the single muon triggers EF_MU18 for data period
B-I, and EF_MU18_MEDIUM for period J-M.

Muon selection: Exactly two pre-selected muons are required, with the preselection
criteria reading:

— Combined muons: Only staco muons flagged as combined by the muon recon-
struction algorithm are considered.

— Quality: Several quality criteria, concerning for example the number of hits in the
TRT, were applied. These criteria follow the recommendations from the ATLAS
muon combined performance working group and are summarized in Table 6.3.

— Distance from primary vertex: A cut was performed of the longitudinal distance
of the track from the primary vertex, |zg|, with |zp| < 10 mm.

— Acceptance: The muons were required to lie well within the acceptance of the ID,
with |n] < 2.4.

— Isolation: All muons are required to appear isolated, by requiring p%’nem/ pr < 0.1.
— Momentum: The minimal momentum required by the pre-selection is pp >

25 GeV.

Invariant Mass: The selected pair of muons must fulfill the ATLAS definition for
on-shell Z bosons, with 66 GeV < m,, < 116 GeV.

Trigger matching: At least one of the muons has to be associated with a trigger object,
with |n] < 0.1.1

Jet veto: Events are vetoed if a jet fulfilling the LooseBad jet selection criteria are
found within a cone of AR < 0.3 around one of the muon candidates.

LAr hole: Events are vetoed if one of the jets in the event is close to the so-called LAr
hole, a region in the calorimeter experiencing technical problems during the 2011 data
taking.

Lar error: Events are vetoed if a noise burst in the liquid argon calorimeter occurred.

The resulting cut flows for data, Signal and Background MC are shown in Table 12.2 and

12.3.

These cut flows are already normalized to the integrated luminosity, and therefore give

an impression of the low level of background observed. In total, only ~ 5000 background
events are expected from the relevant background samples shown here.

!Note that this cut, while in agreement with the standard analysis cuts chosen by the W boson analysis group,
might in principle lead to a case in which a muon failing the trigger matching might be used as signal
muon in the construction of the W-like observables p4., mr and EF™5. This might lead to small differences
between the Z boson cross-check and the W boson analysis.
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Data Z — pp Single Top tt W-—wpwv, Wt—pty, W -1y, Diboson Z—717
All 110286232 5401536.4 21593.4 188294.8 8612386.4 13522764.8 1023703.3 48346.5 203747.0
Combined 109904747 5092134.5 21131.6 183686.4 8439526.2 13246160.5 1003300.7 46926.3 199065.6
Quality 108021836 5024862.1 20885.4 181230.3 8354220.2 131142914 993293.5 46378.2 197010.9
20 106891770 5009194.4 20841.2 181201.3 82682154 12973805.3 978269.5 46281.5 195446.8
n 105611707 4870062.7 20694.5 180201.3 8126038.7 12740107.6 961497.2 45602.7 192179.8
Isolation 45404748 4834746.2 18984.3 154 278.2 8068 135.1 12646 569.1 952434.3 44271.0 190423.9
pr >20GeV 29117317 4397656.9 16354.9 138067.0 7144958.4  10757495.0 544052.1 39292.2 115750.6

Table 12.2.: Number of pre-selected muons per cut for each sample used in the measurement of M. All numbers are scaled to the integrated
luminosity of data. Single top consists of all seven single top samples (production 108340-108346), while Diboson consists of the

WW, WZ and ZZ samples.

Data Z — up  Single Top tt W-—pu v, Wt —upty, W —7v, Diboson ZTT
All 125341170 4534200.0 100027.2 628834.0 19694000.0 28212800.0 7024208.6 134514.6 1192723.6
GRL 114016724 4534 200.0 100027.2 628834.0 19694000.0 28212800.0 7024208.6 134514.6 1192723.6
Vertex 113823231 4507678.5 99951.3 628603.2 19599094.0 28050741.8 6989081.3 134262.6 1188545.1
Trigger 107690309 3299559.7 22703.7 180372.6 9006683.8 14386243.0 1319410.6 45014.2 248 138.2
Veto 1561047 1542467.8 11.3 6369.2 75.9 73.4 12.6 3467.8 1784.9
My 1500034 1504 250.9 6.8 2352.1 34.0 41.0 7.8 2599.8 811.6
Matching 1499962 1504158.6 6.8 2346.0 34.0 41.0 7.8 2597.8 811.6
Jets 1491297 1485021.3 6.8 2313.7 33.4 40.7 7.8 2560.5 801.1
Lar Hole 1489574 1483680.1 6.8 2290.4 33.4 40.4 7.8 2547.7 800.3
Lar Error 1485494 1483680.1 6.8 2290.4 33.4 40.4 7.8 2547.7 800.3

Table 12.3.: Number of selected events per cut for each sample used in the measurement of M. All numbers are scaled to the integrated
luminosity of data. Single top consists all seven single top samples (production 108340-108346), while Diboson consists of the

WW, WZ and ZZ samples.
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12. Validation with Z Bosons

12.2. Background Estimation

Similar to the Tag and Probe analyses performed to obtain the muon trigger, reconstruction
and isolation efficiency (cf. Part II), the background can be split into two groups. The first
group consists of the electroweak and top background, which is described by Monte Carlo. The
second group is the multijet — or QCD — background, which has to be obtained from data
since no sample with sufficient statistical precision exists. Moreover, Monte Carlo predictions
of QCD background admixtures always carry a large theoretical uncertainty.

The method to obtain the estimation of the QCD background consists of two steps: in a first
step, a background-enriched template for the QCD background in all kinematic distributions
is obtained. In a second step, the correct normalization factor for this template is obtained.
However, in this analysis, QCD background plays only a negligible role, as no event was
selected for the QCD template. From studies with dedicated bb and cé samples, as performed
in ref. [109], the number of events in the QCD background is expected to be compatible with
Z€ero.

The small role of the QCD background is to a large extent due to the jet veto cut. Given
the fact that almost all hadrons and leptons except muons are absorbed in the hadronic and
electromagnetic calorimeters of the ATLAS detector, essentially only true muons can produce
signals in the muon system. The jets from which these muons originate are easily detectable,
even if the muons fulfill the isolation requirement.

12.3. Control Plots

In Figure 12.1, the control distributions for the selection are shown. As can be seen, the
background admixture is invisible in all plots. The Signal Monte Carlo offers a very good
description of the shown distributions. As expected, the distribution of the invariant mass
peaks around the value of My, reflecting the Breit-Wigner resonance in the cross-section
formula. Compared to the invariant mass, the transverse momentum of the u®pu~ system is
very difficult to model due to QCD effects. This is reflected by the value of x? shown in this
plot: with X?"ed = 119/60, the value is almost twice as large as for the invariant mass.

The modeling of the transverse momentum of the decay muons is excellent, with values of
X? g below unity. The distributions are shaped as expected: a peak at pr ~ 45 GeV, reflecting
half of the value of My, and a long tail towards lower values, produced by muons with |n| > 0.
This corresponds to the expectation discussed in Section 3.1. Note that in the distribution of
pr,— a hint of a dip can be seen around 55 GeV.

The distribution of n is very sensitive to detector effects. Due to the differences in the
selections, the results shown here are not directly comparable with the results presented in
Section 6. This is mostly due to the trigger matching, which is here only required on one of
both muons.
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Figure 12.1.: Control Plots for Z — pu. From left to right, top to bottom: M, yuu, P+,
pr,—, N+, N—. In the ratio, the gray band denotes the statistical uncertainty from
the combined Monte Carlo and background stack, while the error bars denote the
uncertainty from data. Only the statistical uncertainty is shown and used for the 2
test shown in each control plot. This test shows the compatibility of the observation
and prediction for each distribution.

151



12. Validation with Z Bosons

12.4. Monte Carlo-based Cross-Checks

Before performing the final fit, the stability of the fitting approach, as well as the accuracy of
the estimation of the three different sources of statistical uncertainty, were tested by performing
a pure Monte Carlo study. To this end, the data was replaced by pseudo-data obtained from
signal Monte Carlo. In this way, the internal consistency of the fitting package could be tested.

12.4.1. Numerical Stability

The additional uncertainty due to the interpolation discussed in Chapter 11.2 is estimated by
replacing the data template with a Monte Carlo template. In this way, the fit is expected to
yield exactly the injected value of 91.1876 GeV. Any deviation from this value can be seen as
inaccuracy. As can be seen in Figure 12.2(a), these deviations are below 1 MeV and therefore
do not play a role in this analysis. Moreover, the observed deviations are larger in observables
and regions in which less sensitivity to the mass of the Z boson is expected, since these settings
are connected with flatter y2 parabolas. This leads to a larger uncertainty on the interpolated
minimum.

Interestingly, a small bias towards positive values is discernible. This might be due to
the interpolation method, where each point is treated with equal weight. Essentially, this
overestimates the weight of points with larger distance to the minimum of the y? parabola,
and might lead to larger biases if the chosen distance between the sampling points is too large.
This underlines the importance of performing the test discussed here.

12.4.2. Estimation of Statistical Uncertainty

As discussed above, the statistical uncertainty can, in principle, be obtained from the width

of the x? parabola. Since this approach leads to a loss of all information concerning the con-

tributions from data, Signal MC and background estimation, a Toy MC method was applied.
The following four quantities are obtained:

e A, 2: uncertainty estimated from the width of the x? parabola

° A%gytf\‘/lc: statistical uncertainty from data, estimated with the Toy MC method

° A%;%MC: statistical uncertainty from background, estimated with the Toy MC method

° A%gMC: statistical uncertainty from Signal MC, estimated with the Toy MC method
In a cross-check, the three Toy MC uncertainties are added in quadrature and compared to the
total uncertainty estimated from the width of the x? parabola. This is shown in Figure 12.2(b).

The regions cited in this plots are defined as in Table 12.1. It can be observed that the statistical
uncertainties from both methods differ by less than 10% on average.
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12.4. Monte Carlo-based Cross-Checks
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Figure 12.2.: Results from the Monte Carlo-based cross-checks.
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12. Validation with Z Bosons

12.5. Data-based Cross-Checks

Figure 12.4 shows a sample of fit results obtained in the inclusive region. As can be seen,
the distribution of the invariant mass of the u™p~ pair offers an excellent observable for the
measurement of M. This is clearly visible in the values of x? shown in the right figure: Even
small deviations from the nominal mass lead to a large increase in the obtained values of 2.

The lower rows show results for fits in the W-like observables pr, mp and ErTniSS, constructed
as described above, by treating one decay muon as neutrino and adding it to the missing
energy. The Jacobian peak distribution of lepton pr was discussed before. As can be seen,
its sensitivity to changes in My is significantly reduced compared to the distribution of the
invariant mass. This can be clearly deduced from the increased width of the x? parabola. The
transverse mass has a very broad peak around My, smeared out by the ErTniSS resolution. The
missing energy EzmwliSS itself also shows a smeared-out peak at My /2. This behavior will carry
over to the measurement of My .

The resulting values for the inclusive region are shown in Figure 12.3. Also here, the extreme
sensitivity obtainable in the observable m,,, is visible. In E%liss, only a weak dependence on
My can be observed, with the largest uncertainty of all observables. The transverse mass is
more sensitive, with the transverse masses obtained with discarding the positive and negative
muons being compatible with each other. The transverse momentum of the muon is the most
sensitive variable of all three W-like observables. Also here, the results obtained using the
transverse momentum of u and = are compatible. In summary, all results are compatible
with the world average (cf. ref. [8]), with a resulting value of 2., = 9.58/8 and probability of
0.30.

World Average Il

Fitin m,, o

Fting™ | — A
rinm | T
Fitinm, | I B
Fitin m] B B """ —.— ;
Fit in pt B '_._| """""" TG -
Fitin pt° B R o
Fitin p!” o ! g ! """""" ! |

91.119 91.161 91.202 91.243 91.285 91.326
X2 =9.58/8 (p = 0.30) M, [GeV]

red

Figure 12.3.: Overview of the fit results for all observables in the Inclusive region. For com-
parison, the current value and uncertainty of the world average (cf. ref. [8]) is also
shown. In addition, the resulting value of x2_; and the probability of a x? test com-
paring the obtained results and the world average are shown. For this test, only
the statistical uncertainties, without any possible correlations, were considered.
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12. Validation with Z Bosons

Figure 12.5 shows an overview of the fit results obtained in the observable m,,,. The two
results obtained in the two different bins in p% are very similar, with a reduced x? of 0.07/2,
translating into a test probability of 0.96. In the three pile-up bins, the results are also
compatible with the world average, with a y? test probability of 0.76. If the fit results are
investigated separately for the four n*~ bins, it may be observed that the results for 1.4 <
In*~| < 2.4 differ from the world average. This leads to an increase of the value of the x? test,
with a fit probability of 0.10. For n** no such effect is visible. Overall, the deviation in n#~ is
not significant, especially when weighted against the results obtained when separated by p:%,
pile-up or n#t.

World Average ——
World Average ——
25<1<65
0< pi <15 GeV
6.5<1<9.5
15 GeV < p? < 30 GeV
) 95<u<16
91.175 91.18 91.185 91.19 91.195 91.2 91.17 91.175 91.18 91.185 91.19 91.195 91.2
X2, =007/2(p=096) M, [GeV] X2, =1.17/3 (p =0.76) M, [GeV]
Z b) Pil
a) pr ue-up
World Average —0— World Average —0—
0<n"|<0.8 0<n*<08 ———
08<"]<1.4 0.8<n"<1.4
1.4<p*1<20 e ] 14<n"1<20
20< <24 20<* <24
91.14 91.15 91.16 91.17 91.18 91.19 91.2 91.15 91.16 91.17 91.18 91.19 91.2 91.21
Xy = 78814 (p=0.10) M, [GeV] X2, =172/4(p=079) M, [GeV]
(c) n"'~ (d) n**

Figure 12.5.: Overview of the fit results obtained in the observable M,,. For comparison, the
current value and uncertainty of the world average (cf. ref. [8]) is also shown. In
addition, the resulting value of x2_, and the probability of a x? test comparing the
obtained results and the world average are shown. For this test, only the statistical
uncertainties, without any possible correlations, were considered. From left to right,
top to bottom, results separated for the two regions of pZ, three regions of pile-up,
four regions of n#~ and n** are shown.
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12.5. Data-based Cross-Checks

Figure 12.6 shows fit results obtained in the observables p; and pp. If separated into bins
of p% , it is clearly visible that the low p% bin has a much smaller uncertainty than the high
p% bin. This can be understood by recalling the discussion in Section 3.1, where it was shown
that the distribution of the lepton transverse momentum is broadened through a non-zero
transverse momentum of the Z boson. Thus, the spectrum of p/. is more sensitive to My if
p% is close to zero. With a x? test probability of 0.70, all obtained fit values are compatible.
In the three pile-up bins, this holds also true with a probability of 0.75. Also here, no clear
structures are visible. If separated into the four ™ and 7~ bins, the test probabilities read
0.88 and 0.28, showing no significant deviations or structures.
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Figure 12.6.: Overview of the fit results obtained in the observable p+. (orange) and p. (blue). For
comparison, the current value and uncertainty of the world average (cf. ref. [8]) is
also shown. In addition, the resulting value of x2,; and the probability of a x? test
comparing the obtained results and the world average are shown. Additionally,
the result of a x? test comparing the results for p+ and pu~ is also shown. For
these tests, only the statistical uncertainties, without any possible correlations,
were considered. From left to right, top to bottom, results separated for the two
regions of pZ, three regions of pile-up, four regions of 7*~ and 7** are shown.
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12. Validation with Z Bosons

Figure 12.7 shows the fit results obtained in the observable mp. If separated into the two
p% bins, the same pattern already observed in lepton pr appears again. As was also the case
there, this pattern can be traced back to the decreased smearing of mp with increased p% and
the subsequently increased sensitivity to M. Here, as well as in the remaining three binnings
into pile-up, n** and n*~, all obtained fit values are compatible with the world average, with

x? test probabilities of 0.38, 0.75, 0.89 and 0.66.

World Average
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Figure 12.7.: Overview of the fit results obtained in the observable m7. (orange) and my (blue).
For comparison, the current value and uncertainty of the world average (cf. ref. [8])
is also shown. In addition, the resulting value of x2 ,; and the probability of a x>
test comparing the obtained results and the world average are shown. Additionally,
the result of a x? test comparing the results for 4™ and = is also shown. For
these tests, only the statistical uncertainties, without any possible correlations,
were considered. From left to right, top to bottom, results separated for the two
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12.5. Data-based Cross-Checks

Figure 12.8 shows the fit results obtained in the variable E{,’?iSS. Due to the low sensitivity in
this variable, a split into u and u~ was not feasible. As can be seen, the results obtained are
in excellent agreement with the world average, with x? test probabilities of 0.36, 0.69, 0.37 and
0.78. This shows that in this variable no mis-modelings are discernible, either. As can also be
seen here, the results for the low p% and high p% differ significantly in their uncertainty. With
respect to the other variables pile-up, n** and 7™, no significant structures can be observed.
Only a hint at a rise with [n#*| might be discerned. However, this is well within the statistical
uncertainties.
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Figure 12.8.: Overview of the fit results obtained in the observable EX. For comparison, the
current value and uncertainty of the world average (cf. ref. [8]) is also shown. In
addition, the resulting value of x?,; and the probability of a x? test comparing the
obtained results and the world average are shown. For this test, only the statistical
uncertainties, without any possible correlations, were considered. From left to right,
top to bottom, results separated for the two regions of pZ, three regions of pile-up,
four regions of n*~ and n*T are shown.
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12. Validation with Z Bosons

12.6. Results

Table 12.4 shows the full result, including the statistical and systematic uncertainties. As
can be seen, the data statistical uncertainty is one of the leading contributions to the final
uncertainty. The Monte Carlo statistical uncertainty is smaller by a factor of approximately
two, as is expected since the Monte Carlo simulation contains approximately six times more
events than the data sample. Assuming a Poissonian process, this leads to a decrease in
uncertainty by a factor of v/6 = 2.4. The uncertainty due to the background subtraction is
very small, since the selection leads to an almost background-free sample. Note that both the
Monte Carlo as well as background statistical uncertainty is treated as a systematic uncertainty
on the final result, since it will not change with any new data measured.

One of the remaining sources of systematic uncertainty is the uncertainty on the cross-
sections used in the background subtraction. Also here, the uncertainties are negligible due to
the small levels of background observed in the analysis. Naturally, the uncertainty due to the
correction of the hadronic recoil can only play a significant role in the observables in which the
hadronic recoil is used — these are the W-like observables mr and EXS. However, judging
from the results, also here the uncertainty on the hadronic recoil plays only a minor role.

The uncertainty on the muon momentum scale calibration can, in principle, have a large
impact on Mz, because in all cases p. enters the observed mass directly. However, since these
values could be obtained with high precision, the uncertainty is leading only in the case of the
measurement through the invariant mass of the muon pair, since this observable is essentially
unaffected by modeling effects. Mis-modeling of the muon momentum smearing, on the other
hand, plays no significant role.

The uncertainty connected to the application of the muon trigger, reconstruction and iso-
lation scale factors, which were obtained as part of this thesis, plays a significant role in the
W -like observables, which are sensitive to detector modeling effects. Since the Z boson selec-
tion requires one muon to be matched to the trigger, the effect of the trigger scale factors is
weaker than has to be expected in the measurement of Myy. This is because the uncertainty
on the scale is a function of the cut efficiency.

This can be understood by making the following approximation: the scale factor uncertainty
is in general dominated by the statistical uncertainty on the data efficiency. Whether one muon
will pass or fail a given cut can be seen as a Bernoulli experiment, which gives rise to a binomial
distribution B(k; N, p). In this model, k& corresponds to the number of candidates passing the
cut Nyee, N to the total number of candidates N, and p the cut efficiency €. The uncertainty
on the estimation of € can then be approximated as:

e(l1—¢)

Ae = —N (12.1)
In the measurement of My, the cut efficiency of the trigger requirement is on the order of 100 %,
while for the measurement of Myy, it is on the order of 70%. Therefore, the uncertainty of
the trigger scale factors will play a much larger role in the measurement of Myy. Of all three
sets of scale factors, the muon reconstruction scale factors have the largest impact on the total
uncertainty of M. This can be understood by keeping in mind that the muon reconstruction
efficiency is significantly smaller than the isolation efficiency.
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My [MeV], Fitin ... Myp P P p%—’_ mrp mp ms Emiss
Nominal 91186.5 91200.8 91180.9 91221.5 91222.3 91193.0 91254.8 91218.2
Interpolation <1 <1 <1 <1 <1 <1 <1 <1
StatData 3.4 12.1 19.3 17.7 25.4 32.7 31.7 43.5
StatMC 1.7 5.1 7.2 9.0 10.2 15.8 16.5 23.7
StatBkg <1 <1 <1 <1 <1 <1 <1 <1
CS <1 <1 <1 <1 <1 <1 <1 <1
HRScale <1 <1 <1 <1 <1 <1 <1 4.3
IsolationEfficiency <1 1.2 1.5 1.6 2.1 2.7 2.5 1.8
MuonScale 3.7 3.7 3.6 3.7 3.7 3.7 3.8 3.9
MuonSmearing <1 <1 <1 <1 <1 <1 <1 <1
PDF <1 15.7 154 15.9 26.6 26.2 26.7 24.8
RecoEfficiency <1 3.4 4.1 5.4 5.2 5.9 7.4 4.5
TriggerEfficiency <1 1.1 1.8 2.0 1.8 2.2 2.3 1.7
Tot. Sys. Unc. 4.1 17.3 18.0 19.6 29.3 31.6 32.7 35.2
Tot. Unc. 5.3 21.1 26.4 26.3 38.8 45.5 45.6 55.9

Table 12.4.: Fit results for My in the inclusive fit region.
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12. Validation with Z Bosons

The dominating uncertainty originates from the PDFs. This can be understood by consid-
ering the so-called forward-backward asymmetry (cf. ref. [110]). This asymmetry in the polar
angle distribution of the decay muons arises due to the mixture of vector and axial-vector
couplings in the process q7 — Z/v* — p*pu~. This effect depends on the flavor and charge of
the incoming particle, and therefore on the PDF's.

From Table 12.4, the deviations between the fit results and the world average of Mz can be
calculated. This is performed in Table 12.5. As can be seen, no significant deviations could be
detected. Note that in this comparison, several observables show a strong correlation. Since
the overall agreement is excellent, no attempt at a combination of significances was performed.

Observable Mz [MeV] AMz [MeV] Deviation from world average [MeV]  Significance

My 91186.50 5.31 -1.1 -0.19
v 91200.82 21.12 13.2 0.62
P 91180.85 26.42 -6.8 -0.26
P 91221.49 26.34 33.9 1.28
mr 91222.33 38.77 34.8 0.90
my 91192.95 45.48 5.3 0.17
ms 91254.83 45.55 67.2 1.47
Emiss 91218.19 55.92 30.6 0.55

Table 12.5.: Overview of the deviations between the fit results and the world average (cf. ref. [8])
of Mz.
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13. First Measurement of the Mass of the W
Boson

As already discussed in Section 6.3, the analysis was performed on a limited data-set of
100 pb™!, since not all corrections have been finalized at the time of writing!. This increases the
statistical uncertainty from data by a factor s, which can be calculated assuming a Poissonian

distribution via:
Lsel 0.10 fb_l 1
=14/ = “ = 13.1
5 Lea 4581 6.77 ( )

This means that the statistical uncertainty using the full data set would be smaller by a factor
of 6.77.

As in the measurement of My, the measurement of My, was performed several bins in order
to test for internal consistency. These bins are summarized in Table 13.1. Note that, unlike in
the case of Mz, the transverse momentum of the vector boson cannot be measured directly.
Instead, it is estimated via momentum conservation from the size of the hadronic recoil, i.e.

pgﬂv = —HR. This introduces a significant decrease in the resolution of pIW with respect to p%.
Observable Bin borders
¥ 0GeV 15GeV  30GeV
nt 0 0.8 14 2.0 24
" 2.5 6.5 9.5 16

Table 13.1.: Bin definitions for the measurement of My,. Note that p is the standard ATLAS
notation for the average number of interactions per bunch crossing.

13.1. Selection

The event selection for the measurement of My is very similar to that of the cross-check
measurement of My. As was the case there, the selection consists of an event selection and a
selection of suitable muon candidates. Out of the events passing the following selection criteria,
a representative sub-sample corresponding to 100 pb~! was selected. Selecting a representative
sub-sample is of special imporance, since significant differences between certain periods in data

could be observed (cf. Section 8).

e Good Run List: As in the cross-check measurement of My, the GRL applied was
DATA11_7TEV.PERIODALLYEAR_DETSTATUSV36PRO10_COOLRUNQUERY-00-04-08
_WZJETS_ALLCHANNELS_DTOM.XML, corresponding to an integrated luminosity of 4.58 fb~1.

' A fully unblided analysis using the full 2011 data-set is currently under preparation.
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e Vertex: The primary vertex was required to have at least three tracks originating from

it.

e Trigger: The triggers used are the single muon triggers EF_MU18 for period D-I, and

EF_Mul8_MEDIUM for periods J-M.

e Muon selection: FExactly one pre-selected muon is required, with the pre-selection

criteria reading:

— Combined muons: Only staco muons flagged as combined by the reconstruction
algorithm are selected.

— Object quality: Several quality criteria, concerning for example the number of
hits in the TRT, were applied. These criteria follow the recommendations from
the ATLAS muon combined performance working group and are summarized in
Table 6.3.

— Distance from primary vertex: A cut was performed on the longitudinal dis-
tance of the track from the primary vertex, |zo py|, with |2p py| < 10 mm.

— Acceptance: The muons were required to lie well within the acceptance of the ID,
with |n| < 2.4.

— Isolation: All muons were required to appear isolated, using the requirement
P20 /pr < 0.1.

— Momentum: The minimal momentum required by the pre-selection is pr >
20 GeV.

Trigger matching: The selected muon has to be matched to a trigger object, with
AR < 0.1.

Jet veto: Events are vetoed if a jet fulfilling the LOOSEBAD selection criteria is found
within a cone of AR < 0.3 around the selected muon.

LAr hole: Events are vetoed if one of the jets in the event is close to the so-called LAr
hole, a region in the calorimeter experiencing technical problems during the 2011 data
taking.

Lar error: Events are vetoed if a noise burst in the liquid argon calorimeter occurred.

Final cut muon momentum: After all selection criteria are applied, a final cut on
the transverse momentum of the muon was performed, with a cut at 30 GeV.

Final cut HR: Events were vetoed if the size of the hadronic recoil in the event was
larger than 30 GeV.

Final cut E%’iss: Events were vetoed if the size of the missing energy was smaller than

30 GeV.

Final cut mp: Events were vetoed if the size of the transverse mass was smaller than
60 GeV.



13.1. Selection

The resulting cut-flows for data, signal and background samples are shown in Table 13.2 for
the muon pre-selection and in Table 13.3 for the event selection. As can be seen, the level of
background observed in the W boson selection is much larger than compared to the Z boson
selection. Especially the background admixture from Z — pju events plays a dominant role?.

2Note that these estimates were obtained by performing the analysis on the full 2011 data-set before the
selection of the 100 sub-sample was performed, and then scaled to the integrated luminosity of the sub-
sample.
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Data W~ —pu v W' — utv  Single Top tt W —7tv Diboson Z —puu Z—71T
All 2346 511.6 188043.4 295 250.4 712.0 4111.2 22351.6 1055.6 117937.5  4448.6
Combined 2338404.3 184 269.1 289212.3 696.2 4010.6 21906.1 1024.6 111182.0 4346.4
Quality 2298 340.4 182 406.6 286 333.1 687.6 3957.0 21687.6 1012.6 109713.1 4301.5
20 2274297.9 180 528.7 283 264.4 686.5 3956.4 21359.6 1010.5 109371.1 42674
n 2247063.8 177424.4 278161.8 682.0 3934.5 20993.4 995.7 106333.2 4196.1
Isolation 966 057.4 176 160.2 276118.8 610.6 3368.5 20795.5 966.6 105562.1  4157.7
p? > 20 GeV 947974.5 175482.9 274739.5 608.2 3357.6 20388.6 963.0 105267.0 4085.5

Table 13.2.: Number of pre-selected muons per cut for each sample used in the measurement of My, . All numbers are scaled to the integrated
luminosity of the analyzed data sample. Single top consists of all seven single top samples (production 108340-108346), while
Diboson consists of the WW, WZ and ZZ samples.
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Data W~ —pu~ v WT — utv  Single Top tt W —7v Diboson Z —pup Z—7T

Before Selection 2666 829.8 430000.0 616 000.0 3621.0 13730.0 153367.0 2937.0 99000.0 26042.0
GRL 2425893.6 430000.0 616 000.0 3621.0 13730.0 153367.0 2937.0 99000.0 26042.0
Vertex 2421766.0 427927.8 612461.6 3618.9 13725.0 152600.0 2931.5 98420.9 25950.8
Trigger 2291276.6 196 652.5 314103.6 7322 39383  28808.1 982.8 72042.8  5417.9
Veto 871810.6 175476.3 274733.1 586.6  3008.8 203874 7717 29858.7  3895.1
Matching 869495.7 175438.5 274675.3 582.3  2964.2  20381.8 767.9 28863.8  3883.8
Jets 864 817.0 173274.1 271269.3 5744 29246  20129.7 757.50 284473  3830.5
LAr Hole 863 100.0 173121.5 271061.0 270.0  2880.0 20107.4 753.6 28420.0 3819.5
LAr Error 860 691.5 173121.5 271061.0 570.0  2880.0 201074 753.6 28420.0  3819.5
Pl > 30GeV 379610.6 126 937.2 182294.5 428.5  2283.6 6065.1 571.8 190494 1336.3
HR < 30GeV 328655.3 115467.9 166 961.4 169.9 618.5 4682.8 335.8  16990.0 961.4
Emiss > 30 GeV 220491.5 84 387.8 120907.2 117.3 448.4 2420.6 2379 114745 283.8
myp > 60 GeV 216 812.8 83238.2 119027.8 112.5 433.8 2279.8 231.7 112915 261.3

Table 13.3.: Number of selected events per cut for each sample used in the measurement of My, . All numbers are scaled to the integrated
luminosity of the analyzed data sample. Single top consists of all seven single top samples (production 108340-108346), while
Diboson consists of the WW, WZ and ZZ samples.
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13. First Measurement of the Mass of the W Boson

13.2. Background Estimation
13.2.1. Multi-Jet Background

Unlike in the measurement of My, the background from QCD processes plays a significant
role in the measurement of My,. As was the case in the analyses discussed in Chapter 6,
the multi-jet, or QCD, background has to be estimated through data-driven methods. This
is because the existing samples have a large intrinsic theoretical uncertainty, and because the
number of simulated events is too small for the purpose of this analysis.

The estimation of the QCD background consists of two steps: as a first step, a background-
enriched template has to be generated from data. Since only part of the full data set is used,
this template only contains a fraction of the full 2011 data-set. The template was obtained
by inverting the isolation cut to p$?"?° /pr > 0.2, and by dropping the cut on EXS mp and
p:,W . In this way, the amount of background could be sufficiently increased. From the QCD
template, all contributions already described by the electroweak and top Monte Carlo were
subtracted.

The second step is the calculation of the correct normalization factor. This normalization
factor is obtained through a fit in E%liss, where special care has been taken that the estimation
of the normalization factor is independent of the final fit of Myy. This is achieved by selecting a
control region for the fit of 0 < E%ﬁss < 30 GeV, whereas the fit to obtain the My mass ranges
from 30GeV < E}niss < 80GeV. The normalization factor was obtained for each fit region
independently, where each region was defined in Table 13.1. The uncertainty associated with
this normalization factor was obtained by shifting the lower and upper border of the control
region in steps of 1 GeV from 0 GeV to 15 GeV, and from 30 GeV to 15 GeV, respectively. The
largest deviation with respect to the nominal control region was taken as uncertainty. Figure
13.1 shows the result of the fit performed in the Inclusive region.

Events / GeV

g 1ef {'F
s l4f 1iE
g 12 Pl o
° I G - ) "y H
OBk, '

0 10 20 30 40 50 60 70 80

Er™/ GeV

Figure 13.1.: Example of the ES spectrum, used to estimate the amount of QCD background
events. In this plot, QCD refers to the QCD template obtained as described in the
text, while Signal refers to the contributions estimated via Monte Carlo, including
the signal process and the electroweak and top background processes. As can be
seen, the QCD background is expected to have a smaller value of EX than the
signal events.
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13.2. Background Estimation

As can be seen, the description of the E?iss spectrum by the combined QCD template and
remaining Monte Carlo contributions is in general very good, with the exception of the region
close to E;?iss ~ 0. Here, the description worsens significantly and might hint at insufficiencies
in the QCD template in this kinematic region. Similar deviations have to be expected in a
data-driven method, since the selection for obtaining the QCD template has to differ from
the default selection. This means that regions in which the background composition for the
QCD and default selection differ, will be challenging to model. In this case, this might be the
case in the region of E%ﬁss ~ 0, a region in which background events containing W bosons are
suppressed. However, the contribution of this region to the total number of events in the fit
region is small.

The resulting fraction of the QCD background is summarized in Table 13.4. As can be
seen, the level of QCD background admixture is in general on the level of 5 %o, with a relative
uncertainty fluctuating largely between 2% and 22 %. This shows that the QCD background
estimation is challenging, especially when working with a limited data set. The uncertainty
was estimated by varying the fitting range, with its lower value scanning the range 0 GeV to
15 GeV, and the upper value the range 30 GeV to 15GeV, as well as taking the maximum
deviation from the result obtained in the nominal fit range.

In the final measurement, in addition to the uncertainty on the multi-jet background nor-
malization, an additional uncertainty on the shape of the multi-jet background should be
considered. This uncertainty can, in principle, be estimated through a modified selection of
the multi-jet background template. In the case of the limited data sample used here, this
shape uncertainty can be neglected. An additional upgrade of this method is also the estima-
tion of different background for the u* and p~ case. Both cases are not symmetric, since the
production cross section for W at ATLAS is significantly larger than for W~ (cf. Table 5.2)
due to the fact that proton-proton interactions are used.

Region  Ngcp/Npatalfoo]  Aver [%]

Inclusive 5.48 3.6
Etal 4.62 7.9
Eta2 8.24 5.9
Eta3 5.37 4.5
Eta4 4.66 6.9
Mul 5.32 5.1
Mu2 4.53 1.9
Mu3 5.69 4.1
WPt1 6.23 21.7
WPt2 6.44 4.1

Table 13.4.: Overview of the estimated fraction of QCD background events in each fit region.
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13. First Measurement of the Mass of the W Boson

13.3. Control Plots

The control plots for the selection discussed above are shown in Figure 13.3. As can be seen,
the distributions are dominated by the W+ — p*v, and W~ — pu~ i, signal contributions,
with a visible admixture of background, especially from the Z — uu process. As can also
be seen, the uncertainty in the ratio is on the order of one percent and more, which will be
reduced when using the full data set.

Overall, a good description of data can be achieved, as can also be seen through the value of
x? «q> Which is generally on the order of unity. A notable exception is the transverse momentum
of the W-boson. This is very similar to the case of the Z boson, and is caused by the challenges
connected to simulating the transverse momentum of the exchange boson. Note that the value
of pJVY has to be measured indirectly from the size of the hadronic recoil. This means that
the uncertainty in the measurement of the hadronic recoil leads to a decrease of the resolution
of pIW . The transverse mass mp peaks around My, and shows a low resolution stemming
from the resolution of E%ﬁss, a fact also visible when comparing the distribution of pr and
E}niss. On truth levels, both distributions are equal, but due to the challenges connected with
measuring EX (cf. Section 4.5.5), the resolution is much worse. Lepton 7 is the distribution
most sensitive to detector mis-modeling effects. As can be seen, the muon efficiency scale
factors obtained as part of this thesis lead to an excellent description of this variable. In the
case of lepton ¢, the description is significantly worse. The difference, however, is well within
the full systematic uncertainty. A control plot containing the latter is shown in Figure 13.2.
The estimate of the systematic uncertainty in this plot is obtained by combining all systematic
uncertainties bin-by-bin.

T — T T T T T T T T T
Av. Data/MC: 0.102187/0.0891509

RMS Data/MC: 1.82549/1.82298

szed =21.5383/6
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Figure 13.2.: Control plot for lepton ¢, including the full systematic uncertainty. In addition to
the plots shown in Figure 13.3, the additional systematic uncertainty is shown as
a blue band in the ratio.
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Figure 13.3.: Control Plots for W — pv. From left to right, top to bottom: p¥, mp, Emiss
", p, mu. In the ratio, the gray band denotes the statistical uncertainty from
the combined Monte Carlo and background stack, while the error bars denote the
uncertainty from data. Only the statistical uncertainty is shown and used for the 2
test shown in each control plot. This test shows the compatibility of the observation

and prediction for each distribution.
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13. First Measurement of the Mass of the W Boson

13.4. Monte Carlo-based Cross-Checks

As was the case in the measurement of My, the stability of the fitting approach, as well as the
accuracy of the estimation of the three different sources of statistical uncertainty, was tested
by performing a pure Monte Carlo study. To this end, the data was replaced by pseudo-data
obtained from signal Monte Carlo. In this way, the internal consistency of the fitting package
could be tested.

13.4.1. Numerical Stability

The additional uncertainty due to the interpolation discussed in Chapter 11.2 is estimated by
replacing the data template with a Monte Carlo template. In this way, the fit is expected to
yield exactly the injected value of 80.399 GeV. Any deviation from this value can be seen as
inaccuracy. As can be seen in Figure 13.4(a), these deviations are below 1 MeV and therefore
do not play a role in this analysis. Moreover, the observed deviations are larger in observables
and regions in which less sensitivity to the mass of the W boson is expected, since these settings
are connected with flatter y? parabolas, leading to a larger uncertainty on the interpolated
minimum.

As was the case in the Z-based cross-check (cf. Section 12.4), a small bias is discernible. In
this case, this might also be attributed to the interpolation method, by which the minimum
of the x? parabola is estimated from the sampling points obtained with the different Monte
Carlo templates. This interpolation is performed via a x? fit, in which each point is weighted
by the same value.

13.4.2. Estimation of Statistical Uncertainty

As discussed above, the statistical uncertainty can, in principle, be obtained from the width

of the x? parabola. Since this approach leads to a loss of all information concerning the con-

tributions from data, Signal MC and background estimation, a Toy MC method was applied.
Four quantities are obtained:

e A, >: uncertainty estimated from the width of the x? parabola
° A%‘;&C: statistical uncertainty from data, estimated with the Toy MC method
° A%{EMC: statistical uncertainty from background, estimated with the Toy MC method

° A%(;,MC: statistical uncertainty from Signal MC, estimated with the Toy MC method

In a cross-check, the three Toy MC uncertainties are added in quadrature and compared
to the total uncertainty estimated from the width of the y? parabola. This is shown in
Figure 13.4(b). The regions cited in this plots are defined as in Table 13.1. It can be observed
that the statistical uncertainties from both methods differ by less than 10 % on average.
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13.4. Monte Carlo-based Cross-Checks
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the regions see Table 13.1.

Figure 13.4.: Results from the Monte Carlo-based cross-checks.
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13. First Measurement of the Mass of the W Boson

13.5. Data-based Cross-Checks

The final result of this thesis will be a best estimator for My,. To justify the reduction of the
full analysis into a single number, two prerequisites have to be met. On the one hand, the fit
results obtained in the different observables have to agree with one other — any significant
deviation has to be taken as a hint of a possible mis-modeling of either the physics processes
or the detector simulation. On the other hand, and for the same reason, no dependence on the
variables n*, pgy or pile-up, binned as defined in Table 13.1, must exist for each observable.
These variables were chosen, because possible mis-modelings would be most clearly visible in
these variables. For example, the muon reconstruction and trigger efficiencies show in part
a strong dependence on 7 — any mis-modeling of this dependence might therefore be most
clearly visible if the resulting values of My were obtained with respect to these variables.

Figure 13.5 shows an overview of the fit results obtained in the inclusive region. As can
be seen, all results are compatible with each other, with a resulting x? probability of 0.90.
However, it has to be noted that the small value of x? is in part also due to the correlations
between these variables. For example, mr is constructed from lepton pr and E}niss.

Figure 13.6 gives an overview of the best and worst fitting templates, as well as the resulting
x? parabola. Since the width of the x? parabola is a measure of the sensitivity of the observable
to the mass of the W boson, lepton pr emerges as most sensitive observable, followed by mr
and ERsS,

Average By
Fitin p: I
Fitin p!* B __._,.
Fitin p?’ B '_._| ,,,,,,,,,
Fitin ET" B : i _ = i
Fitinm_ B '__.__|
Fitinpl/ m, o '_._| A ‘
~50.3 80.35 80.4 80.45 805 80.55 80,6 80.65_
X2, =158/5(p=0.90) .

Figure 13.5.: Overview of the fit results for all observables in the Inclusive region. Also shown
is the result of x? test of all values against their mean, together with the resulting
test probability.

174



13.5. Data-based Cross-Checks
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Figure 13.6.: Selected control plots from the consistency tests. Each row shows the template
with the lowest value of x? when compared to data, the template with the highest
value of x¥? when compared to data, and the resulting distribution of values of x?2
for each template. From top to bottom the fit in lepton pr, transverse mass mry
and missing transverse energy FEIss,
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13. First Measurement of the Mass of the W Boson

Figure 13.7 show the results obtained in the observable p4.. If separated with respect to pZW ,
both p?r and p%_ lead to compatible results. Note that in both bins similar uncertainties on
Myy are obtained. This is unlike the hierarchy observed in the measurement of My, where
the uncertainty in the low p% bin was significantly smaller. It is possible that this is due to
the fact that pgy has to be estimated indirectly from the hadronic recoil, whereas p% could be
estimated with high precision from the momenta of ™ and p~. This leads to a significant
uncertainty on the measurement of pTW . If separated into the three pile-up bins, as well as into
the four n* bins, no significant structures or deviations from the mean are visible.
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Figure 13.7.: Overview of the fit results obtained in the observable p%"r (orange) and p4. (blue).
In addition, the resulting value of x2_; and the probability of a x* test comparing
the obtained results and their mean are shown. Additionally, the result of a x?
test comparing the results for 4™ and = is also shown. For these tests, only the
statistical uncertainties, without any possible correlations, were considered. From
left to right, top to bottom, results separated for the two regions of p!V, three
regions of pile-up and four regions of n* are shown.
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13.5. Data-based Cross-Checks

Figure 13.8 shows the results in the observable mp. As can be seen, no significant deviations
or structures with respect to the mean are visible. This is also mirrored in the obtained values
of Xged, which are mostly well-compatible with unity. Only in the case of the pile-up, a
larger discrepancy can be seen. However, with a test probability of 22 %, the result is not yet

significant.
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Figure 13.8.:

Overview of the fit results obtained in the observable my. In addition, the resulting
value of Xfed and the probability of a x? test comparing the obtained results and
their mean are shown. For these tests, only the statistical uncertainties, without
any possible correlations, were considered. From left to right, top to bottom, results
separated for the two regions of p}¥', three regions of pile-up and four regions of n#
are shown.
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13. First Measurement of the Mass of the W Boson

Figure 13.9 shows the results in the observable E:‘Fiss. As can be seen, the results obtained
in the two bins in pgy , as well as in n* are well compatible with each other. If binned against
the three pile-up bins, a hint at a mis-modeling can be detected, with a x? test probability of
17 %. This, however, is not statistically significant.

Average
Average
25<p<6.5 —_————
0<pl <15Gev
65<u<95
15 GeV < p¥ <30 GeV
T 95<p<16
80.1 80.2 80.3 80.4 80.5 80.6 80.7 80.8 79.6 79.8 80 80.2 804 80.6 80.8
X2, =100/1(p=0.32) My, [GeV] X2, =352/2(p=017) M, [GeV]
(a) py¥ (b) Pile-up
Average ——
0<n"|<038
0.8< <14
14<p|<2.0
20<|n"|<2.4
80 802 804 806 808 81
X2, =1.44/3 (p =0.70) M, [GeV]
14
(c)m

Figure 13.9.: Overview of the fit results obtained in the observable EXS. In addition, the result-
ing value of x2_; and the probability of a x? test comparing the obtained results
and their mean are shown. For these tests, only the statistical uncertainties, with-
out any possible correlations, were considered. From left to right, top to bottom,
results separated for the two regions of p}¥, three regions of pile-up and four regions
of n* are shown.
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13.6. Result

Since the consistency tests in the last section showed no significant deviations that hint at a
possible mis-modeling on part of the physics processes nor on the detector reconstruction, using
only the results from the Inclusive region is justified. These results, as well as the estimated
uncertainties, are presented in Table 13.5. These results have already been illustrated for the
reason of testing their consistency in Figure 13.5. The result in the combined (p., mr) fit are
very interesting: On one hand, the resulting value for My is smaller than for both the fit in
p‘jﬂ and my, which can easily be understood through the strong positive correlation between
both variables. On the other hand, and for the same reason, the uncertainty on the combined
result is on the same order as that for p/. and mp. This can be tested using the BLUE software
package for combining correlated measurements (cf. ref. [111,112]) under the assumption of a
strong correlation®. It may be expected, that in the final result the uncertainty in the combined
p% and m7 will be somewhat smaller than in both variables alone, since not all uncertainties
are correlated between both observables.

My [MeV], Fit in . .. o Pt P mrp  EFS - (ph,mr)
Nominal 80417.7 80439.8 80389.6 80427.6 80489.2  80380.3
Stat. Unc. Data 40.3 64.9 65.2 54.1 97.5 45.4
Interpolation <1 <1 <1 <1 2.1 <1
Stat. Unc. MC 4.2 5.2 6.2 5.1 10.3 3.8
Stat. Unc. Background 5.1 <1 1.6 8.2 11.6 4.5
Cross Section 13.4 14.7 13.3 13.2 10.8 13.1
Hadronic Recoil Scale <1 <1 <1 <1 2.6 <1
Isolation Efficiency 1.4 2.1 1.7 1.1 <1 1.2
Muon Scale 3.4 3.4 3.4 3.5 3.3 3.4
Muon Smearing <1 <1 <1 <1 <1 <1
PDF 14.7 20.6 19.9 13.8 10.3 13.2
Reconstruction Efficiency 4.2 4.7 3.9 3.4 1.8 3.8
Trigger Efficiency 6.2 8.6 8.6 4.9 3.1 5.6
Tot. Sys. Unc. 22.6 27.9 26.8 22.5 22.3 20.9
Tot. Unc. 46.1 70.6 70.5 58.6 100.0 49.9

Table 13.5.: Final result for the measurement of My .

The systematic uncertainties presented in this table exhibit a strong hierarchy, with the leading
uncertainties being the PDF uncertainty and the Cross Section uncertainty, followed by the
muon efficiency scale factor uncertainty. These will be discussed in detail below. It has to
be kept in mind, that the systematic uncertainties will be added in quadrature. This means,
that almost the full systematic uncertainty is due to these leading contributions. Compared
to these, the Monte Carlo and Background statistical uncertainty play only a smaller role, and
the interpolation uncertainty can be neglected.

3For the test, the full uncertainty was used with an assumed correlation factor of 0.99, yielding a combined
estimate of (80391 + 27) MeV. This indicates that the combined estimate can very well be smaller than
both single estimates, given appropriate correlations between both values.
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13. First Measurement of the Mass of the W Boson

The remaining uncertainties are due to the modeling of the hadronic recoil, which plays a
minor role in pf. since it enters only through modifications of the acceptance of the selection.
For my, and more importantly E?iss, the effect is larger because here the hadronic recoil is a
direct input to the construction of these variables. Muon scale and smearing also play a minor
role. This is because the muon scale could be obtained with high precision from Z — pu
events, and muon smearing has only higher order effects on the observed value of Myy. All
these uncertainties were estimated through purely Monte Carlo-based studies, since the final
corrections obtained as part of the W boson mass measurement effort were not yet public at
the time of writing. These estimates can be expected to be close to the final results. In that
case, these uncertainties can also be expected to play only a minor role in the final result.

As discussed in Section 11.3.2, the uncertainty due to the modeling of p:,W could not be
assessed here. An additional uncertainty on the order of 6 MeV is expected from this source
in the fit to p%.. Compared with the leading uncertainties, this will lead to a small additional
contribution. The modeling is performed by using data on p% and performing a propagation
to p!¥ relying on perturbative QCD. A precise measurement of pZ was performed at ATLAS
with data gathered in 2012 (cf. ref. [113]). For this analysis supporting tasks were performed
as part of this thesis.

As also discussed in Section 11.3.2, the uncertainty due to the correction of the angular
coefficients were also not finalized at the time of writing, such that an assessment was not
possible. However, only a negligible additional contribution is expected from these corrections.

13.6.1. PDF uncertainty

The leading contribution originates from the uncertainty on the proton structure as encoded
in the PDFs. The uncertainties observed in the measurement agree with the expected values
in Section 11.3.2, and are mostly due to the effect of the proton composition on the angular
distribution of the decay products as discussed therein. Since this uncertainty plays a major
role, improving the knowledge of the proton structure is essential. To this end, ATLAS can
contribute by precise studies of the process pp — Z+X — £T¢~+ X, especially by constraining
the low and high range of Bjorken x in very asymmetric configurations where one lepton is
emitted close to the beam axis.

At ATLAS, such a precision measurement is only feasible using electrons in the final state,
since in this case the inner wheel of the Electromagnetic Calorimeter, as well as the Forward
Calorimeter can be incorporated in the measurement. In this way, the full acceptance can be
increased from |n°| < 2.47 to |n°| < 4.9. Necessary prerequisites for such a measurement on
2012 data are an identification method as well as the associated scale factors. Both have been
developed as part of this thesis and are presented in Appendix A.

A further possibility is the usage of PDF profiling as described in ref. [114]. This technique
allows the inclusion of new measurements to constrain the PDF uncertainty without needing
to perform a full, updated PDF fit. In this way, new measurements performed by ATLAS, even
including information gained in the analysis presented in this thesis, can be used to reduce the
PDF uncertainty. It has to be noted that the PDF uncertainty shown here acts only as a first
estimate on the PDF uncertainty in the final result, since the gluon information was missing
in the analyzed samples.

Concerning the uncertainty on the PDFs, it can also be noted, that with respect to the results
obtained for the Z boson (cf. Table 12.4), the systematic uncertainty in the observables mp
and E:,nwliss, is significantly less. This is because the largest contribution to the PDF uncertainty
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originates from leptons emitted close to || = 0. This can be seen in Figure 13.10, where in
addition to the statistical uncertainty from MC, the systematic uncertainty originating from
the PDFs is also shown. In the case of Z bosons, mp and E%Fiss had to be modeled by treating
one muon as neutrino. In this way, the accessible range of 7 is restricted to |n| < 2.4. On
the other hand, the kinematics of the neutrino in W events is estimated from the full set of
calorimeters, reaching |n| < 4.9. In this way, neutrinos emitted at higher values of |7| can also
be taken into account. This allows accessing values of n with reduced PDF uncertainty. As
a side remark, this also indicates the potential of using the high |n| range for measurements
sensitive to the PDF uncertainty. A similar effect was observed in the measurement of the Z
boson forward-backward asymmetry (cf. ref. [110]).
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Figure 13.10.: Control distribution of n* and pf showing also the PDF uncertainty. Similar
to Figure 13.3, the statistical uncertainty from the prediction, i.e. the combined
Monte Carlo and background samples is shown as grey band in the ratio. The
statistical uncertainty from data is shown as error bars in the ratio. In addition
to the distribution shown in Figure 13.3, the additional uncertainty originating
from the PDFs is shown as a blue band in the ratio.

13.6.2. Muon Efficiency Scale Factors

Of special importance are the uncertainties connected with the scale factors for the recon-
struction, trigger and isolation factor obtained, as they were obtained as part of this thesis.
If focusing on the results obtained in the observable pf}, it can be seen that these uncer-
tainties are 1.35 MeV for the isolation efficiencies, 4.20 MeV for the reconstruction efficiencies
and 6.19 MeV for the trigger efficiencies. The hierarchy of these uncertainties can easily be
attributed to the efficiencies for the three cuts involved.

This can be seen by the following consideration: The number of probe candidates passing the
selection can be assumed to be distributed according to a binomial distribution, the uncertainty
on the efficiency can be approximated as:

(13.2)
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Since the global isolation efficiency is on the order of 99.5%, the reconstruction efficiency
on the order of 94.5% and the trigger efficiency on the order of 80 %, the resulting statisti-
cal uncertainties should behave like 1:2:4. Due to the uncertainty of 16 % on the estimated
uncertainties itself (cf. Table 11.1), this is very well compatible with the observed values.

An overview of the sub-sources of the muon efficiency scale factors is shown in Table 13.6.
It may be observed, that, as expected, the statistical uncertainty plays a dominant role. In
the reconstruction scale factors, where a comparatively high level of background was observed,
the uncertainty due to the QCD background subtraction is the next-to-leading uncertainty,
but almost an order of magnitude smaller. In the case of the trigger scale factors, the next-
to-leading uncertainty are the muon scales, which can be understood by keeping in mind that
some trigger settings showed a significant dependence on the transverse momentum of the
decay lepton. As has to be expected, the size of the uncertainty due to the muon efficiency
corrections becomes smaller in the case of mp and ErTniSS. In both cases, the kinematics of
the decay neutrino are added as further source. However, even in the case of the fit being
performed purely in the E%liss spectrum, the muon efficiencies still play an indirect role both
in the calculation of EM® (discussed in Section 7.2) as well as in the event selection.

13.6.3. Cross Section

A significant contribution to the total uncertainty comes from the uncertainty on the back-
ground normalization, in which the uncertainties on all background contributions, including
the QCD contribution, are combined. This uncertainty is to a large extent due to two uncer-
tainties: On one hand, the normalization of the QCD background, which was obtained in a
dedicated fit, discussed in Section 13.2.1. Due to the limited size of the analyzed data set, as
well as the additional sophistications available with a sufficiently large set, e.g. a separation
into two background templates for positive and negative muons, it may be expected that the
amount of this contribution will drop in the final measurement on the full sample.

On the other hand, the cross-section uncertainty originates from the uncertainty on the
process pp — Z + X — pp + X. Table 13.3 indicates, that this background process has a
significant contribution on the level of 5 %. The relative uncertainty on the cross-section of this
process is 5 %, as shown in Table 5.2. Taken together, this indicates that a large contribution
has to be expected from this sample.
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Scale Factor Uncertainty pr-Fit mp-Fit El}liSS—F it (pr, mr)-Fit
in AMy [MeV] in AMy [MeV] in AMy [MeV] in AMy [MeV]
Statistical 6.16 4.74 2.82 5.56
Muon Scale 0.51 1.19 1.31 0.43
HR Scale 0.00 0.00 0.00 0.00
Trigger QCD Template 0.15 0.13 0.06 0.14
Cross-Section 0.00 0.03 0.04 0.00
Total 6.19 4.89 3.11 5.58
Statistical 4.14 3.34 1.78 3.72
Muon Scale 0.14 0.32 0.41 0.13
HR Scale 0.00 0.00 0.00 0.00
Reconstruction QCD Template 0.70 0.50 0.17 0.63
Cross-Section 0.06 0.03 0.00 0.05
Total 4.20 3.39 1.83 3.78
Statistical 1.30 1.05 0.54 1.16
Muon Scale 0.16 0.09 0.03 0.14
HR Scale 0.00 0.00 0.00 0.00
Isolation QCD Template 0.36 0.30 0.15 0.32
Cross-Section 0.04 0.03 0.01 0.03
Total 1.35 1.09 0.56 1.21

Table 13.6.: Overview of the uncertainties on My due to the different sub-sources of the muon efficiency scale factors.

nsey "9'€l



13. First Measurement of the Mass of the W Boson

13.7. Summary and Outlook

The results observed in the single observables, presented in the last section, showed no sig-
nificant discrepancies. Therefore, it seems in order to combined these results into a single
result. Since the observable E%liss is not expected to have a strong impact on the average
due to its large uncertainty, it may be argued that the two-dimensional fit in the combined
(pr, mr)-templates may be taken as final result of the analysis, yielding:

My = 80.380 + 0.045(stat.) + 0.021(sys.) GeV (13.3)

As a reminder, the current value of the world average is (80.385 £ 0.015) GeV (cf. ref. [8]).
Using this, the deviation § from the world average can be calculated to be 5MeV, with its
corresponding significance:

s=6/0 =0.096 (13.4)

With a significance of 0.096, this value is almost identical to the current world average. Con-
sidering that s follows a x? distribution with one degree of freedom, if both world average
and the result of this analysis is treated as following a Gaussian distribution around the true
value, it is possible to calculate the probability to observe such a close fitting result or better
to be 7.3%. This indicates that the result of this analysis is very well compatible with the
current world average without showing a significant over-agreement. Recalling the overview in
Table 3.1 of the measurements used in the calculation of the world average in ref. [8], it is able
to compare this result with its projected uncertainty as shown in Table 13.7. As can be seen,
the result presented here already is an improvement in precision with the results obtained at
the LEP experiments.

Year Experiment My [GeV]  AMy[GeV] Reference
2001 CDF (Tevatron) 80.433 0.079 [44]
2002 DO (Tevatron)  80.483  0.084 [45]
2006 ALEPH (LEP) 80.440  0.043(stat.) + 0.027(sys.) [46]
2006 L3 (LEP) 80.270  0.046(stat.) + 0.031(sys.) [47]
2006 OPAL (LEP)  80.415  0.042(stat.) =+ 0.031(sys.) [48]
2008 DELPHI (LEP) 80.336 0.055(stat.) £ 0.039(sys.) [49]
2012 CDF (Tevatron) 80.387 0.019 [50]
2014 DO (Tevatron)  80.375  0.023 [51]
2015 World average 80.385 0.015 8]
2016 This study 80.380 0.045(stat.) £ 0.021(sys.)

Table 13.7.: Comparison of previous measurements of My, with the results of this thesis. Only
the values used by the Particle Data Group for the fit of the world average are shown.
Values taken from ref. [8]. Added is the result of this study with its actual as well
as its projected uncertainty if the full data sample was used.
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Several changes with respect to the result shown here have to be expected in the final analysis
on the 2011 data set. These do not only affect the statistical, but also the systematic uncer-
tainty on the final result. It has to be noted, that the propagation of the uncertainty from
each source into the uncertainty on My, is purely Monte Carlo driven (cf. Section 11.3.1).
This means, that the propagation itself is independent of the size of the data sample, and that
only changes to the sources of uncertainty themselves have to be considered. In detail, the
following modifications have to be expected for each source of uncertainty:

e Muon Momentum Correction: As discussed in Section 11.3.2, the uncertainties esti-
mated for the muon momentum corrections — consisting of scale and smearing variations
— were obtained from a Monte Carlo study performed before data taking. While the
assumptions made in this study are generally valid, slight differences with respect to
these estimations have to expected.

e Hadronic Recoil Correction: The hadronic recoil correction was estimated from a
Monte Carlo study as also discussed in Section 11.3.2. Unlike the case of the muon
momentum corrections, the uncertainty due to the hadronic recoil correction is harder
to estimate on Monte Carlo, since it depends on a number of variables. For example,
the number of interactions per beam crossing has a significant impact on the resolution
achievable in the final measurement. Therefore, the uncertainty due to hadronic recoil
correction might show a larger difference compared to the estimation presented here.

e Muon Efficiency Corrections: The muon efficiency corrections, i.e. the combined set
of reconstruction, isolation and trigger efficiencies, is finalized. Since the propagation of
these uncertainties into My, was performed purely Monte Carlo driven, the uncertainties
presented here are close to those expected on the final result.

e Cross-Section uncertainty: The cross-section uncertainty is due to the uncertainty
on the normalization factor for each background contribution. While the background
is mostly Monte Carlo driven, with associated uncertainties driven by theoretical argu-
ments and other experiments, this does not hold true for the multi-jet background. This
background plays a large role, especially since the normalization factor could only be ob-
tained with large uncertainty due to the limited data-set. It has to be expected, that the
uncertainty on the final measurement, where the larger data sample allows for improved
estimations of the multi-jet background, the uncertainty on the normalization factor will
drop. Since the other major contribution comes from the cross-section uncertainty on
the process pp — Z+ X — pu+ X, the actual uncertainty can be expected to be smaller
than the uncertainty shown here, but larger than expected if fully data driven.

e Parton Distribution Functions: The total systematic uncertainty in the measure-
ment of My, is driven by the PDF uncertainty. As described above, several avenues to
reduce this uncertainty are available. Depending on whether these measures are imple-
mented in the final analysis, the final uncertainty might be reduced with respect to the
values shown here. On the other hand, the inclusion of the missing gluon information (cf.
Section 11.3.2) can increase the uncertainty, as well as the method by which differences
between different PDF sets will be taken into account.
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e Statistical Uncertainties: Naturally, the statistical uncertainty originating from the
data sample will decrease. As was discussed at the beginning of Chapter 13, this decrease
is estimated to be close to a factor of seven. The statistical uncertainty from Monte
Carlo can be expected to be close to the final uncertainty, since no changes of the used
samples are foreseen. The reduction due to the background samples is harder to estimate,
since the background is to a significant extent data-driven. This means, that also this
uncertainty is likely to be reduced.

With these caveats in mind, a first estimate for the uncertainty on the final result can be
given. For this estimate, only the data and background statistical uncertainty will be modified.
For this estimation, the assumption of the current data as well as background statistical
uncertainty being data-driven will be made. The latter assumption can be made, because the
statistical uncertainty on the background shows a large contribution from the data-driven QCD
background. Due to its size, compared with the data statistical uncertainty, the background
uncertainty only plays a minor role. The results for this are shown in Table 13.8.

Fit Observed uncertainty [MeV] Projected uncertainty [MeV]
Data Signal Background Total Data Signal Background Total
Pl 40.3 4.2 5.1  40.8 6.0 4.2 0.8 7.3
mr 54.1 5.1 8.2 55.0 8.0 5.1 1.2 9.5
Emiss 97.5 10.3 11.6  98.7 21.1 10.3 1.7 236
pt—mp 454 3.8 4.5  45.7 6.7 3.8 0.7 7.7

Table 13.8.: Projections for the statistical uncertainty of My, on the full data set.

As can be seen, if the full data set was used, the statistical uncertainty would no longer be
dominating. Instead, it may assumed that the final measurement will be limited by the system-
atic uncertainties, for which the current values appear to be reasonable estimates. Since the
statistical uncertainty of the background contribution is considered as a source of systematic
uncertainty on the final result, the extrapolated result on the final result in the muon channel
would be:

AMy = (0.007 (stat ) £ 0.020 (sys ))GeV (13.5)

The impact on the world average is difficult to estimate, since it has to be expected that
a significant correlation between the uncertainty of the world average, and the uncertainty
of the measurement presented here, exists. This is because the world average is dominated
by the measurements performed at Tevatron, which in turn have a large influence from PDF
uncertainties. Since in both cases the same input data was used for the PDFs, a correlation has
to be expected. The extent of such a correlation might be diminished by the different parton
distributions and kinematic regions probed in proton-proton collisions and proton-antiproton
collisions, as performed at the Tevatron. This is because anti-quarks in protons appear only
as sea quarks, while in anti-protons they appear as sea as well as valence quarks. Both valence
and sea quarks have different distributions with respect to Bjorken x. However, since the
extent of these correlations might play a significant role, a detailed study would be needed,
which is beyond the scope of this thesis. Moreover, the contributions from different sources on
the final measurement are not yet known.
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In the most optimistic case, correlations would play no role, and the new measurement is
compatible with the world average. Following the PDG method to combine measurements (cf.
ref. [8]), in this case both measurements can be combined with a simple weighted arithmetic
mean, and, moreover, the uncertainties will not have to be artificially inflated. The equation
used by the PDG to combine measurements z; reads:

~1/2
T+ Az = M + (Z wi> (13.6)

In this equation, w; is the weight applied to each measurement, w; = 1/(Ax;)%. Using this
equation, the updated world average can be calculated by combining the current world average
with the result presented in this thesis, or the estimated final result in the muon channel
discussed in this section, respectively. In the first case, the result reads:

My = (80.385 + 0.014) GeV (13.7)

For the extrapolated result on the full data set, with all the caveats discussed concerning this
extrapolation, the uncertainty of the world average would drop to 12MeV. This underlines
the ability of the ATLAS measurement to have a significant impact on the knowledge of My .
Given the improvements mentioned, which are already underway, the final result of the analysis
of the 2011 data in the muon channel might even surpass this estimation.
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14. Conclusion

This thesis presented the first measurement of the mass of the W boson with muons in the final
state at the ATLAS detector. The obtained value of 80.380 £+ 0.045(stat.) + 0.020(sys.) GeV
is in excellent agreement with the current world average of 80.385+0.015GeV (cf. ref. [8])
and a theoretical prediction, obtained from a fit to experimental input, excluding My, of
80.358+0.008 GeV (cf. ref. [7]). The result was obtained on a limited sub-set of data gathered
in 2011, corresponding to an integrated Iuminosity of 0.1fb~! at a center of mass energy of
7TeV. If the full 2011 data-set was used, the uncertainty is estimated to drop significantly to
0.007(stat.) £ 0.020(sys.) GeV. In this case, the measurement will be limited by the systematic
uncertainty.

It has to be noted, that both the result presented in this thesis, as well as the result in the
muon channel, extrapolated to the full 2011 data-set, rests on several estimates of systematic
uncertainties.

In the course of the analysis, the uncertainty originating from the parton distribution func-
tions could be identified as the driving systematic uncertainty. As part of the efforts to improve
the knowledge of the PDFs, a method to identify electrons in the forward calorimeters of the
ATLAS detector was developed. With these electrons, it is feasible to probe the range of very
high and low values of Bjorken x, which are otherwise almost unaccessible at the ATLAS de-
tector, and which play a significant role in constraining the PDFs. A precise knowledge of the
PDF's is not only important for the measurement of the W boson mass, but also for numerous
other studies, such as the measurement of the weak mixing angle (cf. ref. [110]).

Further contributions to the systematic uncertainty originate from the uncertainty on the
background normalization, which is mostly due to the multi-jet background, which could only
be estimated using the limited data-set. With the full data-set, it should be feasible to reduce
the uncertainty connected with this background — its normalization factor as well as the shape
uncertainty — compared to the estimate shown here.

The uncertainties both for the muon momentum as well as for the hadronic recoil corrections
had to be estimated from Monte Carlo studies. While the uncertainty connected with the muon
momentum correction is expected to be close to the final result, the uncertainty connected with
the hadronic recoil might show larger differences due to the inherent challenges in simulating
this variable. This only affects the measurement in my and E%liss, with effects on pp expected
to be negligible. In summary, the uncertainties shown here can be seen as a reasonable estimate
of the final uncertainty.

The fitting package developed to measure the mass of the W boson was cross-checked using
Z bosons, yielding excellent results and indicating, that any additional uncertainties from
the fitting method are well under control. Moreover, it could be shown that neither in the
case of W nor Z bosons any significant dependencies on control variables, such as lepton
n or the transverse momentum of the vector boson, exist. This indicates that an excellent
understanding of the detector, as well as the underlying physics processes, could be gained.

A significant contribution to this understanding was obtained as part of this thesis: An
evaluation of the full chain of muon efficiencies, consisting of the ID track reconstruction
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efficiency, the combined reconstruction efficiency, the isolation and trigger efficiency. This
evaluation resulted in a set of correction factors, so-called scale factors, which correct for
differences in these efficiencies between data and Monte Carlo, depending on muon 7, ¢ and
pr, as well as ul|, which is a kinematic variable constructed from muon and hadronic recoil
kinematics. These scale factors could be obtained with high precision, leading only to minor
contributions to the total systematic uncertainty.

If new experimental input is used to constrain the PDFs further with respect to the PDF set
used in this analysis, a significant improvement of the obtainable precision can be expected.
Therefore, a significant contribution to the current world average using the 2011 data-set does
not seem out of reach. Moreover, the techniques developed as part of the analysis on the 2011
data-set can easily be used to include the data gathered in 2012, corresponding to 20fb~!,
and data from Run II. Due to the larger number of interactions per bunch crossing, it is
estimated that the resolution of the hadronic recoil, and the two observables my and EITniss
constructed from it, will suffer with respect to the 2011 data-set. However, the estimation of
the uncertainties of several sources shown here — for example the muon efficiencies as well as
the muon momentum correction — is limited by the statistical uncertainty. This indicates,
that, using the techniques developed as part of this thesis, an important contribution to the
current knowledge of My, and therefore to the internal consistency of the Standard Model,
can be obtained.
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A. Forward Electron Performance

Note: The work presented in this chapter forms the basis of an internal ATLAS note as part
of the forward electron calibration, cf. ref. [115]

A.1. Introduction

At ATLAS, the identification (ID) of electrons can be divided into two regions of the detector:
the central area covering |n| < 2.5 and the forward area with |n| > 2.5. The forward area
consists of the EMEC inner wheel (EMEC IW), with a coverage from |n| = 2.5 to 3.16 and
the FCAL from || = 3.35 to 4.9. The forward area, unlike the central area, is not covered by
the tracking system.

By increasing the acceptance for electrons from |n| < 2.5 to || < 4.9, forward electrons
offer the possibility to access regions of phase space not accessible with central electrons.
However, the identification of these electrons offers several challenges. Apart from the missing
tracking information, the resolution of the forward calorimeters is worse than that of the central
counterparts. Also, the Z boson line shape usually used for calibration studies is deformed by
kinematic constraints (cf. Section A.2.3).

Work in the previous years has shown that these challenges can be overcome, and that the
identification of forward electrons is possible with a good signal to background ratio. For the
data taken in 2011, forward electrons were used in different analyses, such as the extraction
of the weak mixing angle (cf. ref. [110]). In 2012, the instantaneous luminosity was increased
with respect to 2011, leading to an increase of interactions per bunch crossing by a factor of
approximately two (cf. ref. [116]). This, together with the change in the center of mass energy
from 7TeV to 8 TeV, leads to the question if the same ID can be used for data taken in 2011
and 2012.

The different running conditions in 2012 required a re-optimization of the 2011 IDs. This
was assessed by applying the 2011 ID to 2012 data. In Figure A.1 it can be seen that the
signal efficiencies are not close to the target efficiencies of 70 % for the tight cut set, 80 % for
the medium cut set and 90 % for the loose cut set. Figure A.2 and Figure A.3 show a clear
pile-up dependence, visible at high numbers of primary vertices. This is not unexpected, since
these pile-up conditions were not present in the 2011 data. The method for deriving these
efficiencies as well as the selection criteria are explained in detail in Section A.2.2.

This chapter presents the results of the mentioned re-optimization of the electron ID for the
2012 data. The resulting electron ID is valid for isolated electrons, such as those stemming
from Z boson decays, with transverse momenta pr > 20. The features of this new ID were
studied in great detail. Among the results presented in this chapter are signal efficiencies for
data and Monte Carlo in Section A.3.1 and resulting scale factors, needed to tune Monte Carlo
simulations. Of special interest are the bin-by-bin correlated systematic uncertainties, which
can be used in Toy Monte Carlos. These were calculated for a large array of variations, and
the results are discussed in Section A.3.3.
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Figure A.2.: Pile-up dependence of the signal efficiencies in the EMEC inner wheel for the 2011
ID on 2012 data. Only statistical uncertainties shown.
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Figure A.3.: Pile-up dependence of the signal efficiencies in the FCAL for the 2011 ID on 2012
data. Only statistical uncertainties shown.
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A.2. Methods
A.2.1. ID Method

The forward electron ID depends solely on the differences in the shower shapes of hadronic and
electromagnetic energy deposition. Electromagnetic showers in general start earlier, are more
compact and exhibit a larger energy density than hadronic showers. No distinction between
electrons and photons can be performed without tracking information. From the signals in the
calorimeter cells the Topocluster algorithm builds clusters (cf. ref. [117]), and these are then
described by seven variables! (cf. Figure A.4):

® )\ .cnter — distance center of the shower - front of calorimeter, measured along the longi-
tudinal direction

< 12 > — mean square of lateral extension

< A2 > — mean square of longitudinal extension

lat, long — Modified < r? >, < A% > with different cell weighting

fmaz — Fraction of energy deposited in highest energetic cell to rest

e p — Energy density

A
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Figure A.4.: Example of a cluster in the central part of the detector with some of the cluster
moments used for the forward electron ID. The particle comes from below. From
ref. [118]

'Here A denotes distances along the shower axis and 7 distances perpendicular to it.
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The size of the shower has only a very weak energy dependence. For the longitudinal extension
this can be understood in a simple shower model. In this model it is assumed that the energy
is split equally after each radiation length, until a critical energy is reached. At this point the
shower ends. Taking into account that a shower with the typical energy of 500 has a depth
of 16 radiation lengths in this model?, it becomes clear that even a large increase in energy
has almost no effect on the shower length. The lateral extension of the shower is governed
by the Moliere radius, and also exhibits only a small energy dependence. With the length
and width of the shower staying almost constant, it is obvious that the energy density scales
almost proportionally with the energy and cannot be used for an energy independent electron
ID. Therefore, all variables with the exception of the energy density are used for electron
identification?.

It was decided to move from the cut-based approach used for the 2011 ID to a Fisher
discriminant (cf. ref. [119]). The Fisher discriminant is more powerful in taking correlations
into account. It is also simple enough to understand its inner workings, which is important in
precision physics. Moreover, it offers the possibility to derive an inclusive ID, i.e. that each
electron candidate passing the tight ID level automatically passes the medium and loose ID
level. The Fisher discriminant is defined as:

d= fo+2=8 fiay (A.1)

In this equation, fy..fs are coefficients, and z; represents the different variables describing
the shower. The result d can be seen as a measure of the signal-likeness of the shower, and it
is on this variable that the cuts are performed.

The ID is optimized independently in 9 bins in |7| and 6 bins in Nputz, totaling 54 bins. An
overview is shown in Table A.1.

"t .65 6.5.105 10.5.13.5 13.5.16.5 16.5.19.5 19.5.00

In|

2.5..2.6 11 12 13 14 15 16

2.6..2.7 21 22 23 24 25 26

2.7.2.8 31 32 33 34 35 36
EMEC 2.8..2.9 41 42 43 44 45 46

2.9..3.0 51 52 53 54 55 56

3.0..3.16 61 62 63 64 65 66
Crack 3.16..3.35

3.35..3.6 71 72 73 74 75 76
FCAL 3.6..4.0 81 82 83 84 85 86

4.0.4.9 91 92 93 94 95 96

Table A.1.: Map of the bin numbering scheme. As can be seen, 9 bins in |n| and 6 bins in 1y,
are used.

2Used was E. = 10, = 50, |n| = 3 and t = log,(E/E.)
3 As a cross-check, the energy density normalized to the cluster energy was used as additional variable, but led
to no significant improvement.
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A.2.2. Estimation of Efficiencies

The efficiency had to be estimated on Monte Carlo simulations (MC) as well as on data. For
this task a reasonably pure forward electron sample had to be extracted from data. In this
analysis the Tag and Probe (T&P) method was used to select such a sample.

In this method the decay of Z bosons into electron pairs is used. Events are selected in which
one electron candidate is in the central detector and fulfills tight identification requirements
— this is the tag electron — and a second electron candidate in the forward detectors as the
probe electron. The invariant mass of this pair is required to be close to the mass of the Z
boson. In this way, the selected pair has a high probability of actually being an electron pair
from a Z boson decay. The selection criteria were:

e Event cuts

— GRL: DATA12_8.PERIODALLYEAR_HEAD_DQDEFECTS-00-01-00
_PHYS_STANDARDGRL_ALL_GOOD_EGAMMAFORWARD.XML (corresponding to an
integrated luminosity of 20.3fb~!, production tags P1328, P1329)

— Trigger: EF_E24vHI_MEDIUM]1 (lowest unprescaled since period B)
— Emiss <25
— Truth matching on MC (AR cut at 0.1, post-F'SR electrons)

e Quality cuts
— TILEERROR != 2
COREERROR & 400 ==
— EL_OQ & 1446 = 0 on both electrons
— LARERROR <2

e Electron cuts
— Forward electron author 8, central electron author 3
— central electron: pp >25 , forward electron: pp >20
— |n| <2.5 for central, 2.5 <|n| <4.9 for forward electron
— Cracks excluded: |n| = 1.375..1.52, 2.47..2.50, 3.16..3.35

TI1GHT++ on central electron

— Nputz, pr corrected Calorimeter Isolation (ETCONE20) <7 on central electron

PTCONE30 <1 on central electron

e Corrections
— Forward electron energy scales: new 2012 scales? (cf. ref. [120])

— Corrections on MC: k-Factor, pile-up and vertex position reweighting

“Tncluded in EGAMMAANALYSISUTILS-00-04-46
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The Monte Carlo sample used was a pp — Z + X — eTe” + X sample produced with
POWHEG+PYTHIA®. To improve the description below an invariant mass of 60 GeV of the
electron pair, a low mass Drell-Yan MC was stitched®. Because the low-mass region is almost
entirely dominated by the radiation tail from the Z boson resonance, this additional MC
sample had negligible impact.

Since no ID could be applied to the forward electron without biasing the resulting signal
efficiency, a significant contribution of fake pairs remained, leading to an impurity in the
resulting sample. By fitting a signal and a background model to the mass spectrum of the
selected sample the number of real and fake pairs was estimated. True pairs form the signal
and are expected to be distributed according to a Breit-Wigner convolved with a Crystal Ball
distribution. The latter distribution models bremsstrahlung and the energy resolution of the
calorimeter. For the fake pairs, which form the background, a Landau distribution was used
as a model. In summary:

e Signal model: Breit-Wigner * Crystal Ball (bremsstrahlung)

— Free parameters: ppw, ocs, |ncs, acs,

— Fixed parameters: I'py = I'z ppa; e =0

e Background model: Landau distribution

— Free parameters: ur,or,

Fitting these functions to the mass spectra is challenging. With the ROOFIT package
used (cf. ref. [121]), convergence of the fits was difficult to achieve. This became even more
pronounced at high values of |n|, mostly due to acceptance effects (cf. Section A.2.3). For
this analysis, methods were devised to stabilize the fitting procedure. This was achieved by
running the fit several thousand times” with different sets of starting values in each iteration
and selecting the fit with the lowest x?. An example of a fit obtained in such a way is shown
in Figure A.5.

For some variations (cf. Section A.2.5), the signal model was replaced with a signal template.
This template was obtained from signal Monte Carlo with the selection criteria given above.

In order to suppress the background contribution, not the entire fitting range was used to
count the signal events. Instead, only a mass window between 80 and 100 was used. In Monte
Carlo, the events were counted with their respective weight. From these numbers the signal
efficiency can be calculated with:

Ncounting Range,i

€S = with 4 € {tight, medium, loose} (A.2)

Nconting Range, no ID

Here, Nconting Range, no ID Stands for the number of all events passing the selection criteria
given above. For the denominator Neounting Range,i» Only those events in which the probe
electron fulfills the ID requirement are counted.

SMC12_8TEV.147806.POWHEGPYTH_CT10_ZEE.E1169_51469_51470_R3542_R3549_P1067

SMC12_8TEV.129501. POWHEGPYTH_.CT10_DYEE_20M60.E1248_51469_51470_R3542_R3549_P1005

76000 iterations for the fit on container level and 2000 iterations for the fits with applied ID were used in this
analysis
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Figure A.5.: Example of fits performed to estimate the signal and background contribution. The
sample shown is data with the forward electron |n| between 2.5 and 2.6. From left
to right and top to bottom, the plots show the spectrum without any ID on the
forward electron, and with the loose, medium and tight ID.
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A.2.3. Acceptance

The invariant mass of an electron pair can be calculated via:
m? = 2pr.1pr2(cosh An — cos Ap) (A.3)

Cuts are imposed on pr; and pr2, and also on An by requiring one electron in the central
detector and one electron in the forward calorimeter. This leads to a turn-on in the mass
spectrum, i.e. electron pairs with higher mass are more likely to pass the cuts than those with
low mass. The effect becomes very pronounced when the probe electron is forced to be at
high values of |n| and can be observed in the upper row of Figure A.6. Here the acceptance
a was calculated with PYTHIAS8 (cf. ref. [29,30]) by including only kinematic constraints and
neglecting the reminder of the detector response. The value of « can be calculated as:

o = Npr,[nl,m) (A.4)

~ N(all, |n|, m)

Here, N(pr,|n|,m) denotes the number of events in which both electrons pass the pr cuts,
whereas N (all,|n|,m) denotes the total number of events. The acceptance is calculated as
a function of |n| of the probe electron and the mass m of the electron pair. It can be seen
that the peak line shape becomes deformed at high values of the probe electron |7, leading
to significant problems in the fit to the spectrum of the invariant mass. The effect of the
acceptance can be seen in the lower row of Figure A.6. Note, that in both cases the spectra
on truth level are expected to be very similar. The differences between both are expected to
be due to the different acceptance in both settings.

Counter-measures to the shown deformations were investigated, such as the introduction of a
acceptance correction on the signal model, but no improvement was found. The corrections
investigated were:

e Linear acceptance correction: It is obvious that when restricting the analysis to a
small mass range, the acceptance function can be approximated with sufficient accuracy
by a linear function. The acceptance can then be modeled by multiplying a linear
function to the signal model — with the disadvantage of introducing two new parameters
which have to be fitted. Another disadvantage is that inconsistencies occur since the
background is also affected by the acceptance and should also be corrected.

e Acceptance correction from simulation: The acceptance can be calculated using
truth quantities from signal MC. However, the mapping to reconstructed quantities is
difficult and introduces new sources of uncertainties.

Since both strategies yielded no significant improvements, no acceptance correction was used
in this analysis. With the deformation of the Z peak becoming very pronounced at high values
of |n|, fitting became more difficult and an increase of the systematic uncertainties of the scale
factors can be observed. Since the measurement of signal efficiencies via fits to the invariant
mass spectrum using a pre-defined set of functions therefore is bound to fail with the increase
of statistics and the introduction of higher cut values for electron pr, a new method for the
extraction of the signal efficiencies was devised, based on Monte Carlo templates instead of
analytical functions. This approach is considered for the Run-II data.
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Figure A.6.: Acceptance and resulting spectra for the first bin in |n| (2.5..2.6, left) and last bin
in |n| (4.0 to 4.9, right). Note the shift in the turn-on from low masses to higher
masses with increasing |n|. The effect on the resulting spectra can be observed in
the fits below. Note that the range of the x-axis in the upper and lower row is not

identical.
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A.2.4. Optimization

For the optimization, the TMVA analysis package was used (cf. ref. [122]) in the Fisher dis-
criminant mode (cf. Equation (A.1)). TMVA automatically finds an optimal set of coefficients
fo--fe and produces histograms showing signal and background efficiencies as function of the
cut value for d. However, it has to be provided with signal and background samples. Since
the MC simulation of the shower shapes is known to be suboptimal, it was decided to extract
these samples with the same method as was used for the efficiency estimation. The default
Tag and Probe selection (cf. Section A.2.2) was modified for both samples:

e Signal:
Tag & Probe selection with additional safety cuts. These are very loose cuts® on the
variables used for electron ID and can be found in Table A.2. In addition, a simple
forward electron isolation was used: This vetoes clusters with a second cluster of Ep >5
within AR = 0.2. Only pairs with masses between 76 and 106 are accepted.

e Background:
Tag & Probe selection with inverted ID on central electron: MEDIUM+4++, but not
TIGHT++, no isolation required. Pairs with masses between 76 and 106 are excluded.

Variable EMEC IW FCAL
<A > <6000mm? <15000mm?

lat <0.8 <0.8
long <0.8 <0.8
frmaz >0.1 >0.1
<r?>  <6000mm? <4000 mm?
Aeenter <350 mm <350 mm

Table A.2.: Values for the safety cuts used in the Tag and Probe signal selection.

For each bin defined in Table A.1, TMVA was applied, the results parsed into a macro and
used as forward electron identification. To suppress the remaining small dependence on npys,
the cut values on d were shifted in a second iteration®. In the first iteration, eg = 70%, 80% and
90% were set as goal efficiencies in TM VA for the tight, medium and loose cut set respectively.
In the second iteration, the efficiency obtained with the Tag and Probe method g 7p was used:

€Coal = €S First iteration, eg = 70, 80, 90%

€Goal = €S i Second iteration

(A.5)

With the suppression of the ny, dependence, scale factors depending only on |n| can be
obtained. The results of these iterations are shown in Section A.3.1.

The stability of the TM VA optimization was tested by splitting the training samples into
two sub-samples A and B of equal size. Then a TMVA optimization was performed on each

8These safety cuts were devised by dividing the sample into the EMEC inner wheel (EMEC IW, || = 2.5..3.16)
and the FCAL (|n| = 3.35..4.9) and taking the weakest cut value from the 2011 ID for each respectively. To
these values a 20 % safety margin was added.

9Due to limited statistics, the shift was performed one-dimensionally in bins of nyyta
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sub-sample and its result applied to the other sample. By counting the number of candidates
surviving the selection, two efficiencies can be calculated — one for the ID optimized on
sample B applied on sample A (£4), and vice versa (¢p). From this the ratio €4/ep — 1 can
be extracted. The results for the 56 bins in which the optimization was performed is shown
in Figures A.7,A.8 and A.9. It can be discerned that within statistical uncertainties no large
deviations are found. Moreover, the optimization for the ID presented here is founded on the
combination A and B, and a reduction of the uncertainty of a factor /2 can be expected.

1 H; gt Bl 11—
7 m P 20 Jﬁ 4 aott Fﬂ G(iﬂi lH qu*

Figure A.7.: Comparison of signal efficiencies obtained with the ID optimized for sample A on
sample B and conversely. The results shown are for the loose cut set. The errors
shown are statistical uncertainties. Each group of five data points represents a bin
in |n|, moving from small || to large |n|. Within each group, each point represents
a bin in nyye,, moving from low pile-up to high pile-up. The bin numbering follows
Table A.1.
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Comparison of signal efficiencies obtained with the ID optimized for sample A on
sample B and conversely. The results shown are for the medium cut set. The errors
shown are statistical uncertainties. Each group of five data points represents a bin
in |n|, moving from small |n| to large |n|. Within each group, each point represents
a bin in npyt,, moving from low pile-up to high pile-up. The bin numbering follows
Table A.1.
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Comparison of signal efficiencies obtained with the ID optimized for sample A on
sample B and conversely. The results shown are for the tight cut set. The errors
shown are statistical uncertainties. Each group of five data points represents a bin
in |n|, moving from small |n| to large |n|. Within each group, each point represents
a bin in npy¢,, moving from low pile-up to high pile-up. The bin numbering follows
Table A.1.
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A.2.5. Systematic Variations

The default Tag and Probe selection was varied to estimate its influence on the estimated
signal efficiencies. These variations were:

Fit range: The mass range in which the signal and background model is fitted to the
sample. Since no fitting is performed on the MC prediction, this variation has no effect
in the MC Tag and Probe selection.

Count range: As described in Section A.2.2, the number of true and fake electron pairs
in data is calculated by integrating over a small fraction of the signal and background
model around the Z peak. This is called the count range. In MC, no integration is
performed since the sample is assumed to be pure after truth matching. Instead, a direct
counting of pairs in the count range is performed.

Missing transverse energy (MET): The cut on the maximum missing transverse
energy of the event acts as a veto against pairs of electron candidates from W decays.
Changing this cut influences the contribution from such events.

Template fits: Instead of fitting a signal model consisting of a Breit-Wigner convolved
with a Crystal Ball, the line shape of the signal can be extracted from signal MC. This
is a so-called template fit. Since no MC prediction for the background exists, this can
only be performed for the signal.

Chebyshev background: The default model for the background is a Landau distri-
bution. Since the model is not physics motivated, it is important to cross check the
results with a different background model. A Chebyshev polynomial of 3rd order was
chosen, which is able to model the peaking structure observed in the mass spectrum of
the background. This variation is also not applicable to MC, since it only influences the
models used in the fitting routine.

SBR variation: Different cuts have an influence on the probability of the tag electron
mis-identification rate and thereby on the signal to background ratio (SBR). Since the
influence of these cuts is strongly correlated, it was chosen to combine the variation of
these cuts into a single variation. An overview can be found in Table A.3.

An overview of the values in the variations is given in Table A.4. The resulting number of
possible combinations is 3-2-3-2-2-3 = 216 variations on data and 2-3-3 = 18 on MC. For
each variation the signal efficiency was estimated with the method described above.

SBR variation  Calo isolation  Track isolation ID requirement tag electron SBR

Low ETCONE20 <9 PTCONE30 <3 MEDIUM++ 4.4
Medium ETCONE20 <7 PTCONE30 <1 TIGHT++ 7.5
High ETCoONE20 <5 PTCONE40 <1 TiGHT++ 8.3

Table A.3.: Overview of the SBR variations. For reference, the signal to background ratio ob-
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A.3. Results

Variation Default value Values Applicable to MC
Fit range 55-130 60-120, 50-140 No
Count range 80-100 70-110 Yes
MET 25 20, 35 Yes
Template fits Not used Replacing signal model No
Chebyshev background Not used Replacing Landau background model No
SBR variation Medium Low,High Yes

Table A.4.: Values used for the different variations

A.3. Results

A.3.1. Signal Efficiencies

As is described above, the cut values on d were shifted slightly with respect to the TMVA
recommendations!'®. This was done in order to minimize the Nputz dependence of the resulting
signal efficiencies. Results for the signal efficiencies as a function of nyp,, before and after this
shift are shown in Figure A.10. Here an integration over n for the EMEC IW and FCAL,
respectively, was performed in order to have enough statistics in the bins with low and high
pile-up. In Figure A.11, the resulting signal efficiencies as function of |n| and integrated over
Npote are shown. All values shown here are for the default variation.

The pr dependence of the signal efficiencies is difficult to investigate in data, since an upper
cut on the forward electron pr introduces a kinematic turn-off in addition to the kinematic
turn-on described in Section A.2.3. The kinematic turn-on and turn-off strongly deform the
spectrum, and fits are difficult to perform. On MC no such difficulties exist since no fitting is
performed. Results for the pr dependence are shown in Figure A.12. A small pr dependence
can be observed. This hints at the need for improving the fitting methods in further studies,
possible approaches will be discussed in Section A.4. Without improved methods, a study of
the dependence of the signal efficiencies on pp will be very challenging.

0The shift was performed one-dimensionally in bins of nyyte
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Figure A.10.:

Signal efficiencies as function of ¢, shown for the EMEC IW (upper row) and
FCAL (lower row). The left column shows the result from the first iteration, in
which the TMVA recommendations for the coefficients fy..fs and the cut values
for d was used. The right column shows the results after the cut values on d were
shifted to minimize the ny,:,; dependence. Only statistical uncertainties are shown.
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Figure A.11.:
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Resulting signal efficiencies as a function of |n| after correcting the cut values on
d. An integration over ny,:, was performed in order to obtain these results.
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A.12.: pr dependence of the signal efficiencies in MC. As can be seen, for the EMEC IW
the signal efficiencies exhibit almost no dependence on pr, while for the FCAL a
larger dependence is observed. The errors shown are statistical only.
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A.3.2. Background Efficiencies

To estimate the background efficiency, the efficiency of the ID on the preselected background
samples (cf. Section A.2.4) was used. Due to the small signal contamination expected in these
background samples, an overestimation of the background efficiency is to be expected.

It is shown for the loose, medium and tight cuts in Figures A.13, A.14 and A.15. As can
be seen, the first bin in |n| has a rather large background contribution, as well as the highest
|n| bin in the EMEC IW. It can be assumed that these effects are due to border effects in the
first |n| bin. The increase in the last bin in the EMEC IW (|n| = 3.0..3.16) is probably due to
its closeness to the crack and changes in geometry of the calorimeter. It can also be seen, to
a much lesser extend, that the background efficiency becomes larger with higher pile-up.

40
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Figure A.13.: Background efficiencies for the loose cut set calculated on the background training
samples.
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Figure A.14.: Background efficiencies for the medium cut set calculated on the background train-
ing samples.
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Figure A.15.: Background efficiencies for the tight cut set calculated on the background training
samples.
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A.3.3. Scale Factors

Ideally, data and MC should exhibit equal signal efficiencies. Since this is not the case, the MC
prediction has to be corrected by applying a weight for each electron candidate, the so-called
scale factor (SF). It is defined as:

SF = “Pate (A.6)
EMC

The SFs and their uncertainties have to be determined with high precision and this was
achieved with the methods described above. For each variation a scale factor was calculated
from the data and MC signal efficiency. An overview is shown in Figure A.16 and A.17. The
mean of all scale factors was taken as estimate of the true scale factor. The standard deviation
of all scale factors was taken as estimate for the systematic uncertainty of the scale factor.
Since each variation is performed on portions the same sample, the statistical uncertainties
were assumed to be fully correlated, and the mean of all statistical uncertainties was taken
as the total statistical uncertainty. The resulting scale factors are found in Table A.5. A
graphical overview of all scale factors is shown in Figure A.18.

Mostly in higher bins of ||, the distribution of the scale factors is non-Gaussian. It could be
shown that even in these bins, the standard deviation covers close to 68% of the distribution,
leading to the assumption that the standard deviation is still a good estimate of the systematic
uncertainty.

It can be seen that the value of the scale factors differ significantly from unity for the EMEC
inner wheel, an effect more pronounced with tighter cuts. It may be assumed that this is due to
mismodelling of the shower shapes in the 2012 data. This can be best seen when comparing the
measured and predicted distributions for < A? >, which describes the longitudinal extension
of the shower. This plot is shown in Figure A.19.

il Tight Medium Loose
g SF Asys Astat SF Asys Asi&at SF Asys Ast(zt

2.5..2.6 09211 0.0198 0.0033 0.9480 0.0201 0.0028 0.9607 0.0180 0.0022
2.6..2.7 0.8855 0.0112 0.0022 0.9350 0.0113 0.0017 0.9840 0.0115 0.0011
2.7.2.8 0.8338 0.0184 0.0020 0.8978 0.0169 0.0016 0.9665 0.0154 0.0010
2.8..29 0.8493 0.0128 0.0021 0.9139 0.0127 0.0017 0.9754 0.0124 0.0011
2.9.3.0 0.8659 0.0109 0.0024 0.9277 0.0114 0.0019 0.9849 0.0108 0.0012
3.0..3.16 0.8587 0.0151 0.0018 0.9268 0.0145 0.0014 0.9879 0.0125 0.0009
3.35.3.6 1.0751 0.0178 0.0039 1.0762 0.0152 0.0030 1.0735 0.0147 0.0021
3.6..4.0 1.0054 0.0398 0.0032 1.0168 0.0383 0.0025 1.0321 0.0368 0.0016
4.0.49 0.8894 0.1155 0.0040 0.9053 0.1161 0.0032 0.9237 0.1158 0.0024

Table A.5.: Overview of the scale factors obtained with the methods described above. It can be
seen that the systematic uncertainties are on the order of 1%, while the statistical
uncertainties are on the order of 1%c. The rise of the uncertainties with higher values
of |n| is expected as described in Section A.2.3.
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Figure A.16.: Overview of the scale factors for each variation in the EMEC IW.
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Figure A.17.: Overview of the scale factors for each variation in the FCAL.
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Figure A.18.: Graphical overview of all scale factors. The error bars show the total uncertainties.

216

Tight is shown in green, Medium in blue and Loose in red.




A.3. Results

Data - MC 11/12 |

0.05

— datal2
—datall
—--mcl2

0.045

0.04
mclilc

0.035

normalized counts

0.03

0.025

0.02

0.015

0.01

0.005

Figure A.19.: Comparison of the predicted and measured values for < A2 > as described in the
text. For the production of these plots a Tag and Probe analysis with the 2011
TIGHT++ on the forward electron was performed. The background is not shown,
but in general has higher values of < A\? > than the signal. A clear mismod-
elling of the longitudinal shower shape can be discerned. Courtesy of Christoph
Weinsheimer.
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A.4. Conclusion

In this chapter the optimization of the forward electron identification for the data gathered
in 2012 was presented. Since only events with an high-energetic electron in the inner detector
were triggered in 2012, these results cannot be directly used for the measurement of the W
boson mass. Nevertheless, these results can have large indirect impact on My, especially
by enhancing our knowledge of the PDFs. Moreover, as could be shown in ref. [110], this
kinematic region significantly improves the measurement of the weak mixing angle via the
so-called Z forward-backward asymmetry. This opens the door for a precision measurement
of three of the free parameters of the electroweak sector — Mz, My, and — with the ATLAS
detector.

The new electron ID described in this chapter uses a Fisher discriminant, and was obtained
as a function of the number of primary vertices as well as the electron pseudorapidity. The
new ID is inclusive, i.e. electron candidates passing a given ID level are guaranteed to pass all
lower ID levels. This simplifies studies using fake factor methods for background estimations,
such as the analysis of ZZ production.

Improvements in the method for efficiency estimation were introduced for careful studies
of the resulting efficiencies and broad assessment of the resulting scale factors, describing the
ratio of signal efficiencies on data and Monte Carlo. It could be shown that the challenges
posed can be overcome and high precision in the resulting efficiencies can be obtained — for
most of the bins, the total uncertainty is on the level of 2%, and only in the last |n| bin it
surpasses 10%.

Follow-up studies can profit from the experience gained. The following points deserve a
special mention:

e Acceptance: It was observed that the acceptance has a significant mass dependence.
This distorts the mass spectrum and leads to challenging fits. In principle, this can
be overcome by either taking the acceptance into account when fitting with analytical
functions, or circumvented by progressing to a template-based fit approach. The latter
approach would take the acceptance into account by construction, but relies on precise
forward electron energy scales'! and a reliable modeling of the background.

e Other multivariate approaches: During the course of this analysis the central elec-
tron identification moved to a likelihood-based electron identification. This can also eas-
ily be performed for the forward electrons with the existing TMVA framework, thereby
harmonizing the approaches. In detailed studies performed for the forward calorimeters
it was observed that the performance of both methods is very similar.

" Most importantly, with the current methods for the energy scales, the frequent overestimation of the forward
electron energy smearing cannot be remedied, leading to an overestimation of the width of the Z peak
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B. Further Results on the Study of Muon
Trigger Efficiencies

In addition to the results shown for the EF _MU18_MEDIUM_STD trigger configuration discussed
in Section 8, results were also obtained for the remaining three trigger settings described in
Table 8.1.

The predicted MC trigger efficiency for MC Truth muons vs n and pr for W — pv and
Z — pp events is shown in Figure B.1. Note that, as for the results discussed in Section 8§,
a large zoom on the y axis was necessary to make the differences vs. pr visible. The trigger
efficiencies are very similar for both samples and differ by only around 5 %o, which confirms
the assumption that the determined trigger efficiencies in Z-boson data can also be applied for
the W boson samples!.

Table B.1,B.2 and B.3 show the measured number of data events for the three trigger
settings not shown in Section 8.1 in addition to the predicted number of events from Monte
Carlo simulations. Apart from the, naturally, different number of events, these tables do not
show any significant differences to those presented in Chapter 8.

The same holds true for the control plots presented in Figures B.2, B.3 and B.4. The
resulting efficiencies shown in Figures B.5, B.6 and B.7, however, show significant differences.
As discussed in greater detail in Chapter 8, these can be traced back to an unforeseen trigger
inefficiencies in period B-G5 and L3-L4. Of special importance is the dependence on pr, which,
as was also discussed in Chapter 8, could be to a large extent attributed to inefficiencies in
propagating into the one-dimensional projection onto pr.

The uncertainties presented in Figures B.8, B.9 and B.10 are very similar. Compared to
the efficiencies obtained for the reconstruction and isolation scale factors, it is notable that
these uncertainties are significantly larger. This is because of the lower efficiency of the trigger
matching cut, and the associated increase of uncertainty given a sample of probe muons of
comparable size. The effect can be understood by modeling the trigger matching cut as a
Bernoulli process with p = ¢ and n = N one. The variance, divided by the number of probes
Nprobe might be used as an indicator for the uncertainty on the estimator of €, and is given
by:

V=p(l-p) (B.1)
This equation has a maximum for p = 0 and p = 1, and a minimum for p = 1/2. With

the trigger efficiencies on the order of e=70 %, the uncertainty is significantly increased with
respect to the isolation and reconstruction efficiency, which were on the level of 95 to 99 %.

'Remaining differences can be explained by the difference in the underlying pr or n distribution of the decay
leptons from W and Z bosons.
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Efficiency
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Figure B.1.: Trigger efficiency of muons in W — uv
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Numerator Denominator

Sample N Astat Asyst N Astat Asyst
Data 329304 573 0 411951 641 0
POWHEG Zpup (147407) 332601 217 16630 411163 242 20558
MC@NLO tt (105200) 159 2 9 203 2 12
HeErwiGc WW (105985) 38 1 2 46 1 3
HERWIG 77 (105986) 159 1 11 198 2 13
HerwiG WZ (105987) 227 2 15 287 2 20
PyTHIA Z77 (106052) 36 12 1 36 12 1
MC@NLO Single Top (108340) 0 0 0 0 0 0
MC@NLO Single Top (108341) 1 0 0 1 0 0
MC@NLO Single Top (108342) 0 0 0 0 0 0
MC@NLO Single Top (108343) 0 0 0 0 0 0
MC@NLO Single Top (108344) 0 0 0 0 0 0
MC@NLO Single Top (108345) 0 0 0 0 0 0
MC@NLO Single Top (108346) 12 1 0 15 1 1
MC@QNLO QCD (data driven) 93 15 0 112 16 0

Table B.1.: Overview of selected events in the numerator and denominator for data and all back-
ground contributions for the determination of the EF_MU18_BG5 trigger scale fac-
tors.

Sample Numerator Denominator

N Astan: Asyst N Astat Asyst
Data 326880 571 0 394602 628 0
POWHEG Zpup (147407) 318319 216 15915 393883 240 19694
MC@NLO tt (105200) 159 2 9 204 2 12
HerwiG WW (105985) 39 1 2 49 1 3
HERWIG ZZ (105986) 156 1 10 196 2 13
HerwiG WZ (105987) 216 2 15 270 2 18
PyYTHIA Z77 (106052) 22 9 1 31 11 1
MC@NLO Single Top (108340) 0 0 0 0 0 0
MC@NLO Single Top (108341) 0 0 0 0 0 0
MC@NLO Single Top (108342) 0 0 0 0 0 0
MC@NLO Single Top (108343) 0 0 0 0 0 0
MC@NLO Single Top (108344) 0 0 0 0 0 0
MC@NLO Single Top (108345) 0 0 0 0 0 0
MC@NLO Single Top (108346) 14 1 1 18 1 1
QCD (data driven) 42 11 0 60 13 0

Table B.2.: Overview of selected events in the numerator and denominator for data and all back-
ground contributions for the determination of the EF _MU18_G6I trigger scale factors.
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Sample Numerator Denominator

N Astaut Asyst N Astat Asyst
Data 182658 427 0 259397 509 0
POWHEG Zpup (147407) 202316 161 10115 258908 183 12945
MC@NLO ¢t (105200) 101 1 6 134 2 8
HeErwIG WW (105985) 23 0 1 30 0 2
HErRwWIG ZZ (105986) 102 1 7 130 1 9
HerwiG WZ (105987) 139 1 9 176 1 12
PyTHIA Z77 (106052) 20 8 1 27 10 1
MC@NLO Single Top (108340) 0 0 0 0 0 0
MC@NLO Single Top (108341) 0 0 0 0 0 0
MC@NLO Single Top (108342) 0 0 0 0 0 0
MC@NLO Single Top (108343) 0 0 0 0 0 0
MC@NLO Single Top (108344) 0 0 0 0 0 0
MC@NLO Single Top (108345) 0 0 0 0 0 0
MC@NLO Single Top (108346) 8 0 0 12 0 0
QCD (data driven) 13 4 0 22 6 0

Table B.3.: Overview of selected events in the numerator and denominator for data and all back-
ground contributions for the determination of the EF _MU18_MEDIUM_L3L4 trigger
scale factors.

222



Events / 0.25 GeV

Events /0.1

Events/ 1 GeV

20000 T T T — Data
Data 2011 (1S = 7 TeV) . Powheg Zup
18000 00 Herwig WZ
E ILdl=4.6 fo* Qo Gataarven)
16000 ; MCANLO Top
E H ww
14000 — szgg Wiy
12000— —
10000— -
8000 — —
6000— —
4000— —
2000 —
O =
= 1 ’I[
£ bttt tou .ilﬂl
° LR A S LA T
LA I
88 90 92 94 96 98 100
M,, [GeV]
T e T —
16000 — Data 2011 (fs = 7 TeV) = zocvihz%é‘fr“
[ t! op
E aeit
14000F- J’L dt=4610 E(Z:;Dﬂl(g?:zdmn)
E Hsrwwgww
12000 — Powheg Wtv
10000 -
8000 -
6000, —

o 3
2 + E
g 1‘—6—%+‘ ++I+'H- '-H»"'. ++.J'.++“| f
e A oo HE
5 - 15 -1 05 05 5 2 2
Probe n
18000~ T T T — Data ]
[ Data2011(Is=7TeV) W Powheg Zpp
16000 F (Ldt=26m" — 85,35; %azmen)
14000 Herwig ZZ
12000 ; Powheg Wtv i
10000 —
8000— =
6000 — =
4000 =
2000 -
Q1
2 1.05?' 1 H
£ I|l’|ﬂ|. s I*.#’f####{ o . w.,’f..’q Hi {’r LA
Iy et T T
Y I L E
oY 0 -30 20 10 10 20 30 4

Probe u, [GeV]

Events / 3 GeV

Events / 1.0472

Events / 4 GeV

TTTT

Data 201‘1 (s=7 Tev‘)
80000 —
J'L dt=461"

70000

60000

—— Data

. Powheg Zup

0 QCD (data driven)
Herwig WZ
MCANLO Top
Herwig 22
Herwig WW
Powheg Wty

H\\lHH‘HH‘HH‘HH‘HH

Q 11F 3
2 sk [NE
= LO05E T =
g . I
a L i e e b I T L=
0.95F 3
0.9E 3
20 30 20 50 60 70 0
Probe P, [GeV]
x10°
R
100 |— Data 2011 (fs=7TeV) . Powheg Zpp
|- N Herwig WZ
L I Ldt=461b" HCANLO Top
80|~ Sy
C Powheg Wtv
o 5 3
g 1'15 3
5 LOSE 3
8 & 3
0.95F =
0.9E =
- E -1
Probe ¢
70000 F T T T T — Data
F Data 2011 (/s =7 TeV) B Powheg Zpp
C B Herwig WZ
60000 [Ldt=4.6M" Herwig 22
= QCD (data driven)
- MCA(_NLO Top
50000~ Pownes Wy
40000 —
30000 —
20000 — -
10000 — —
Q 11 3
E l.OSg -l|> Lol 3
g 1§' Tbat, o AT
a ElTLE TS [T T s e BRE S F
0.95 F
0.9
100 -80 60 -40 -20 20 40 60 80 100

Probe u‘J_[G eV]
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Figure B.3.: Kinematic distributions of probe-tracks comparing data to the combined signal and
background prediction. From left to right, top to bottom: invariant mass of the

selected pp pair, probe pr, n, ¢, ufl and ulJ_ The control plots shown are for
EF_MU18_G6l.
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Figure B.4.: Kinematic distributions of probe-tracks comparing data to the combined signal and
background prediction. From left to right, top to bottom: invariant mass of the
selected pp pair, probe pr, 1, @, uh and ulJ_ The control plots shown are for
EF_MU18_MEDIUM_L3L4.
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Figure B.5.: Determined trigger efficiency by the tag and probe method for data and MC. From
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Figure B.8.: Uncertainties on the obtained trigger scale for the trigger EF_MU18_BGb5. From
left to right: n, pr, u'. Table 6.5 gives details on the categories shown in the plot.
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C. Muon ID Track Efficiency

In the determination of the muon reconstruction scale factors, it was assumed that ATLAS
has almost full efficiency for muons to produce tracks in the inner detector. Furthermore, it
was assumed that this efficiency is well modeled in Monte Carlo and therefore no additional
scale factors are necessary. In this section, it is proven that these assumptions, which are
well motivated from first principles, actually hold. To this end, a Tag and Probe analysis
similar to the analyses described before is performed. The ID track efficiency is estimated
as the probability for a muon reconstructed only in the muon system to be matched to a
corresponding ID track.

C.1. Methodology, Event Selection and Corrections

The ‘tag’-object in this case is an isolated and triggered stand-alone muon, the ‘probe’-object
is an isolated stand-alone muon which leads together with the tag-kinematics to an invariant
mass close to the Z boson. Since the background contribution to this process is very low, the
ID track efficiency of combined muons can be precisely determined. The selection criteria for
the tag- and probe-object selection are summarized in the following:
Pairs of STACO muons were selected according to the following selection criteria:
e Event cuts:

— Trigger: EF_MU18 up to period J, EF_MU18_MEDIUM from period J inclusive

— Good Primary vertex Conditions: At least 3 tracks from primary vertex

e Muon Selection:
— Quality cuts summarized in Table 6.3
In| <2.4
— pr > 20GeV
— Isolated with p52n°20 /p < 0.1

— |Zo7pv| < 10 mm

e Pair Selection:

— |20,Pv,1 — 20,pPv,2| < 3mm
— |My,, — Mz| <10GeV
— Opposite charge

Exactly one pair per vent

e Tag trigger matched
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C. Muon ID Track Efficiency

The muon ID track efficiency is also determined in three dimensions, using the binning
shown in Table 6.1 for the transverse momentum of the muon pp, uh and also the detector
region, which is a combined 7-¢-binning. On average, several thousand probe muons per bin
for the full 2011 data-set are found. Technically, the efficiencies are represented by two sets
of histograms, one representing the kinematics of probe muons, the other representing the
kinematics of those probe muons that could be matched to an ID track. A probe muon is
defined as matched to an ID track if an ID track with a transverse momentum of more than
15 GeV is found within AR = 0.15. The ID track efficiencies are obtained by dividing the two
sets, after backgrounds are subtracted.

The background determination was already described in Section 6.2. An overview of the se-
lected inclusive number of events in the numerator and denominator including the background
estimations is given in Table C.1.

Sample Numerator Denominator

N Astat Asyst N Astat Asys‘c
Data 3307894 1818 0 3344817 1828 0
POWHEG Zpup (147407) 3310860 685 165543 3338763 688 166938
MCQ@NLO ¢t (105200) 1743 8 108 1760 8 109
HErwIG WW (105985) 377 3 26 380 3 26
HERWIG ZZ (105986) 1651 5 115 1666 5 116
HErwIG WZ (105987) 2310 7 161 2331 7 163
PyTHIA Z77 (106052) 293 34 14 314 35 15
MCQ@NLO Single Top (108340) 0 0 0 0 0 0
MC@NLO Single Top (108341) 6 1 0 6 1 0
MC@NLO Single Top (108342) 0 0 0 0 0 0
MC@NLO Single Top (108343) 0 0 0 0 0 0
MC@NLO Single Top (108344) 0 0 0 0 0 0
MC@NLO Single Top (108345) 0 0 0 0 0 0
MC@NLO Single Top (108346) 141 3 9 143 3 10
QCD (data driven) 0 0 0 0 0 0

Table C.1.: Overview of selected events in the numerator and denominator for data and all back-
ground contributions for the determination of ID track reconstruction scale factors.

Several kinematic distributions of probe muon candidates are shown in Figure C.1, where all
MC corrections have been applied. In general a good data/MC can be observed. It has to be
noted that all corrections were obtained for ID kinematics, therefore the description of data is
significantly worse with respect to the results shown in Figure 7.3
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Figure C.1.: Kinematic distributions of probe muons comparing data to the combined signal and
background prediction. From left to right, top to bottom: Invariant mass of the
selected pp pair, probe pr, 1, @, ufl and u!, .
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C. Muon ID Track Efficiency

C.2. Efficiency and Scale Factor Determination

The resulting efficiencies are shown in Figure C.2 in one-dimensional projections with a higher
granularity, where the tag and probe method has been applied on both data and the POWHEG
Z — pp sample. For clarity, instead of presenting the region, i.e. the combined 7-¢ binning,
separate results for n and ¢ are shown in two separate histograms. As can be seen, the efficiency
as function of n and ¢ is by no means featureless. Instead, a pronounced dip centered at || =0
can be seen. In ¢, two dips between —3rad and —2rad, as well as between 1rad and 2rad
can be seen. At the time of writing, the origin of these structures is not clear. However, it has
to be observed that overall the shape of these structures is described by Monte Carlo and has
therefore to be a feature of the detector accounted for in the detector modeling. Note, that
the scale factors are on the order of 0.996, with only small fluctuations on the order of several
per mil. Therefore, the ID scale factors are expected to play a negligible role.
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Figure C.2.: Determined ID track reconstruction efficiency using the tag- and probe-method for
MC and data. From left to right, top to bottom: 7, ¢, pr and ufl. Only statistical
uncertainties are shown.

As can be seen the efficiencies are close to 99% and well modeled by the Monte Carlo simulation.
Moreover, no slope with respect to pr can be detected — showing that the ID track efficiency
is unlikely to influence the measurement of My,. This is also supported by the negligible slopes
detected in the scale factors, discussed below.
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C.2. Efficiency and Scale Factor Determination

Scale factors are now defined as the ratio of the reconstruction efficiency in data and MC,
SF := epata/ermc- The resulting scale factors are shown in Figure 7.8. As it could already be
assumed from the good description of the data efficiencies by Monte Carlo, the resulting scale
factors are relatively flat and close to unity. The uncertainties shown are only statistical.
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Figure C.3.: ID track reconstruction scale factors determined for the PowHEG MC simulation.
From left to right, top to bottom: 7, pr, u‘l‘. Uncertainties shown are the statistical
uncertainties.
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C. Muon ID Track Efficiency

The question arises, whether the fluctuations in pp are indeed non-significant. To this end,
the detectors is divided into four bins in 1 which have a relatively uniform reconstruction
efficiency. These regions are —2.065 < n < —1.445, —0.945 < n < —0.105, 0.105 < 1 < 0.945
and 1.445 < n < 2.065, thereby excluding the crack regions between the endcaps and the
barrel at || ~ 1.05 and the gap at || = 0. The resulting scale factors in pr for these four
regions can be seen in Figure C.4 and Table C.2. In this figure, the results from a fit for each
of the distributions with a polynomial of the form py + p;1 - pr in the range of 25 to 60 GeV is
also shown. In addition, the significance p;/Ap; is shown. As can be seen, the distribution of
the scale factors appears to be compatible with a flat distribution in all four regions. A full
overview is shown in Figure C.5.
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Figure C.4.: ID track reconstruction scale factors in four regions of the detector with uniform
efficiency. The corresponding fit values are shown in Table C.2.

" x?/dof p1 [GeVT'] Apy [GeVTY  pi/Ap

-2.065..-1.445  5.2/5  -2.27-107° 1.62-107° -1.40
-0.945..-0.105  4.8/5  1.55-107 2.02-107° 0.77
0.105..0.945 59/5  1.04-107° 2.37-107° 0.44
1.445..2.065 3.6/5 -9.56:1076  2.20.107° -0.43

Table C.2.: Resulting fit values for the fits shown in Figure C.4.
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C.2. Efficiency and Scale Factor Determination
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Figure C.5.: Value of p; for each of the 44 7 bins.
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C. Muon ID Track Efficiency

The general approach for the treatment and estimation of uncertainties is described in
Section 6.3. In Figure C.6, only the statistical uncertainties are shown, which are the leading
uncertainties. As expected, the statistical uncertainty grows in areas where less data could be
taken.
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Figure C.6.: Uncertainties on the ID track reconstruction scale factors for the POwHEG MC
prediction. From left to right: n, pr, uf‘. Table 6.5 gives details on the categories
shown in the plot.
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