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Supervisor’s Foreword

The understanding of the microscopic structure of matter and the related funda-
mental interactions has made significant progress in the last hundred years, cul-
minating presently in the very successful Standard Model of particle physics.
However this is likely not to be the last word, further insights are expected to be
able to evolve this towards a more complete theory. Progress in further developing
the theory describing the microcosm can directly impact our understanding of the
evolution of the universe, especially at its very early stages. This thesis addresses a
two-pronged approach towards further extending our knowledge and the under-
standing of the smallest scales. One possibility is to directly search for signatures of
new physics processes, not included in the above mentioned Standard Model. An
observation of new (fundamental or composite) particle states can provide valuable
insight into the structure of a more complete theory. Alternatively, precision
measurements of processes known within the Standard Model yield valuable
information which in a complementary manner extends our knowledge. Here
indirect evidence on new physics processes can be reached (typically extending to
higher mass scales than accessible in a direct search) as well as the detailed
understanding of processes contributing as background to searches can be
improved. Using data recorded by the ATLAS experiment at the Large Hadron
Collider (LHC) at CERN both avenues are pursued in this thesis. Theories
extending the Standard Model often include new heavy gauge bosons, such as
heavy “partners” of the well known charged W bosons (responsible e.g. for the
nuclear beta decay). With the first data collected in 2015 at the highest
centre-of-mass energy of 13 TeV in proton-proton collisions provided so far by the
LHC, a search for resonant structures in final states containing a high transverse
momentum lepton and large missing transverse energy has been performed. Albeit
no indication for new physics could be found, the exclusion limits on the mass of
such a heavy partner of the W boson were significantly extended. Secondly, data
collected by ATLAS at a lower centre-of-mass energy of 8 TeV has been used to
perform a precision measurement of differential cross-sections for the production of
high mass lepton-antilepton pairs in proton-proton collisions. This process is sen-
sitive to partonic structure of the proton, which often yields one of the dominant
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systematic uncertainties arising in direct searches (as well as in measurements of
fundamental parameters) in proton-proton collisions. For the first time,
double-differential cross-sections were studied and thanks to the very good accu-
racy reached, especially contraints on photon-photon induced processes were
obtained (here the “photonic” content of a proton is probed). This aspect is in this
thesis complemented with a phenomenological interpretation of the measurements
performed. These two major and complementary results presented in this thesis are
a very high quality achievement highlighting the physics potential of the ATLAS
experiment at the LHC. They are presented in a concise and very comprehensible
style, showing the mature scientific manner. The scientific context of the results as
well as the experimental methods to obtain these are clearly described—the thesis
will serve as an excellent point of reference for future Ph.D. students working on
collider based particle physics.

Mainz, Germany
September 2018

Prof. Dr. Stefan Tapprogge
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Abstract

The Large Hadron Collider (LHC) at CERN, at which protons collide at
unprecedented center of mass energies and very high instantaneous luminosity,
gives unique possibilities for precise tests of the Standard Model and to search for
new physics phenomena. A precise prediction of the processes at the LHC is
essential and a key role plays hereby the knowledge of the parton density functions
(PDFs) of the proton.

In this thesis two analyses are presented. In the first analysis a new heavy charged
gauge boson, a so-called W 0 boson, is searched for. Those new gauge bosons are
predicted by some theories extending the Standard Model gauge group to solve some
of its conceptual problems. Decays of the W 0 boson in final states with a lepton
(‘� ¼ e�; l�) and the corresponding (anti-)neutrino are considered. Data are used
which were collected by the ATLAS experiment in the year 2015 at a center of mass
energy of

ffiffi

s
p ¼ 13 TeV. The collected data corresponds to an integrated luminosity

of 3.2 fb−1. The Standard Model prediction for the expected background is estimated
with Monte Carlo simulations and methods based on data. The resulting spectrum
of the transverse mass is tested, using statistical methods, for differences between
data and the Standard Model predictions. No significant deviation from the Standard
Model predictions is found and masses of a Sequential Standard Model W 0 boson
below 4.07 TeV are excluded with a confidence level of 95%.

In the second analysis a measurement of the double-differential cross section
of the process pp ! Z=�� þ X ! ‘þ ‘� þX, including also a �� induced con-
tribution, at a center of mass energy of

ffiffi

s
p ¼ 8 TeV is presented. The measurement

is performed in an invariant mass region of 116 to 1500 GeV as a function of
invariant mass and absolute rapidity of the ‘þ ‘�-pair as well as a function of
invariant mass and pseudorapidity separation of the ‘þ ‘�-pair. The analyzed data
were recorded by the ATLAS experiment in the year 2012 and correspond to an
integrated luminosity of 20.3 fb−1. It is expected that the measured cross sections
are sensitive to the PDFs at very high values of the Bjorken-x scaling variable and
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to the photon structure of the proton. In this thesis the measurement of the cross
sections for the decay into an eþ e

�
-pair is discussed in detail. The measured cross

sections are combined with a measurement for the decay into a lþ l�-pair to reduce
the systematic and statistical uncertainties. The combined cross sections are com-
pared to theory predictions and studies of the sensitivity of the measurement are
carried out. It is shown that, with help of this measurement, the uncertainty of the
photon PDF can be strongly reduced.

viii Abstract
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Chapter 1
Preamble

The concept of elementary particles forming all matter is very old and goes back
to the atomic hypothesis first formulated by Democritus around 400 BC. It took
around 2300years until technological progress allowed for the discovery of the first
elementary particle. It was J.J. Thompson who discovered in 1897 the electron by
showing that cathode rayswere actuallymade of negatively charged particles [1]. The
following discovery of the atomic nucleus in 1911 and later the proton by Rutherford
[2] and in 1932 of the neutron by Chadwick [3] seemed to complete the picture and
to allow the explanation of matter formed in atoms by fundamental particles.

In the 1960s in several experiments numerous new particles were discovered. The
desire to group these particles in a systematic way lead to the introduction of the
quark model [4, 5], which described many of these new particles as bound states of
quarks. The largest success of that model in this time was the prediction of a new
bound state, the �−, which was discovered in 1964 [6]. At the end of the 1960s
results from electron-nucleon scattering showed that also the proton has an internal
structure [7, 8]. This observation was a further strong argument for the quark model.

In the following years, technical progress allowed the construction of particle
accelerators with higher and higher energies and lead to the discovery of more and
more new particles. In 1979, the gluon, the mediator of the strong force, was dis-
covered at the electron-positron collider PETRA (Positron–Elektron Tandem Ring
Anlage) at DESY (Deutsches Elektronen-Synchrotron) [9–12]. Four years later, the
mediators of the weak force, the Z andW± bosons were discovered at CERNs (Con-
seil Européen pour la Recherche Nucleaire) Super-Proton-Antiproton Synchrotron
(Spp̄S) collider [13–16].

These successes in the search for the understanding of the structure of matter were
a consequence of an interplay between experimental observations and predictions
made by theoreticians, which lead to the development of the Standard Model of ele-
mentary particle physics. It can describe the structure of matter with fundamental
building blocks and explains the elementary processes for three of the four funda-
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2 1 Preamble

mental forces. The Standard Model is a very powerful theory and its predictions are
verified up to highest precision. Even though the Standard Model is very successful,
there are observations, e.g., dark matter or the matter-antimatter asymmetry, which
it cannot explain. Thus, extensions of the Standard Model are needed. Many of these
predict the appearance of new particles with masses in the TeV range. Those par-
ticles can be searched for by performing indirect or direct searches. The history of
particle physics has proven that measurements at particle colliders operating at the
high-energy frontier is a very promising way of searching for these particles.

The Large Hadron Collider (LHC), a proton-proton accelerator at CERN in
Geneva, is a powerful machine which allows to search for new physics phenom-
ena and to test the predictions of the Standard Model at the highest yet reached
energy scales. For these tests and measurements, precise predictions of the processes
at the LHC are needed. To obtain a high level of accuracy for the predictions, a very
good understanding of the structure of the proton is essential. In this context the
knowledge of the parton distribution functions (PDFs) of the proton plays a key role.

In this thesis two analyses are presented. First a search for a high-mass resonance
decaying into a final statewith a charged lepton (�± = e±,μ±) and the corresponding
(anti-)neutrino is performed. Those hypothetic particles are called ℘ bosons and are
assumed to behave similar to the known Standard Model W boson. The search
is performed with the first data taken by the ATLAS experiment at proton-proton
collisions at a center of mass energy of 13 TeV in the year 2015 and thus probing a
new not yet reached energy scale.

In a second analysis ameasurement of theDrell–Yanprocess pp → Z/γ∗ + X →
�+�− + X (� = e,μ), also including a γγ induced contribution, is performed with
data taken by the ATLAS experiment at a center of mass energy of the proton-proton
collisions of

√
s = 8 TeV. A double-differential cross section is measured at high

invariant masses of the lepton pair (m�� > 116GeV). The measurement is performed
as a function of absolute rapidity of the lepton pair or absolute pseudorapidity sepa-
ration of the leptons and invariant mass. Such a measurement can help to improve the
parton distribution functions of the proton at high momentum fractions x . In partic-
ular sensitivity to the PDFs of the antiquarks and photons in the proton is expected.
The former are not well constrained at high values of x while the latter is in general
largely unconstrained.

This thesis is structured as follows. Part I addresses inChaps. 2 and3 the theoretical
foundations and predictions needed for this work. In part II the LHC and the ATLAS
experiment are described in Chaps. 4 and 5. The reconstruction and identification of
particles with the ATLAS experiment is subsequently described in Chap.6.

In part III the search for new physics in the final state of an electron or muon and
missing transverse momentum is presented. Chapter7 briefly motivates the search
followed by a discussion of the analysis strategy in Chap.8. The analysis, including
the event and object selection, the background determination, the estimation of sys-
tematic uncertainties, and the comparison of the expected background to the data, is
presented in Chap.9. The data are subsequently analyzed using statistical methods
in Chap.10. Part III ends with Chap.11, where a summary of the obtained results
and an outlook on expected results in the future is given.
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Part IV presents the measurement of the high-mass Drell–Yan cross section. Its
structure is similar to part III. First the measurement is briefly motivated in Chap.12
and the analysis strategy is discussed in Chap.13. The actual analysis of the electron-
positron channel, including the event and object selection, the background determi-
nation, and ending with a comparison of data and expected signal and background,
is presented in Chap.14. The methodology for the cross section measurement, sys-
tematic uncertainties, and the obtained results for the high-mass Drell–Yan cross
section in the electron-positron channel are discussed in Chap. 15. Afterwards, in
Chap.16, the measurement of the muon channel is briefly discussed. It has not been
carried out in the context of this thesis but is used as an input for the calculation of
a combined cross section in Chap.17. The calculated combined cross section is in
the same chapter also compared to theoretical predictions and interpreted in terms of
sensitivity to PDFs. The part ends with Chap.18, where a summary of the obtained
results and an outlook on possible measurements in the future is given.

A general summary of all results is finally given in Chap. 19.
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Chapter 2
Theory Foundations

In the first part of this chapter, a brief introduction into the Standard Model of
particle physics and its interactions is given. This is followed by a discussion of
the formalism which is needed to describe proton–proton (pp) collisions. Also the
extraction of the needed ingredients to predict the outcome of these collisions is
described, followed by a discussion of the Drell–Yan and photon induced process.
Finally, the limitations and problems of the Standard Model are discussed and some
theories which aim to solve these limitations are presented. The chapter ends with
a discussion of models predicting new physics in the final state of a charged lepton
and neutrino. The discussion follows to large parts the discussion in [1].

Throughout this thesis, the convention � = c = 1 is used, therefore masses and
momenta are quoted in units of energy, electron volts (eV).

2.1 The Standard Model of Particle Physics

2.1.1 Overview of the Fundamental Particles and
Interactions

The Standard Model (SM) of particle physics [2] is one of the most successful
models in physics. It describes the dynamics and interactions of all currently known
elementary particles and three of the four fundamental interactions very precisely.
So far, the Standard Model survived every experimental test.

In our current understanding, matter consists of point-like particles with half inte-
ger spin, called fermions. Gauge bosons with integer spin mediate the fundamental
forces between these fermions.
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8 2 Theory Foundations

The three fundamental forces described by the Standard Model are the electro-
magnetic, the weak, and the strong interaction. The incorporation of the gravitational
force is yet an unresolved challenge. However, its strength is, at the energy scales
probed so far, negligible at the subatomic scale and its incorporation therefore not
necessary to precisely describe the fundamental interactions. Themassless photon (γ)
is the mediator of the electromagnetic interaction. It couples to particles which carry
electric charge but does not carry an electric charge itself. As the photon is massless,
the electromagnetic force has an infinite range. The weak interaction is mediated
by three different gauge bosons, the electric positively and negatively charged W±-
bosons, and the neutral Z -boson. The weak bosons couple to particles with a third
component of the weak isospin T3. The Z boson couples in addition also to particles
that carry an electric charge. TheW± bosons are the mediators of the charged current
and for example responsible for the β-decay of atomic nuclei, while the Z boson is
the mediator of the neutral current. The weak interaction is very short-ranged, as the
three gauge bosons are very heavy (mW ≈ 80.4 GeV, mZ ≈ 91.2 GeV). The strong
interaction is mediated by eight different massless and electrically neutral gluons (g).
They couple to particles carrying the so-called color charge which occurs in three
different types: red (r), green (g) and blue (b). Gluons carry color charge themselves
and as a result couple to each other. This leads, despite the fact that they are massless,
to a short range of the strong interaction. Table 2.1 lists again all gauge bosons of
the Standard Model.

All fermions interact with the weak force.1 They can be divided into three gener-
ations of leptons and quarks.

The leptons do not undergo strong interactions, since they do not carry color
charge. The electron (e), muon (μ), and tau (τ ) carry the electric charge Q/e = −1
(e is the elementary charge). They interact therefore both, electromagnetically and
weakly, whereas neutrinos (ν) do not carry an electric charge and thus interact only
weakly. Neutrinos are initially treated as massless particles in the Standard Model
although the discovery of neutrino oscillations has proven that they have a non-
vanishing mass [3]. The mass of the neutrinos has not yet been directly measured.
An upper limit of <2 eV (95% confidence level) on the anti-electron neutrino mass
has been set bymeasuring the endpoint of the electron energy spectrum for the tritium

Table 2.1 Overview of the forces described by the Standard Model and their gauge bosons

Interaction Boson Mass [GeV] Corresponding charge

Electromagnetic Photon (γ) 0 Electric charge

weak W± ≈ 80.4 Weak isospin

Z ≈ 90.2 Weak isospin/electric
charge

Strong Gluon (g) 0 Color charge (r, g, b)

1There is a difference whether a fermion has left-handed or right-handed chirality. This is discussed
in more detail in Sect. 2.1.5.
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β-decay [4]. Indirect limits from astrophysical observations indicate that the sum of
all three neutrino masses must be less than 0.3 eV [5].

Quarks carry a charge of Q/e = +2/3 or Q/e = −1/3 and interact via all three
forces, since they also carry a color charge. They can be separated into six different
flavors.

The mass of all fermions rises in the same order as their generation and varies
from (excluding the neutrinos)≈0.5MeV to≈170GeV. Their masses therefore span
many orders of magnitude. For the quarks, two different definitions of the masses
exist. The current quark mass which is the mass of the quark itself and the constituent
mass which is the mass of the quark plus the gluon field surrounding it. For the heavy
quarks (c, b, t) these are almost the same, whereas there are large differences for
the light quarks (u, d, s). The current masses of the light quarks cannot be directly
measured and thus have large uncertainties of up to 30%.

Every fermion exists as a particle as well as an antiparticle. Both have the same
mass and differ in the sign of the additive quantumnumbers. For example, the electron
carries an electric charge of Q/e = −1 whereas its antiparticle, the positron, carries
a charge Q/e = +1. The fermions of the 2nd and 3rd generation can decay via the
weak force into fermions of the lower generations. Quarks have never been observed
as free particles but occur only in bound states. Those composite particles are referred
to as hadrons and can be classified into two groups: Mesons consist of a quark and an
anti-quark and baryons consist of three quarks or three anti-quarks. All hadrons are
colorless, i.e., they are color singlet states, which are realized by combining either a
color and an anticolor for the mesons or all three colors or anticolors for the baryons.
Recently also combined states with four and five (anti-)quarks, so-called tetra- and
pentaquarks, have been observed [6–8]. Table 2.2 shows a listing of all leptons and
quarks with their charges.

2.1.2 Mathematical Structure of the Standard Model

The mathematical structure of the Standard Model is given by a gauge quantum field
theory [10]. All fundamental particles are described as excitations of quantum fields
which are defined at all points in space time. Fermions are described by fermion fields
ψ(x), also known as (Dirac-) spinors, and gauge bosons are described by vector fields
Aμ(x). The dynamics of the fundamental fields are determined by the Lagrangian
densityL (short Lagrangian). TheDirac equation for a free fermionic field describing
a fermion with a mass m is given by

(iγμ∂μ − m)ψ(x) = 0, (2.1)

and the Lagrangian for this field is given by

L = ψ̄(x)(iγμ∂μ − m)ψ(x), (2.2)



10 2 Theory Foundations

Table 2.2 Fermions of the StandardModel, divided into leptons and quarks.Given are the name, the
symbol, some quantum numbers and their masses [9]. The masses of the particles are rounded and
givenwithout any uncertainties. For the light quarks (u, d) the currentmass is given.Antiparticles are
not listed explicitly. The third component of the weak isospin is given for the left-handed fermions.
All right-handed fermions have T3 = 0

Leptons

Generation Name Symbol Color T3 Q/e Mass

1. Electron e− No −1/2 −1 0.511MeV

Electron
neutrino

νe No +1/2 0 < 2eV

2. Muon μ− No −1/2 −1 105.6MeV

Muon
neutrino

νμ No +1/2 0 < 0.19MeV

3. Tau τ− No −1/2 −1 1776.8MeV

Tau neutrino ντ No +1/2 0 < 18.2MeV

Quarks

Generation Name Symbol Color T3 Q/e Mass

1. Up u Yes +1/2 2/3 2.3MeV

Down d Yes −1/2 −1/3 4.8MeV

2. Charm c Yes +1/2 2/3 1.3GeV

Strange s Yes −1/2 −1/3 95MeV

3. Top t Yes +1/2 2/3 173.2GeV

Bottom b Yes −1/2 −1/3 4.2GeV

where γμ are the gamma matrices and ψ̄ = ψ†γ0.
The Lagrangian L is gauge invariant under global transformations of the group

U (1). Thus L is invariant under the following transformation:

ψ(x) → ψ′(x) = eiαψ(x), (2.3)

where α is a global phase with the same value at every point in space time. The
symmetry is called local, if α has different values for different points x in space
time. Performing the local phase transformation

ψ(x) → ψ′(x) = eiα(x)ψ(x), (2.4)

changes the Lagrangian by

δL = −ψ̄(x)γμ∂μα(x)ψ(x). (2.5)

It is thus not gauge invariant under local transformations of the group U (1). The
gauge invariance can be restored by replacing
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∂μ → Dμ = ∂μ + ieAμ(x), (2.6)

where Dμ is called the covariant derivative and e is, according to Noether’s theorem
[11], a conserved charge of the particle described by the fieldψ(x). It can be identified
with the usual electric charge. Aμ(x) is an introduced gauge field which transforms
under the phase transformation as

Aμ(x) → A′
μ(x) = Aμ(x) − 1

e
∂μα(x). (2.7)

The requirement of the local gauge invariance for a free fermionic field leads to
the introduction of the bosonic gauge field Aμ(x) which can be identified as photon
field, the mediator of the electromagnetic force. Inserting Eq. 2.6 in 2.2 leads to the
following Lagrangian:

L = ψ̄(x)(iγμ∂μ − m)ψ(x) − eψ̄(x)γμAμ(x)ψ(x). (2.8)

The second term hereby corresponds to an interaction of the fermionic field with the
photon field. As photons are observed as free particles, a kinetic term for the photon
field has to be added. The full Lagrangian of Quantum Electrodynamics (QED), the
theory describing the electromagnetic interactions reads then as:

LQED = ψ̄(x)(iγμ∂μ − m)ψ(x) − eψ̄(x)γμAμ(x)ψ(x) − 1

4
FμνF

μν , (2.9)

where Fμν is the electromagnetic field tensor:

Fμν = ∂μAν(x) − ∂ν Aμ(x). (2.10)

The complete Standard Model Lagrangian can be made invariant under a local sym-
metry transformation of the group SU (2)L ×U (1)Y × SU (3)C by introducing addi-
tional bosonic gauge fields which can then be identified as mediators of the funda-
mental forces. The number of bosonic gauge fields needed to be introduced is equal
to the number of generators of the symmetry group.

2.1.3 Feynman Formalism

Feynman diagrams [12] are pictorial representations of themathematical expressions
of the amplitudes of fundamental processes. The Feynman formalism will be dis-
cussed on the example of Bhabha scattering, the scattering of an electron-positron
pair e+e− → e+e− which is a simple process of QED. Figure 2.1 shows the funda-
mental Feynman vertex of QED. Solid lines represent charged leptons, whereas the
curved line represents a photon.
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Fig. 2.1 Feynman diagram representing the fundamental interaction of Quantum Electrodynamics.
The solid lines represent charged leptons, whereas the curved line represents a photon

e−, p2

e+, p1 e+, p3

e−, p4

e+, p1 e+, p3

e−, p2 e−, p4

γ
γ

Fig. 2.2 Leading order Feynman diagrams for the Bhabha scattering process

Feynman diagrams2 for the Bhabha scattering process, as shown in Fig. 2.2, can
be constructed from these fundamental vertices. From the Lagrangian LQED , the
Feynman rules can be determined to calculate the matrix element amplitude M
contributing from such a diagram.

All possible Feynman diagrams contributing to a process have to be considered
for the calculation of the exact amplitude. Each vertex in a diagram is contributing
with e. The diagrams shown in Fig. 2.2 represent the leading order (LO) amplitudes
and are contributing with e2. The first diagram is a so-called s-channel diagram,
where the electron and positron annihilate into a photon which decays again into an
electron-positron pair. The second diagram is a so-called t-channel diagram, where
the electron and positron scatter via the exchange of a photon. Both diagrams lead
to contributions which differ in their kinematic behavior. At an electron-positron
collider, the former diagram would lead to e+e−-pairs which have a larger angle to
the beam axis while the latter would lead to e+e−-pairs closer to the beam axis.

Figure 2.3 shows two higher order contributions at next-to-leading order (NLO)
and next-to-next-to-leading order (NNLO). The first diagram is a virtual higher order
correction at NNLO (also called vacuum polarization) since it has the same final state
as the leading order diagram. The second diagram is a real higher order correction
at NLO since an additional photon is emitted which also occurs in the final state.

2In this thesis the time axis is always along the abscissa.
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Fig. 2.3 Higher order Feynman diagrams

A matrix element amplitude M is defined for a single point in phase space. To
obtain a cross section σ of a process, the amplitude has to be integrated over the
available phase space. Fermi’s golden rule [13] can be used which connects the
amplitudes M and the available phase space to calculate the cross section. For the
Bhabha process it can be expressed as:

σ = S

4
√

(p1 · p2)2 − (m1m2)2

∫
|M|2(2π)4δ4(p1 + p2 − p3 − p4)

×
4∏

j=3

2πδ(p2j − m2
j )�(p0j )

d4 p j

(2π)4
. (2.11)

Here, p1 and p2 denote the fourmomenta of the incoming particleswhereas p3 and p4
denote the fourmomenta of the outgoing particles. The factor δ4(p1 + p2 − p3 − p4)
ensures four-momentum conservation and the particles are forced to be on their mass
shell by the factor δ(p2j − m2

j ). The �-function ensures that the outgoing particles
have positive energies. S is a factor correcting for double counting in case there are
identical particles in the final state. When calculating |M|2, also additional terms
occur which account for the interference of both diagrams.

If the contribution σ(n) from all diagrams of the same order n is calculated, the
complete cross section of a process can be written down as an expansion in powers
of αem :

σ =
A∑

n=1

σ(n)αn
em , (2.12)

A is the highest order to which the coefficients σ(n) are known and αem = e2/4π the
electromagnetic fine structure constant. For an exact calculation all possible Feynman
diagrams would have to be taken into account. Calculations at lower orders are only
a good approximation for the total cross section if αem is small and therefore the
amplitudes from higher orders are suppressed accordingly. This is in case of QED a
valid assumption, whereαem ≈ 1/137. However, in the case of the strong interaction,
the coupling constant αs can become very large and a calculation using Eq.2.12 is
no longer appropriate.

When calculating a cross section there are virtual loop diagrams of higher order
in αem (for example the left diagram in Fig. 2.3) which lead to divergences in the
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calculation of σ(n). These divergences occur during the integration over all possible
momenta of the loop particles. To handle these divergences, a cutoff � is introduced
which needs to be taken to infinity again at the end of the calculation. The divergent
terms appear in form of additions to the coupling constant:

αem,physical = αem + δαem . (2.13)

The additions δαem are infinite in the limit� → ∞. The actual bare coupling constant
αem must therefore contain compensating infinities to obtain the physical valuewhich
is measured in experiment. The coupling constant is so-called ’renormalized’. An
illustrative explanation is that the infinite charge is screened by charges coming from
vacuum polarization in such a way that the measured charge is finite.

Renormalization leads, due to finite correction terms independent of�, to a depen-
dency of the coupling constant3 on the scale ofmomentum transfer Q2 and an unphys-
ical renormalization scale μ2

R . The cross section σ now also depends on μR due to the
dependency of αem . Since μR is an unphysical quantity, the physical result σ must
be independent of the choice of μR , which leads to the equation:

μR
d

dμR
σ(μR) = 0. (2.14)

This equation holds exactly ifσ(μR) is calculated up to all orders. If this is applied on a
finite order approximation, the numerical result will depend on the choice unphysical
scale μR . The dependency on the choice of μR gets lower when higher orders are
calculated and can be interpreted as a theoretical uncertainty on the knowledge of σ.

2.1.4 The Strong Interaction

Quantum Chromodynamics (QCD) [14] is the theory describing the strong inter-
actions. It is a gauge field theory that describes the strong interactions of colored
quarks and gluons. The corresponding symmetry group is the SU (3)C , which has
N 2
C − 1 = 8 generators4 which can be represented by the Gell-Mann matrices λi ,

i = 1, 2, 3, . . . , 8. The requirement ofLQCD to be local gauge invariant under trans-
formations of the group SU (3)C leads to following Lagrangian of the QCD

LQCD =
∑

q

ψ̄q,a(iγ
μ(Dμ)ab − mqδab)ψq,b − 1

4
GA

μνG
μν
A , (2.15)

3There are additional loop diagrams which lead to the running of the masses of the leptons.
4NC = 3 is the number of color charges.
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where repeated indices are summed over. ψq,a are the quark-fields of flavor q and
mass mq , with a color-index a or b that runs over all three colors. The covariant
derivative is given by

(Dμ)ab = ∂μδab + igs
λC
ab

2
AC

μ . (2.16)

The gauge fields AC
μ correspond to the gluons fields, with C running over all eight

kinds of gluons. The quantity gs is the QCD coupling constant which can be rede-
fined to an effective “fine-structure constant” for QCD by αs = g2s /4π. It is usual in
literature to call also αs the strong coupling constant. Finally, the gluon field strength
tensor is given by

GA
μν = ∂μAC

ν − ∂νAρ
μ − gs f ABCAB

μAC
ν [λA,λB] = i f ABCλC , (2.17)

where f ABC are the structure constants of the SU (3)C group. The last term in the
gluon field tensor occurs due to the non-Abelian structure of the SU (3)C group. It
corresponds to the self coupling between the gluons.

At LO the dependency of αs on Q2 can be written as

αs(Q
2) = αs(μ

2)

1 + αs(μ2)β0 ln
Q2

μ2

β0 = 33 − 2N f

12π
, (2.18)

where μ2 is a reference scale where αs is known. The factor β0 is the leading order
coefficient of the perturbative expansion of the β-function [14] which predicts the
running of αs , and N f the number of quark flavors contributing at this scale Q2. The
QCDcoupling constant decreases for high values of Q2 (small distances)which leads
to quasi free quarks. This behavior is called “asymptotic freedom”. At small values
of Q2 (large distances) the coupling constant increases. If αs is in the order of unity
observables cannot any longer be calculated as an expansion in powers of αs . The
value for αs at the scale of the mass of the Z boson is αs(m2

Z ) = 0.1181 ± 0.0013
[9]. QCD at a scale where αs is small enough to calculate observables perturbatively
according to Eq.2.12 is called perturbative QCD. The scale where αs gets greater
than unity and perturbative expansions start to diverge is called �QCD ≈ 220 MeV.5

Figure 2.4 shows a summary of measurements of αs as a function of the energy
scale Q.

The properties of QCD can be further understood by introducing an effective
potential between two quarks in a meson. It is empirically found that the potential
has a Coulomb behavior ∝ 1/r at short distances and a linear rising potential ∝ r
at larger distances. Hence, if two quarks are tried to be separated it is from a certain
distance on energetically favorable to produce a newquark-antiquark-(qq̄)-pair out of
the vacuum. These can then build hadrons, new colorless bound states. The process of
building these colorless states is called hadronization. This feature of QCD is called
“confinement”, meaning that there are no free quarks and gluons. If a high energetic

5For using all flavors up to the b-quark.
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QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)
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Fig. 2.4 Summary of measurements of αs as a function of the energy scale Q. Figure taken from
Ref. [9]

quark or gluon is produced, it can loose energy by radiating additional gluons, up to
an energy scale where confinement occurs and hadrons are formed. This leads to a
collimated shower of hadrons which is also called jet.

2.1.5 The Electroweak Interaction and Spontaneous
Symmetry Breaking

Historically the electromagnetic and weak interactions were treated as two separate
theories. An unification of these two theories, the electroweak theory, was developed
by Glashow, Salam and Weinberg [15–17].

Based on the observation that the charged current only couples to left-handed
particles, the quantum number of the weak isospin T can be introduced. The weak
forces are now constructed in such a way that the corresponding gauge bosons couple
to the third component of the weak isospin T3. By exploiting the isospin formalism
[18], left-handed fermions can be grouped into doublets with T = 1/2 and thus T3 =
±1/2. All right-handed fermions form a singlet with T = 0, T3 = 0 and as a result
they do not undergo charged current interactions. To describe the electromagnetic
interaction, which couples to both left-handed and right-handed particles, the weak
hypercharge Yw is introduced. Analogous to the Gell-Mann–Nishijima formula [19],
the electric charge Q and the third component of the weak isospin T3 can be related
to the weak hypercharge Yw by:
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Q = T3 + Yw
2
. (2.19)

The corresponding symmetry group related to the weak isospin is the group SU (2)L
which has three generators Ti = σi/2, given by the Pauli matrices σi . L in this
context stands for left-handed. The three bosonic vector fields corresponding to
these generators are W 1

μ , W
2
μ and W 3

μ and only couple to left-handed particles. The
symmetry group associated to the weak hypercharge is the group U (1)Y which has
one generator and thus one gauge field Bμ. These two groups build up the symmetry
group of the electroweak theory SU (2)L ×U (1)Y . The requirement of local gauge
invariance under this symmetry group leads to the following Lagrangian:

LEW =
∑

j

ψ̄L
j iγ

μDμψ
L
j +

∑

j,σ

ψ̄R
jσiγ

μDμψ
R
jσ − 1

4
Wi

μνW
μν
i − 1

4
BμνB

μν , (2.20)

where j is the generation index, ψL are the doublets of the left-handed fermion fields
and ψR are the right-handed fermion fields with the component for the flavor σ. Dμ

is the covariant derivative:

Dμ = ∂μ − ig
œ
2

W¯ + ig′ YW
2

Bμ. (2.21)

There are two coupling constants, g for SU (2)L and g′ forU (1)Y . The corresponding
field strength tensors are

Wi
μν = ∂μW

i
ν − ∂νW

i
μ + gεi jkW

j
μW

k
ν ,

Bμν = ∂μBν − ∂νBμ.
(2.22)

The symmetry group SU (2) is a non-Abelian group which leads to a self coupling
of the W fields. This is shown by the third term of the corresponding field strength
tensor, which couples these components. The physical mass eigenstates W±

μ can be
obtained via a linear combination of W 1

μ and W 2
μ :

W±
μ = 1√

2
(W 1

μ ∓ iW 2
μ) (2.23)

and the Z boson Zμ and photon field Aμ via a rotation of the fieldsW 3
μ and Bμ about

the weak mixing angle θW

(
Aμ

Zμ

)
=

(
cos θW sin θW

− sin θW cos θW

) (
B0

μ

W 3
μ

)
. (2.24)

In 1983, the W± and Z boson have been discovered at the Spp̄S collider at CERN
[20–23]. Mass terms would violate the electroweak gauge symmetry, hence the W±
and Z boson also have to bemassless, as they are a linear combination of themassless
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fields W 1
μ , W

2
μ , W

3
μ and B0

μ. This is in contrast to the experimental observation. The
electroweak gauge symmetry therefore has to be broken.

By using the mechanism of spontaneous symmetry breaking, theW and Z bosons
can acquire mass while the photon remains massless. This is done by introducing a
single complex scalar doublet field

�(x) =
(

φ+(x)
φ0(x)

)
, (2.25)

called Higgs field [24], with its Lagrangian

LH = (Dμ�)†(Dμ�) − V (�), (2.26)

where the potential V (φ) is given by

V (�) = −μ2�†� + λ

4
(�†�)2. (2.27)

The potential is invariant under the local gauge transformations of SU (2)L ×U (1)Y .
It is constructed in such a way that V (�) has for μ2 > 0 and λ > 0 a degen-
erate ground state �†� = − 4μ2

λ
= v2 with a non-vanishing vacuum expectation

value v. The ground state 〈�〉 = 1√
2

(
0
v

)
can now be chosen in such a way that

the SU (2)L ×U (1)Y -symmetry is broken to U (1)EM . If � is expanded around the
vacuum expectation value [25], it is found to have the following form:

�(x) ≈ 1√
2

(
0

v + H(x)

)
. (2.28)

The field H(x) describes a physical neutral scalar, called Higgs boson with the mass
mH = μ

√
2. In July 2012 a new boson consistent with the Higgs boson was observed

by ATLAS [26] and CMS [27] at the LHC. Its mass has until now been measured to
be 125.09 ± 0.24GeV[28].

The three additional degrees of freedom of� are absorbed, leading to mass terms
for three out of four physical gauge bosons:

mW = 1

2
vg mZ = 1

2
v
√

g2 + g′2. (2.29)

The photon remains massless. As LH is invariant under the local gauge transfor-
mations of the electroweak symmetry group, adding LH does therefore not break
the gauge symmetry of the electroweak Lagrangian. At the same time the W and Z
boson have obtained a mass. The ratio of the masses of the massive bosons can at
leading order (LO) be expressed as

cos θW ≈ mW

mZ
, (2.30)
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and the relation of the coupling constants can be expressed as

g sin θW = g′cosθW = e. (2.31)

These relation can be tested within the Standard Model. Also the masses of the
fermions, which were also required to be massless, can be explained by a Yukawa
coupling to the scalar Higgs field. In the unitarity gauge the Lagrangian has the
simple form:

LYukawa = −
∑

f

m f ψ̄ f ψ f −
∑

f

m f

v
ψ̄ f ψ f H . (2.32)

Hence, the fermions couple to the Higgs field with a coupling constant equal to their
mass. This relation and other properties of the Higgs mechanism have still to be
measured precisely. So far all measurements are in agreement with the predictions
made by the electroweak theory and the Higgs mechanism.

2.2 The Phenomenology of Proton–Proton Collisions

Protons are baryons and therefore composite objects whose complicated dynamics
cannot be calculated in the framework of QCD. This compositeness complicates
the description of a proton–proton collision with respect to a collision at a lepton
collider, where point-like particles collide. The quantum number of the baryons are
given, according to the quark-model, by the three valence quarks. For the proton these
are two u-quarks and one d-quark. The valence quarks are bound by the exchange
of gluons. During this exchange, several processes can occur. For instance a gluon
can split into a qq̄-pair. These dynamically changing quarks are called sea quarks,
since they form a “sea” of qq̄-pairs. Also the valence quarks or a gluon itself can
radiate a gluon. All objects in the proton, gluons, valence- and sea-quarks are named
partons. These processes often happen below the scale of �QCD and can hence not
be described with perturbative QCD. A phenomenological model has therefore been
developed to describe hadron-hadron collisions.

During inelastic hadron-hadron collisions, the objects do not interact as a whole,
but only the partons inside of the hadrons. As a consequence, not the whole center of
mass energy of the colliding protons is available in a proton–proton collision. Figure
2.5 shows a schematic view of such a scattering process. Two protons A and B collide
and the partons a and b, which carry a momentum fraction xa and xb of the proton,
scatter in the hard scattering process with a cross section σ̂. The probability to find
a parton with a given x inside the proton is parametrized by the parton distribution
functions (PDF) fa/A(xa)/ fb/B(xb).

Quarks and gluons produced in a collision are colored objects and cannot exist
as free particles. They will radiate further gluons or split into qq̄-pairs leading to a
cascade of partons, called parton shower. These parton showers stop once a scale
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Fig. 2.5 Schematic view of
a hard scattering process
with a cross section σ̂. The
incoming protons are labeled
with A and B, the scattered
partons with the momentum
fraction xa,b of the proton
are labeled as a and b. The
probability to find these
partons at a given
momentum fraction x is
parametrized by the parton
distribution functions
fa/A(xa)/ fb/B(xb). Figure
taken from Ref. [29]

is reached at which hadrons form. This process is called hadronization. Also the
protons have taken out a parton and are thus left in a colored state leading to the
color production of additional partons. These partons are together with initial- and
final-state radiation and multiple interactions of partons inside the protons referred
to as underlying event. A proton–proton collision is therefore a complicated process
which does not only require the understanding of the hard scattering process but also
all further processes which are occurring. These processes are described in more
detail in Sect. 3.2. In the following only the calculation of the hard scattering process
will be discussed.

2.2.1 The Structure of Protons

As discussed previously, the hadron-hadron cross section for an inelastic hard scat-
tering process cannot be calculated directly with perturbative QCD, since physics
processes of all scales in Q2 are involved. It was first pointed out by S.D. Drell
and T.-M. Yan [30] that the parton model which was developed by Feynman [31] to
describe lepton-hadron scattering, can be extended to also describe hadron-hadron
scattering. The main idea is to separate the perturbatively calculable short distance
interactions and the non perturbative long distance interactions. The part calculable
with perturbative QCD is given by the subprocess cross section σ̂, which can be cal-
culated using the Feynman rules discussed in Sect. 2.1.3. The non-perturbative part
has to be described by functions which cannot be calculated but have to be extracted
from measurements. These functions parametrize the probability to find a parton of
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q

q̄

q

q̄

Q2 < Q2
res Q2 > Q2

res

Fig. 2.6 Diagram of a gluon that splits into a quark-antiquark pair, which annihilates back to a
gluon. The blue circle indicates the resolution due to the Q2 of the process. In the left case the
quark-antiquark pair cannot be resolved whereas in the right case it can be resolved

a certain flavor at a certain momentum fraction x of the hadron. The factorization
theorem can then be used to calculate the proton–proton cross section σAB for a
specific hard process σ̂ab→X :

σAB =
∑

a,b

∫
dxadxb fa/A(xa) fb/B(xb) σ̂ab→X (xa, xb). (2.33)

The PDFs fa/A(xa)/ fb/B(xb) have, besides the dependency on x , a dependency on
the Q2 value at which a certain process takes places. An illustrative explanation can
be seen in Fig. 2.6. A higher momentum transfer results in a higher spatial resolution.
If the Q2 of the process, which corresponds to a certain resolution, is below a certain
Q2

res , additional substructures cannot be resolved. If the momentum transfer is above
this scale, additional processes can be resolved. This fact leads to a dependency of
the PDFs on the momentum transfer Q2, since in the latter case the probability to
find additional partons is higher.

The probability for a parton i to emit a parton f or to undergo a splitting that
yields a parton f is described by the corresponding Altarelli–Parisi [32] splitting
functions Pi f (z), where 1 − z is the fraction of momentum carried by the emitted
parton. These splitting functions can be expressed as perturbative expansions:

Pi f (z,αs) = P (0)
i f (z) + αs

2π
P (1)
i f (z) + · · · . (2.34)

They are at themoment calculated up toNLOandNNLO [33]. The splitting functions
have four different forms: Pqq− a quark radiates a gluon, Pqg− a quark radiates a
quark and becomes a gluon, Pgq− a gluon radiates a quark and becomes a quark,
Pgg− a gluon radiates a gluon. The dependency of the parton distributions qi and g
on Q2 can be determined using the splitting functions with the DGLAP equations6:

6Dokshitzer–Gribov–Lipatov–Altarelli–Parisi equations.
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∂qi (x, Q2)

∂ log Q2
= αs

2π

∫ 1

x

dz

z

⎧
⎨

⎩

∑

j

Pqi q j (z,αs)q j

(
x

z
, Q2

)
+ Pqig(z,αs)g

(
x

z
, Q2

)
⎫
⎬

⎭

∂g(x, Q2)

∂ log Q2
= αs

2π

∫ 1

x

dz

z

⎧
⎨

⎩

∑

j

Pgq j (z,αs)q j

(
x

z
, Q2

)
+ Pgg(z,αs)g

(
x

z
, Q2

)
⎫
⎬

⎭
.

(2.35)
The PDFs depend now on Q2 and the factorization theorem has now to be written
as:

σAB =
∑

a,b

∫
dxadxb fa/A(xa,μ

2
F ) fb/B(xb,μ

2
F ) × [σ̂0 + αs(μ

2
R)σ̂1 + · · · ]ab→X .

(2.36)
Here μF is the factorization scale, which can be thought of as the scale that sepa-
rates the long- and short-distance physics. The partonic cross section σ̂ is now also
expressed as a perturbative expansion in αs . Formally the cross section calculated
in all orders of perturbation theory is independent from the choice of the parameters
μR and μF . However, in the absence of a complete set of higher order corrects, it is
necessary tomake a specific choice. Different choices will lead to different numerical
results which is a reflection of the theoretical uncertainty. The partonic cross section
and the splitting functions have to have the same order in αs , to be consistent.

2.2.2 Determination of Parton Distribution Functions

The full x dependency of the PDFs can currently not be predicted. Thus this depen-
dency has to be extracted somewhere else, usually from global QCD fits to sev-
eral measurements. Most important for the determination are the results from deep
inelastic scattering (DIS) where a proton is probed by a lepton. The most precise
measurement of protons was done by the H1 [34] and ZEUS [35] experiments at
the HERA accelerator. These measurements are predominantly at low x and cannot
distinguish between quarks and antiquarks. There are also DIS measurements done
at fixed-target experiments, e.g. [36], which are at higher x . Jet data from collider
experiments, e.g. [37, 38], cover a broad range on x and Q2 and are especially
important for the high x gluon distribution.

To extract the x-dependence from these measurements, first a scale Q0 has to be
chosen at which a generic functional form of the parametrization for the quark and
gluon distributions is used

F(x, Q2
0) = AxB(1 − x)C P(x; D, . . .). (2.37)

The parameters B and C are physically motivated. Parameter B is associated to the
behavior at small-x whileC is associated to the large-x valence counting rules. How-
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ever, they are not sufficient enough to describe either quark or gluon distributions.
Thus the term P(x; D, . . .) is a suitable smooth function which adds more flexibil-
ity, depending on the number of parameters. The parametrization scale Q0 is often
chosen to be in the range 1–2 GeV. This is above the region where αs is large and
not in the region where the extracted PDF is used. The functional form with a set of
start parameters is evolved in Q2 and convoluted with the partonic cross section to
predict a cross section which can be compared to the actual measurements. For the
measured and calculated cross sections a χ2 is calculated. The starting parameters
are now deduced by minimizing the χ2. Once these parameters are determined, the
PDFs can, starting from the parametrization scale, be evolved to any Q2 using the
DGLAP equations.

The extracted PDFs have uncertainties corresponding to the experimental uncer-
tainties of the measurements used for the global fit. These uncertainties can be prop-
agated to uncertainties on the deduced parametrization parameters. However, the
propagation of these uncertainties to the PDFs cannot be done straight forward,
since some of the parametrization parameters are highly correlated. To calculate sets
of uncertainties which are uncorrelated and can be directly propagated, often the
Hessian method is used [39]. In this method the n × n covariance matrix (n is the
number of parameters) is build for the up and down variation of the parameters by
either 68 or 90% confidence level. This matrix can then be rotated into an orthogonal
eigenvector basis. The result are 2n eigenvector sets (one set for the up and one set for
the down variation) which allow the uncorrelated propagation of the fit uncertainties.
These eigenvector sets for up (X+

i ) and down (X−
i ) variation can then be combined

to an asymmetric uncertainty �X+
max and �X−

max on the PDF or an observable using
the PDF with following formula:

�X+
max =

√√√√
2n∑

i=1

[max(X+
i − X0, X

−
i − X0, 0)]2

�X−
max =

√√√√
2n∑

i=1

[max(X0 − X+
i , X0 − X−

i , 0)]2,
(2.38)

where X+
i and X−

i are the respective up and down variations of source i and X0

denotes the central value. �X+
max adds in quadrature the PDF uncertainty contribu-

tions that lead to an increase of the observable X , and �X−
max the PDF uncertainty

contributions that lead to a decrease.
Additional uncertainties arise from the chosen parametrization at Q0 and the value

of αs used in the evolution. There are different approaches for the treatment of these
uncertainties.

The extraction of these PDFs is usually done by different groups of theorists and
experimentalists specialized to this topic. The extracted PDFs are then made public
in a certain order of αs which is given by the order of the splitting functions used
for the DGLAP evolution. Figure 2.7 shows the NNLO PDF with its corresponding
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Fig. 2.7 MSTW2008NNLO PDF set as a function of Bjorken-x for quarks and gluons (divided by
a factor 10) shown at a scale of Q2 = 10 GeV2 on the left and Q2 = 104 GeV2 on the right. The
uncertainty of the PDFs is indicated by an uncertainty band. Figure taken from Ref. [40]

uncertainties extracted by the MSTW group [40]. The distributions of quarks and
gluons at Q2 = 10 GeV2 and Q2 = 104 GeV2 are shown. The distributions show
an increase with decreasing x due to the increasing contributions from the sea. At
higher x around ≈ 1/3 the u and d distributions have a peak which corresponds to
valence part of the proton. At higher Q2 these peaks are getting less significant and
the sea part is contributing more to higher values of x .

2.2.3 The Drell–Yan Process

TheDrell–Yanprocess [30] is the production of a lepton pair �+�− at a hadron collider
by quark-antiquark annihilation. In the basic Drell–Yan process, the qq̄-pair annihi-
lates to a virtual photon qq̄ → γ∗ → �+�−. From now on this process is discussed
for the case of a decay into an electron-positron pair. The cross section for this process
at leading order can easily be obtained from the fundamental QED e+e− → μ+μ−
cross section, with the addition of appropriate color and charge factors [29]:

σ̂(qq̄ → γ∗ → e+e−) = 4πα2

3ŝ

1

NC
Q2

q , (2.39)
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where Qq is the charge of the quarks, ŝ the squared center of mass energy of the
incoming partons and 1/NC = 1/3 is a color factor, taking into account that only
three color combinations are possible since the intermediate state has to be colorless.
The partonic center of mass energy is equal to the virtuality of the photon and the
invariant mass of the electron-positron pair:

√
ŝ = mγ∗ = me+e− =

√
(pe+ + pe−)2, (2.40)

where pe+ and pe− are the momentum four vectors of the positron and electron,
respectively. Hence, looking at the invariant mass of the lepton pair the cross section
has a strongly falling behavior σ̂ ∝ 1/m2

e+e− . If me+e− ≈ mZ , the process can also
take place via the exchange of a Z boson qq̄ → Z → e+e−, leading to a Breit–
Wigner resonance in the spectrum of the invariant mass nearmZ . These two possible
processes, the exchange via a virtual photon and the exchange via a Z boson interfere.

The four vectors of the incoming partons can bewritten as (assumingmparton = 0)

pμ
a =

√
s

2
(xa, 0, 0, xa), pμ

b =
√
s

2
(xb, 0, 0,−xb), (2.41)

where s is the squared center of mass energy of the hadrons which is related to
the partonic quantity by ŝ = xaxbs. Using the four vectors, the rapidity ye+e− =
1
2 log(

E+pz
E−pz

) of the e+e−-pair can be expressed as

ye+e− = 1

2
log

(
xa
xb

)
, (2.42)

and hence
xa = me+e−√

s
e+ye+e− , xb = me+e−√

s
e−ye+e− . (2.43)

Thus different invariant masses me+e− and different rapidities ye+e− probe different
values of the parton x .

Figure 2.8 shows the relationship between the variables x and Q2 and the kine-
matic variables corresponding to a final state of mass M and produced with rapidity
y. Also shown are the regions of phase space each experiment can reach.

The DIS experiments have access to lower values of Q2, HERA probes lower
values of x and fixed target experiments higher values of x . The kinematic plane for
the LHC is shown for a center of mass energy of

√
s = 7 TeV. A broad range in both

variables, x and Q2, is covered by the LHC. The measurement of the Drell–Yan pro-
cess starting at invariant masses above the Z -resonance (me+e− > 116 GeV) probes
values of x > 10−2 when going up to higher rapidities even reaching approximately
values of x ≈ 10−3 to x ≈ 1. Since for Drell–Yan production an antiquark is needed,
a cross section measurement is especially sensitive to the ū- and d̄-distributions at
higher x .
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For the Drell–Yan process usually the factorization scale and renormalization
scale are set to the mass of the process μR = μF = me+e− . This convention is also
used in this analysis for all theoretical calculations.

2.2.4 The Photon Induced Process

So far only the production of lepton pairs �+�− via the Drell–Yan process has been
discussed. The quarks in the proton carry electric charges themselves and hence
cannot only radiate gluons but also photons. This means that besides the partonic
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Fig. 2.9 Leading order Feynman diagrams for the photon induced production of dilepton pairs

structure of the proton, there is also a photonic structure. These photons can, via
the so-called photon induced process, also produce lepton pairs. The leading order
Feynman diagrams for this process are shown in Fig. 2.9. The left diagram corre-
sponds to a t-channel diagram and the right diagram to a u-channel diagram. The
photon induced process has at leading order no s-channel diagram and therefore dif-
ferent kinematic properties than the Drell–Yan process. Lepton pairs are produced
via scattering of the two photons and hence the photon induced process has a higher
contribution at small angles with respect to the direction of the incoming photons.

The photon part of the proton can be accounted for by introducing a photon PDF
and calculating the evolution in Q2 with modified DGLAP equations. Many of the
standard PDFs used at the LHC do not include this photon part. Only three PDFs are
currently published which also take into account this part: the MRST2004qed PDF
set [42], the NNPDF2.3qed PDF set [43], and the CT14qed PDF set [44].

The γγ-initiated contribution becomes a significant part of the dilepton production
at high invariant masses. The knowledge of this process is therefore an important
input for analyses searching for a heavy resonance decaying into lepton pairs.

The proton itself is also charged and can radiate photons which can produce lepton
pairs via elastic scattering of the protons. However, the photon induced process in
this thesis refers to the inelastic scattering of the protons which is dominant at high
invariant masses of the dilepton pair.

2.2.5 Recent Results

The Drell–Yan process was measured at several hadron-hadron colliders, but the
region above the Z -resonance was only measured by the experiments at the Tevatron
collider7 and theLHC.TheCDF experiment at the Tevatron hasmeasured the double-
differential cross section binned in invariant mass and rapidity for the region 66 GeV
< me+e− < 116GeVandme+e− > 116GeVat

√
s = 1.8TeV [45]. Themeasurement

7Tevatron is a proton-antiproton collider at Fermilab and was operated at
√
s = 1.8 TeV and

√
s =

1.96TeV.
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is in good agreement with NLO predictions, but was performed with an integrated
luminosity of only 108pb−1 and thus has quite low statistics. There are additional
measurements of the differential cross section binned in rapidity in the region of the
Z -resonance at

√
s = 1.96 TeV using 0.4 fb−1 by the D0 experiment [46] and using

2.1 fb−1 by the CDF experiment [47]. The Tevatron experiments were able to reach
up to invariant masses of approximately 500 GeV.

Precise measurements of the region above the Z -resonance can be, due to the new
kinematic region, for the first time performed at the LHC. The CMS experiment has
measured the invariant mass spectrum of the Drell–Yan process at

√
s = 7TeV up to

600 GeV using 36 pb−1 of data [48]. Additionally there are two measurements of the
differential cross section at

√
s = 7TeV and

√
s = 8TeV in twomass windows from

120 to 200 GeV and 200 to 1500 GeV, binned in rapidity and using 4.5 fb−1 and 19.7
fb−1 of data [49, 50]. A measurement of the differential cross section at

√
s = 7 TeV

binned in invariant mass up to 1.5 TeV using 4.9 fb−1 of data has been performed
by the ATLAS experiment [51]. The latter three analyses for the first time pointed
out the importance of the γγ-initiated processes at high invariant masses. The CMS
measurement treated this contribution as a background to obtain the pure Drell–Yan
contribution, while the ATLAS measurement treated this contribution as part of the
signal. This allowed to use the measurement as an input for the determination of the
photon PDF by the NNPDF collaboration [43].

2.3 Physics Beyond the Standard Model

2.3.1 Limitations of the Standard Model

The Standard Model of particle physics is one of the best tested theories in physics.
Based on the concepts of the Standard Model many predictions were made, for
example the existence of the top-quark or the Higgs bosons, and later on confirmed
by experimental observations. Also the parameters of the Standard Model are par-
tially tested very precisely. The anomalous magnetic moment of the electron shows
for example agreement between theory and the experimentally measured value to
more than 10 significant figures [52, 53]. Although not yet proven to be wrong, the
Standard Model has several conceptual problems or is not able to describe observed
phenomena. Some of these phenomena/problems are in the following discussed.

Neutrino mass The observation of neutrino-oscillations has proven that neutrinos
have to have a mass. The Standard Model does not include a right-handed spinor for
neutrinos. As long as neutrinos do not have mass, there is also no reason to include it.
If neutrinos are Dirac particles,8 then a mass term requires the inclusion of the right-
handed spinor into the Standard Model. However, it seems unsatisfactory to have a
state included in the Standard Model which does not undergo any of the interactions.

8Meaning that they have spin 1/2 and both, a neutrino and an anti-neutrino exists.
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In addition, there is the question why the mass of the different neutrinos does not lie
in the range of the masses of the other leptons, but is several orders of magnitude
smaller.

Dark matter and dark energy Themeasurement of the rotation velocity of the lumi-
nous matter in galaxies as a function of the distance from the galactic center showed
that the velocity is roughly constant from a certain distance on [54]. This observation
is in contrast to the expectation that the velocity should decrease with the distance
due to the lower gravitational attraction. A simple explanation for this behavior is
the existence of a non-luminous dark matter halo in the galaxy. The existence of
this dark matter is by now supported by many other astrophysical observations like
measurements of the cosmic microwave background [55] or the observation of grav-
itational lensing [56]. Due to its observed properties, a dark matter candidate cannot
couple via the strong or electromagnetic interaction. The only candidate within the
Standard Model would therefore be the neutrino, since it only acts through the weak
interaction. However, measurements have shown that neutrinos can only account for
a small part of the darkmatter and hence a suitable darkmatter candidate is still miss-
ing. Even less understood is the existence of dark energy. Observations show that the
expansion of the universe is accelerating. For the acceleration some kind of energy
is needed, called dark energy. Measurements of the cosmic microwave background
[57] show, that our universe contains to about 27% darkmatter, 68% dark energy, and
only 5% ordinary matter. The Standard Model of particle physics explains therefore
only about 5% of the energy content of the universe and can clearly not be the final
answer.

Grand unification The unification of the electric and magnetic force to the electro-
magnetic force and the further unification with the weak force to the electroweak
force have motivated the idea that all observed forces are different manifestations of
the same force. A further unification is also motivated by the experience that unified
theories have a lot of predictive power. A grand unification theory is a theory that
proposes a single gauge symmetry as source for all Standard Model interactions. In
1974 Glashow and Georgi proposed a model based on the group SU (5) [58] which is
the simplest group containing the Standard Model. However, these type of theories
often predict the decay of the proton which has not yet been observed. A complete
theory should not only unify the three forces of the Standard Model but also include
gravity.

Matter-antimatter asymmetry In the big bang, particles and antiparticles should
have been created in almost the same amount. Considering only the amount of CP
violation predicted by the Standard Model, they should have annihilated almost
completely again. However, a much larger amount of matter is observed in our
universe which requires additional CP violation which cannot be accounted for by
the Standard Model.

The hierarchy problem The previous arguments have shown that there are good
reasons to believe that the Standard Model is only an effective theory. Effective
theories are usually valid up to some energy scale� at that new physics occurs which
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needs to be described by a more complete theory. In the Standard Model, the Higgs
mass receives correctionswithO(�2). If the StandardModel is valid up to a very high
energy scale, then the corrections are much larger than the actual mass of the Higgs.
This means that the bare mass parameter of the Higgs in the Standard Model must
be fine tuned in a way that almost completely cancels the quantum corrections. This
precise tuning seems to be unnatural and the corresponding philosophical problem
is called hierarchy or naturalness problem.

2.3.2 Theories Beyond the Standard Model

Theories which extend the Standard Model do solve some of the problems described
above and they are usually referred to as theories beyond the StandardModel (BSM).
Some of the most prevalent theories are in the following briefly introduced.

Supersymmetry In Supersymmetry (SUSY) [59] a symmetry is introduced which
relates the two basic classes of particles: bosons and fermions. Each particle is asso-
ciated with a superpartner, all fermions with a superpartner of integer spin and each
bosonwith a superpartner of half integer spin. Some particles can havemore than one
superpartner, the Higgs boson has for example several superpartners which can also
be charged. If supersymmetry would be an exact symmetry, these pairs superpartners
should have the same mass and internal quantum numbers (besides spin). However,
this is not what is observed by experiments, for example no particle with spin 0
and the mass of the electron has been observed. Supersymmetry must therefore be
a broken symmetry and their superpartners differ in mass. The symmetry breaking
leads to the introduction of a lot of new parameters in the theory which is an often
criticized feature of the theory.

Supersymmetry is able to solve a lot of the problems mentioned above. In super-
symmetry each particle has a quantum number related to it, called R-parity. All
Standard Model particles have R-parity of +1 while all supersymmetric particles
have R-parity of −1. In R-parity conserving theories, the lightest supersymmetric
particle (LSP) cannot further decay into Standard Model particles and is therefore
a natural candidate for dark matter. In the Standard Model, the weak, strong, and
electromagnetic coupling constant fail to unify at high energies. Supersymmetry can
lead to the unification of the coupling constants at the scale of about 1016 GeV and
therefore to a unification of all three forces. At the same time, the supersymmetric
particles contribute to the loop corrections of the Higgs mass with a negative sign.
They cancel therefore the corrections and lead naturally to the Higgs mass which
is observed in experiment. The latter is also one of the largest weak spots of the
theory. In order to avoid further fine tuning of the bare Higgs mass, supersymmetry
needs to be realized at the scale of electroweak symmetry breaking (O(100GeV)).
The higher the scale of supersymmetry is, the more fine tuning needs to be applied.
Since no supersymmetric particles have been found so far by the LHC experiments,
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the scale must be above the scale of O(1TeV). This leads to the fact that even with
supersymmetry, fine tuning is most likely needed to some extend.

Extra dimensions Another class of extensions to the Standard Model are theories
extending the usual (3 + 1)-dimensional space time. In these theories, a (3 + δ + 1)-
dimensional space time is assumed with δ additional spacial dimensions. The usual
(3 + 1)-dimensional space time is in these theories referred to as brane on which the
Standard Model lives. Another formulation of the hierarchy problem is the question
why the scale of gravity is so much higher (O(1019 GeV)) than the scale of elec-
troweak symmetry breaking. These classes of theories solve the hierarchy problem
by explaining that gravity is so weak compared to all the other forces since only
the graviton9 can propagate to these extra spacial dimensions. Two prominent theo-
ries are a model proposed by Arkani-Hamed, Dimopoulos, and Dvali (ADD model)
[60] and the Arkani-Hamedmodel [61]. Since no extra dimensions are observed,
these need to be compactified. This compactification is achieved in these models by
different mechanisms.

Left-right symmetry In the electroweak theory parity violation is constructed by
forming SU (2) doublets from the left-handed fermion fields whereas the right-
handed fields are SU (2) singlets. In left-right symmetric models [62, 63], also the
right-handed fields form doublets of a SU (2) symmetry, leading to the following
symmetry:

SU (2)R × SU (2)L ×U (1). (2.44)

In the Standard Model the group SU (2)L ×UY (1) contains the W± and Z bosons
which are obtaining mass via spontaneous symmetry breaking. Similarly, the group
SU (2)R leads to three additional bosons, namely W ′±

R and Z ′. Since parity violation
of the weak interaction is an experimental fact this symmetry must be broken:

SU (2)R × SU (2)L ×U (1) → SU (2)L ×U (1)Y . (2.45)

Via spontaneous symmetry breaking also the bosons of the SU (2)R group can obtain
a mass. The requirement of parity violation at the energy scales probed so far leads
to the requirement that these bosons must be heavy. In this case, the interaction via
the W ′±

R bosons is suppressed at low energies, and parity violation is restored.
An interesting feature of this model is the so-called seesaw-mechanism [64]. The

left-right symmetricmodel, breaking the left-right symmetry gives a largemass to the
right-handed neutrino. The right-handed neutrino mass is at the same time related
to the left-handed neutrino mass, making it very light. This mechanism therefore
explains the very small left-handed neutrino masses observed in experiment.

String theory In string theory [65] point-like particles are replaced by one-
dimensional objects called strings. String theory is not, like the other mentioned
models, based on a quantum field theory. Instead it is a new mathematical frame-
workwhich is related to quantumfield theory. String theory naturally includes gravity

9The graviton is the hypothetical mediator of the gravitational force.



32 2 Theory Foundations

and often also supersymmetry. String theory can therefore solve a variety of prob-
lems but it is on the other hand difficult to make predictions. A lot of assumptions
need to be made to be able to make predictions which can be tested by experiments.

2.3.3 New Physics with a Charged Lepton and a Neutrino
in the Final State

In the following some models are introduced which lead to a signature in the final
state containing a charged lepton (�± = e±,μ±) and missing transverse momentum
caused by a particle leaving the detector unseen (see Sect. 6.5).

2.3.3.1 Dark Matter Models

In many models dark matter is assumed to interact via the weak force. They contain
particles called weakly interacting massive particle (WIMP). If these WIMPs are
existing, they can be produced in pairs at the LHC via a yet unknown interaction.
TheseWIMP pairs would leave the detector unseen. To detect an event it is necessary
to have some signature measured by the detector to trigger the event. Hence, searches
are performed inwhich a gluon is radiated via initial state radiationwhich triggers the
event. The signature for these kind of eventswould then contain a jet from the radiated
gluon plus missing transverse momentum from theWIMP pair. It is also possible that
a W boson is radiated via initial state radiation decaying subsequently into a lepton
and neutrino. This would lead to a final state containing a charged lepton andmissing
transverse momentum. Usually, the Standard Model interaction with the dark matter
is expressed with an effective field theory as a four-point contact interaction [66–69].
Limits have been set for various operator types [70] for the effective field theory by
searches performed at a center of mass energy of 8TeV by both, the ATLAS [71]
and CMS [72] experiment. The limits obtained especially constrain the dark matter
- Standard Model interaction cross section at low dark matter masses, where direct
detection experiments are dominated by background. The searches in the final state
containing a lepton lead in general toweaker limits compared to searches containing a
jet. The reason is the low cross section for radiating aW boson compared to radiating
a gluon. An exception are models in which constructive interference enhances the
cross section for W radiation.

With rising center of mass energy at the LHC, the interaction between Standard
Model and dark matter might be probed and the effective field theory approach is
questionable. For the searches performed at

√
s = 13TeV, this approach has therefore

been replaced by simplified models [73] in which the interaction is mediated via a
neutral Z ′ boson with its mass as a free parameter. It has also recently been pointed
out that the models in which constructive interference enhanced the cross section
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are not valid as they are violating the electroweak gauge symmetry [74]. They are
therefore not any longer studied at the LHC.

2.3.3.2 Supersymmetry Models

Supersymmetry predicts the existence of charginos (χ̃±), which are electrically
charged fermions. They are linear combinations of a wino (superpartner of the W
boson) and the electrically charged higgsino (superpartners of the Higgs boson).
At the LHC charginos can be produced with neutralinos (χ̃0, linear combination of
the electrically neutral superpartners of the electroweak bosons and Higgs boson).
By marking choices for some of the parameters in Supersymmetry, different sim-
plified models can be derived. In some models [75] charginos can further decay to
a charged lepton and neutrino while the neutralinos decay completely invisible to
a Sneutrino (superpartner of the neutrino) and neutrino. This leads to a topology
containing a charged lepton and missing transverse momentum. These models have
so far not been probed by analysis searching in the final state of a lepton and missing
transverse momentum.

2.3.3.3 W∗ Model

In references [76, 77] a model is discussed which extends the SU (2)L group by
a SU (3)L group in order to solve the hierarchy problem. These models predict the
existence of Z∗ andW ∗ bosonswhich have amagnetic type coupling to fermions. The
W ∗ boson decays like the Standard Model W boson via W ∗ → �ν�. It is predicted
to be in the TeV range (in order to solve the hierarchy problem). A search for these
bosons has been performed by the ATLAS at the center of mass energy of 8TeV and
masses of the W ∗ boson above 3.21TeV are excluded with 95% confidence level
[71].

2.3.3.4 Left-Right-Symmetric Model

As discussed previously, in the left-right symmetric model, the W ′±
R bosons obtain a

mass via spontaneous symmetry breaking of the group SU (2)R × SU (2)L ×U (1).
The mass of the W ′±

R bosons has to be high compared to the scale at which parity
violation has been probed yet. The purely left-handed and purely right-handed cou-
plings lead to identical cross sections as long as the handedness of the couplings
to the quarks and leptons are equal. Hence, the W ′±

R can be thought of as a heavier
version of the Standard Model W bosons, if it decays to a charged lepton and a light
neutrino. If it decays to a heavy right-handed neutrino, the neutrino will further decay
to visible particles leading to a different final state.
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2.3.3.5 Sequential Standard Model

In the Sequential Standard Model (SSM) [78], a W ′ boson is introduced which has
the same quantum numbers and couplings to fermions as the Standard Model W
boson and no couplings to the W and Z bosons. The W ′ boson is hence a copy
of the Standard Model boson, only with a higher mass and width. The latter is
approximately 3% of the pole mass. There is no particular theoretical motivation for
the SSM and hence it cannot be expected that this model is in any kind realized by
nature. It is rather a referencemodel for gauge bosons arising fromnew, broken gauge
symmetries. It is hence often used as a benchmark for presenting exclusion limits
and comparing between experiments. Limits on the mass of a W ′ boson have been
set by the ATLAS and CMS collaboration using the data recorded at

√
s = 8TeV.

The ATLAS experiment excluded with 95% confidence level masses below 3.24TeV
[71] and the CMS experiment below 3.28TeV [72].

Since the SSM W ′ boson can have same the final state as the W boson, inter-
ference effects need to be considered between these two processes [79]. The CMS
collaboration has studied the impact of the interference on the exclusion limits [72]
and found a large impact on the exclusion limit of up to 700GeV when accounting
for these effects. However, typically these effects are not included as the interference
depends strongly on the coupling which depends on the considered model. To be
as model independent as possible, interference effects are excluded throughout this
thesis.
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Chapter 3
Theoretical Predictions and Simulation

In the following chapter first the theoretical tools used in this thesis are discussed and
afterwards the principle of simulating a physics event for a proton–proton collision
is introduced.

3.1 Theoretical Predictions

In the following tools for the calculation of W /Z predictions are briefly discussed.
FEWZFEWZ [1–3] can calculate the double-differential productionof dileptonpairs
via the neutral current (production of a Z ) and the charged current (production of a
W ) Drell–Yan process. It is able to make predictions at NNLO in QCD and to include
all spin correlations and finite-width effects. In case of the neutral current Drell–Yan
process it can also calculate electroweak corrections up to NLO. Acceptance cuts can
be defined to calculate the cross sections in a certain region of phase space. FEWZ
is the main tool for the theory predictions used in the analysis presented in part IV.
VRAP VRAP [4] can, like FEWZ, calculate the fully double-differential cross
section for the neutral current and charged current Drell–Yan process as a func-
tion of invariant mass and rapidity. It is able to make predictions at NNLO in QCD
but does not include further electroweak corrections. VRAP is used in part III to
calculate higher order QCD corrections for the W and Z processes.
SANC The SANC program implements calculations for the complete NLO QCD
and electroweak corrections for the charged current and neutral current Drell–Yan
process. Hence, it provides in contrast to the FEWZ program also electroweak cor-
rections for theW process. It is used in part III to calculate electroweak higher order
corrections for both processes.
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Fig. 3.1 Differential cross section prediction, binned in invariant mass. The prediction was calcu-
lated with FEWZ using the MMHT2014NNLO PDF [9]. Data taken from Ref. [10]

Further programs which are able to calculate the differential charged current and
neutral current Drell–Yan cross sections areDYNNLO [5] (at NNLO), HORACE [6]
(at NLO), and WZGRAD [7, 8] (at NLO). Figure 3.1 shows the differential neutral
current Drell–Yan cross section as a function of invariant mass as calculated with
FEWZ using theMMHT2014 PDF set [9] in the range 116 GeV < m�� < 1500 GeV.
The cross section is steeply falling over about five orders ofmagnitude towards higher
invariant masses.

3.2 Physics Simulation

Physical processes are simulated to compare the observed data to predictions from
theory. The simulation is done on an event-by-event basis and can be separated into
two steps. First, the physics simulation of all involved particles is performed and
thereafter the detector response to the particles is simulated. The simulated data sets
can then be reconstructed like actual recorded data. In this chapter the first step is
discussed (the latter steps are discussed separately in Sect. 5.9).

The generation of the physics process can be further divided into five main steps:

1. Hard process
2. Parton shower
3. Underlying event
4. Hadronization
5. Unstable particle decays
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Fig. 3.2 Diagram showing
the structure of a
proton–proton collision,
where the different colors
indicate the different stages
involved in the event
generation. Figure taken
from Ref. [11]

Figure 3.2 illustrates the different steps of the simulation,where the color corresponds
to these steps listed above.

At the beginning thematrix element of thehard process is calculated. This involves
the calculation of the probability distribution of the hard scatter process from per-
turbation theory. The calculated probability distribution is then convoluted with the
PDFs of the incoming partons. Here choices have to bemade for the factorization and
renormalization scales and for the PDF. With the resulting probability distribution,
four vectors of the outcoming particles can be generated using a random generator.
Due to the random generation process, programs doing this, are called Monte Carlo
generators. The set of events generated by such a Monte Carlo generator are often
referred to as Monte Carlo (MC) samples. The calculations of the hard process are
performed at a certain order in perturbation theory. Currently Monte Carlo genera-
tors exist which perform the calculation of the matrix elements and the subsequent
convolution with the PDFs at LO or NLO. Additional phase space restrictions can
be imposed on the generation of the four vectors of the particles. This can become
useful to ensure sufficient statistics in specific regions of phase space which are most
relevant for the analysis the MC sample is used for. If not already done by the Monte
Carlo generator itself, additional real photon emission (final state radiation) of the
outcoming particles can be simulated by external programs. In ATLAS often Photos
is used [12].

The initial incoming and outgoing partons involved in the hard process are colored
particles and thus can radiate further gluons or gluons can split into a qq̄-pair. In case
of an incoming parton this process is called initial state radiation (ISR) and in case
of an outgoing parton final state radiation (FSR). These newly produced partons can
then split or radiate themselves further gluons which leads to an extended shower.
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These parton showers can be simulated step-by-step, with the help of the DGLAP
equations, as an evolution in momentum transfer starting from the momentum scale
of the hard process downwards to a scale where perturbation theory breaks down
and the partons become confined in hadrons. At each step the probability to evolve
from a higher to a lower scale without radiating a gluon or splitting is given by the
Sudakov form factor.

The parton showers are valid in the collinear and soft limit1 which describes the
bulk part of the shower. Matrix elements at NLO may also include the radiation of
hard partons. A matching of the parton showers to the matrix elements is therefore
needed to avoid double counting. Several methods exist which combine the matrix
elements with the parton showers.

Besides the hard process, additional interactions of other partons in the protons
can occur (so-called multiple parton interactions). Also the remnants of the proton
are left in a colored state and can lead to a shower of partons. This leads to an so-called
underlying event, containing typically low energy hadrons, which contaminate the
hard process. The underlying event is simulated by different Monte Carlo generators
using different phenomenological models. All models have free parameters which
need to be tuned on data.

At the scale where perturbation theory breaks down, hadronizationmodels simu-
late the transition of colored particles into hadrons, which are in the end measured in
the detector. The twomain models in use are the string model [13, 14] and the cluster
model [15]. The former transforms the partonic systems directly into hadrons while
the latter constructs an intermediate stage of cluster objects. These phenomenological
models include parameters which have to be tuned on data.

In the end, many of the produced hadrons are not stable and thus also decays have
to be simulated.

3.2.1 Event Generators

There are several different Monte Carlo generators available which can handle all
or a part of the event generation steps. The generators used in this thesis are in the
following briefly introduced.

Pythia is a general-purpose event generator. It has been developed over the last 30
years and was used extensively for e+e−, ep, p p̄, and pp physics at LEP, HERA, the
Tevatron, and the LHC. It is one of the most used generators for physics studies at the
LHC. Pythia 6 [16] is based on Fortran 77, while its successor Pythia 8 [17] is a
completely rewritten C++ version. Both generators are heavily used inside ATLAS.
While Pythia 8 provides a more modern version it is a bit less tested and evolved
than Pythia 6.

1The largest part of the radiation happens under small angles (collinear) and for low energies of the
radiated partons (soft). Here divergences occur which are handled by the parton shower models.
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Unlike other event generators, Pythia does not have automated code generation
for processes. Instead over 200 hard-coded Standard Model and beyond Standard
Model processes are implemented. Pythia can perform the whole event generation
process from the calculation of the hard process at LO up to the parton shower,
hadronization, underlying event modeling, and particle decays. Pythia is designed
to allow for external input and can be interfaced to other event generators. This
is often used to calculate the hard process at higher orders with other programs
and subsequently let Pythia do the modeling of the parton shower, hadronization,
underlying event, and particle decays.

Powheg [18] is unlike Pythia not a general-purpose event generator, i.e. it is not
able to simulate the whole chain from calculating the hard process up to the particle
decays. However, it is able to calculate the hard scatter process with NLO accuracy. It
can be interfaced to all modern event generators via the Les Houches Event interface
[19]. In ATLAS the Powheg generator is often interfaced with Pythia to perform
themodeling of the parton showers, hadronization, modeling of the underlying event,
and particle decays.

Sherpa is a general-purpose event generator, capable of simulating the physics of
lepton-lepton, lepton-hadron, and hadron-hadron collisions aswell as photon induced
processes. In recent Sherpa versions [20] it was made possible to calculate the matrix
elements at NLO. In Sherpa not a physics process is specified but the final state
which should be generated. Sherpa then automatically calculates all needed matrix
elements and performs the event generation. It is also possible to generate final states
with additional jets.

MC@NLO [21, 22] is an event generator which, as the name indicates, can calculate
the hard process at NLO. It uses its own algorithm for the parton showering and also
includes spin correlations for most processes. For the modeling of the underlying
event, MC@NLO is typically interfaced to Herwig++.

Herwig/Herwig++ [23, 24] is another general-purpose event generator. The
Herwig++ program (written in C++) evolved from the Herwig program (written in
Fortran 77). The generator automatically generates the hard process up to LO and
simulates decays with full spin correlations. It also provides sophisticated hadronic
decay models, particularly for bottom hadrons and τ leptons.
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Chapter 4
The Large Hadron Collider

TheLargeHadronCollider (LHC) [1] is a particle accelerator located at the European
Laboratory for Particle Physics CERN near Geneva in Switzerland. It was designed
to reach very high center of mass energies and luminosities for the discovery of new
physics beyond the StandardModel and for the precise measurement of the Standard
Model parameters in yet inaccessible regions of phase space.

The LHC can be operated with two types of beams, proton beams and heavy ion
beams.1 The main physics program is based on proton-proton collisions, where ener-
gies up to 7TeV per proton beam and luminosities up to 1034 cm−2s−1 are foreseen.
It is currently the particle collider with the highest reach in center of mass energy.

A short overview about the CERN accelerator complex will be given in Sect. 4.1.
The key accelerator parameters during the 2012 and 2015 operation are afterwards
discussed in Sect. 4.2 and the experiments at the LHC are introduced in Sect. 4.3.

4.1 Accelerator Complex

For being filled into the LHC, the protons have to be first accelerated by a chain
of pre-accelerators. Figure4.1 shows the CERN accelerator complex with the LHC
and all its pre-accelerators. The maximum energy per beam, the circumference of
the accelerator and the year of its initial-startup are shown. Accelerators which do
not serve as an input to the LHC are not shown. Protons are produced by ionizing
hydrogen and afterwards transferred to the accelerator chain. The accelerator chain
starts with the Linac2, a linear accelerator in which the protons are accelerated
in bunches on a length of 33m to an energy of 50MeV. Subsequently, the proton
bunches are running through a chain of circular accelerators: the Booster, the Proton

1Typically lead ions are used.
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Fig. 4.1 The CERN accelerator complex. For a description of the proton acceleration chain see
text. Figure taken from Ref. [2]

Synchrotron (PS) and the Super Proton Synchrotron (SPS), after which they are filled
(both in a clockwise and counterclockwise direction) with an energy of 450GeV per
proton into the LHC. Here, the protons are further accelerated to energies up to
6.5TeV.2

The LHC is installed in a 27km long tunnel, which is up to 175m beneath the sur-
face, that was originally build for the LEP collider.3 Each proton bunch is accelerated
by eight superconducting radiofrequency cavities. The proton bunches are kept on
the circular trajectory by 1232 superconducting dipole magnets. The LHC dipoles
use niobium-titanium (NbTi) cables and are operated at a temperature of 1.9K. The
magnetic field of the dipole magnets reaches up to 8.3T. It is pointing in opposite
directions in the two beam pipes, since the protons in the two beam pipes are orbiting
in opposite directions. A total of 392 quadrupolemagnets are used to focus the proton
beam. The two proton beams are circulating in two beam pipes and are brought to
collision at four interaction points.

2Energies up to 7TeV are foreseen but have not been reached until August 2016.
3Large Electron Positron collider.
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4.2 LHC Performance

The key parameter for a collider is, besides its beam energy, the luminosity it is
able to deliver. The instantaneous luminosity directly relates the event rate of a
physics process to its cross section: R = L · σ. The instantaneous luminosity can be
calculated from accelerator parameters using the following formula:

L = N 2
pnb frγ

4πεnβ∗ F , (4.1)

where Np is the number of protons per bunch, and nb the number of bunches per
proton beam. The relativistic γ-factor and the revolution frequency fr enter the
numerator. The revolution frequency for the LHC is about 11.2 kHz. Additionally
important for the instantaneous luminosity are the normalized transverse emittance
εn and the value of the beta function at the interaction point β∗. The latter two
parameters describe the brightness of the beam. The factor F accounts for a geo-
metrical correction due to the crossing angle under which the beams are brought to
collision. It was similar for the 2012 and 2015 operation and in the range of about
0.7– 0.8. Table4.1 lists the parameterswhichwere obtained during the 2012 and 2015
operation of the LHC. Given are also the design parameters. The LHC was in 2012
operated with a spacing of the proton bunches of 50ns. This is twice the spacing for
which the LHC was designed for. The LHC can in principle hold up to 2808 proton
bunches. Due to the larger bunch spacing only up to 1374 bunches were filled during
the 2012 operation. After the 2012 operation, a two year long shutdown took place,
in which the magnets of the LHC were upgraded for collisions at higher center of
mass energies. During 2015, the LHC was for the first time regularly operated with
the nominal bunch spacing of 25ns and it was therefore possible to fill up to 2244
bunches into the machine. The peak luminosities at a start of a fill4 reached up to
7.7 × 1033 cm−2s−1 during 2012 and about 5.0 × 1033 cm−2s−1 during 2015. This is
about 80% of the design goal of the LHC. The higher peak luminosity was reached in
2012, despite the lower number of bunches. The reason is the easier operation mode
which resulted in a brighter beam when compared to 2015. In 2012 an emittance of
εn = 2.5 µm and β∗ = 60cm was achieved while these parameters were εn = 3.5
µm and β∗ = 80cm in 2015. The LHC will further improve its performance during
the data taking and in June 2016 the design luminosity was reached for the first time.
In the year 2012, an integrated luminosity of Lint = ∫ Ldt = 22.8 fb−1 has been
delivered by the LHC in a data taking period from April to December. In 2015, a
lot of time went into development and commissioning of the LHC for the first 25ns
collisions and the first operation at

√
s = 13TeV. The delivered integrated luminosity

in the period from May to November was therefore with 4.2 fb−1 smaller than what

4The instantaneous luminosity is decreasing with time as the beam width is getting larger with time
and the number of protons is decreasing due to the inelastic collisions.
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Table 4.1 LHC parameters during the 2012 and 2015 operation [3, 4]. Also given are the design
values
Year EBeam

[TeV]
Np nb εn [μm] β∗ [cm] Bunch

spacing [ns]
Peak
luminosity
[cm−2s−1]

2012 4 1.7 × 1011 1374 2.5 60 50 7.7 × 1033

2015 6.5 1.15 × 1011 2244 3.5 80 25/50 5.0 × 1033

Design 7 1.15 × 1011 2808 3.75 55 25 1.0 × 1034

was achieved in 2012. During a bunch crossing usually multiple inelastic proton-
proton collisions occur. The additional inelastic collisions are also called “pile-up”.
In 2012 (2015) a mean of about 21 (14) collisions occurred. The number is in 2012
substantially larger due to the higher instantaneous luminosity.

4.3 Experiments at the LHC

Four main experiments are localized in caverns around the LHC ring. Two of the
experiments, the ATLAS5 experiment [5] and the CMS,6 experiment [6] are build as
general purpose experiments to cover a wide range of the physics program available
at the LHC. The LHCb experiment [7] focuses on physics involving bottom quarks.
The proton beams at the LHCb interaction point are less focused as the experiment
was designed for lower luminosities of 2 × 1032 cm−2s−1. The ALICE7 experiment
[8] was primarily designed to study heavy-ion collisions.

In addition, there are three smaller experiments allocated at the LHC. The
TOTEM8 experiment [9] is close to theCMSexperiment and aims tomeasure protons
from elastic collisions which escape the CMS experiment. It is also used to monitor
the LHC luminosity. The LHCf9 experiment [10] is installed 140m away from the
ATLAS experiment. Its main purpose is to study neutral pions to test Monte Carlo
models for proton showering, as they are used for the simulation of cosmic rays in
the earth atmosphere. The last detector is the MoEDAL10 experiment [11], which is
an extension of the LHCb experiment, and used to search for example for magnetic
monopoles.

5A Toroidal LHC ApparatuS.
6Compact Muon Solenoid.
7A Large Ion Colliding Experiment.
8Total Elastic and Diffractive Cross SectionMeasurement.
9LHC forward.
10Monopole and Exotics Detector at the LHC.
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Chapter 5
The ATLAS Experiment

The ATLAS experiment [1] is one of the four main experiments at the LHC. It is
a general purpose detector, built at one of the four interaction points. ATLAS was
constructed to measure precisely electrons, positrons, photons, muons, and jets in
large kinematic regions, to allow tests of the Standard Model and searches for new
particles. It consists of several layers of different detector systems, which surround
the beam axis. An overview of the ATLAS experiment is shown in Fig. 5.1.

The coordinate system used in ATLAS and some commonly used kinematic vari-
ables are described in Sect. 5.1. A brief overview about theATLAS experiment and its
detector systems is given in Sect. 5.2. Here also the coordinate system used inATLAS
is introduced. The tracking systems, the calorimeters and themuon spectrometers are
afterwards discussed in more detail in the Sects. 5.3 to 5.5. The multi-level trigger
system and data acquisition system is addressed in Sect. 5.6. The data acquisition
and processing, and the luminosity estimation are described in Sects. 5.7 and 5.8.

5.1 Coordinate System of ATLAS

The coordinate system used byATLAS is a right handed Cartesian coordinate system
with its origin at the interaction point, where the protons collide. The positive x-axis
points towards the center of the LHC ring and the y-axis upwards to the surface.
Thus the z-axis points counter-clockwise along the beam axis. The azimuthal angle
φ is defined around the beam axis in the x-y plane. The range of φ is going from
−π to π with φ = 0 pointing towards the direction of the x-axis. Hence, the range
0 to π describes the upper half plane of the detector whereas −π to 0 describes the
lower half plane. Instead of a polar angle θ, which is measured from the positive
z-axis, it is convenient to use the pseudorapidity η. It can be calculated from θ using
η = − ln (tan(θ/2)). All detector dimensions are given in terms of η.
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Fig. 5.1 Cut-away view of the ATLAS experiment. The dimensions of the detector are 25m in
height and 44m in length. The overall weight of the detector is approximately 7000 tonnes. Figure
taken from Ref. [1]

5.1.1 Common Kinematic Variables

The rapidity of a massive particle is defined as

y = 1

2
ln

(
E + pz
E − pz

)
, (5.1)

where E is the energy of the particle and pz its longitudinal momentum. The rapidity
is a measure for the boost of a particle along the beam axis. Differences �θ are, in
contrast to differences of the rapidity�y, not Lorentz invariant under boosts along the
beam axis. The pseudorapidity is for massless particles equal to the rapidity, which
is in good approximation valid for many particles at the LHC energies. Hence, also
pseudorapidity differences�η are in good approximation invariant under boots along
the beam axis.

The transverse momentum pT, transverse energy ET, and the missing transverse
energy Emiss

T are commonly used and measured in the x-y plane. Transverse momen-
tum and energy are defined by

pT =
√
p2x + p2y (5.2)

and

ET =
√
p2T + m2 (5.3)
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Formass-less particles pT and ET are the same. The incoming partonswithin a proton
have to first approximation only a momentum parallel to the beam axis. Momentum
conservation requires therefore the vectorial sum of all momenta in the transverse
plane to be zero. This can be exploited to indirectly measure particles, like neutrinos,
which leave the detector unseen. Hence, the missing transverse momentum is given
by the negative vector sum of all reconstructed transverse momenta

�pmiss
T = −

∑
i

�precT,i . (5.4)

The missing transverse energy is then defined as Emiss
T = | �pmiss

T |.
In different aspects, the distance �R in the η,φ-plane is used and defined as

�R =
√

�η2 + �φ2. (5.5)

5.2 Overview of ATLAS

The inner detector is the tracking system of ATLAS (a more detailed description can
be found in Sect. 5.3) and the closest detector to the beam axis. It has a coverage
up to |η| = 2.5 and consists of three subsystems, first the pixel detector, followed
by the Semi Conductor Tracker (SCT) and Transition Radiation Tracker (TRT). A
solenoidal magnetic field of 2 T makes it possible to measure the transverse momen-
tum of charged particles. The inner detector is additionally designed to measure
vertices and identify electrons.

Following are the electromagnetic and hadronic calorimeters which are used
to measure the energy of particles. As electromagnetic calorimeter a liquid argon
sampling-calorimeter is used up to |η| < 3.2. A scintillator tile calorimeter is used as
hadronic calorimeter covering the range |η| < 1.7. The hadronic endcap calorime-
ters cover 1.5 < |η| < 3.2 and use, like the electromagnetic counterparts, liquid
argon technology. Finally, there is the liquid argon forward calorimeter, covering
the range 3.1 < |η| < 4.9, which is used for measuring both, electromagnetic and
hadronic objects. Amore detailed description of the calorimeter system can be found
in Sect. 5.4.

The calorimeter is surrounded by themuon spectrometerwhich consists of a toroid
system, separated into a long barrel and two inserted endcap magnets, and tracking
chambers. The toroid system has an air-core and generates a strong magnetic field
with strong bending power in a large volume within a light and open structure. There
are three layers of tracking chambers. These components of the muon spectrometer
have a coverage up to |η| = 2.7 and define the overall dimension of the ATLAS
experiment. The muon system also includes trigger chambers, covering a range up to
|η| = 2.4. A more detailed description of the muon system can be found in Sect. 5.5.

A multi-level trigger system (a more detailed description is given in Sect. 5.6) is
used to reduce the rate of pp collisions (≈40MHz) to a rate which can be processed
and stored (O(100)Hz). To reduce this rate, the trigger system has to select events
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which are of special interest. The first trigger stage, the Level-1 (L1) trigger, is a
hardware based system and uses a subset of the total detector information to make
the decision whether to continue processing an event or not. This reduces the rate
already down to approximately 100kHz. The subsequent software based trigger
stages reduce the rate further to the needed O(100)Hz.

The main difference between the ATLAS experiment and the CMS experiment is
the magnet system. While CMS has a single solenoidal magnet with a field strength
of 3.8T, ATLAS has a solenoidal magnet with a strength of 2T plus a toroidal magnet
system.TheCMSdesign choice leads to a highermomentum resolution for tracks due
to the highermagnetic field in the tracking systembut also imposes strict requirements
on the design of other detector parts due to an iron return yoke for the magnetic field.
The lower field strength of the ATLAS solenoid is compensated by the additional
toroidal magnet outside of the calorimeters. Another difference between ATLAS and
CMS is the design of the electromagnetic calorimeter. ATLAS uses a liquid-argon
sampling calorimeter while CMS uses a homogeneous calorimeter constructed from
crystals of lead tungstate. Both design principles lead to comparable momentum and
energy resolutions.

During a two year shutdown between end of 2012 and beginning of 2015, the
ATLAS trigger and data acquisition system was upgraded and an additional layer
was inserted into the pixel detector.

5.3 Tracking System

The inner detector [2] (ID) is the ATLAS tracking system and is shown in Fig. 5.2.
It consists of three subsystems which are mounted around the beam axis. The super-
conducting solenoid [3], which produces the magnetic field of 2 T, needed for the
momentum measurement of charged particles, has a length of 5.3m and a diameter
of 2.5m. With the solenoidal magnetic field and the inner detector components a
momentum resolution of σpT/pT ≈ 0.05% pT [ GeV] ⊕ 1% can be achieved. The
subsystems of the inner detector are in the following described in more detail. Its
prescription follows largely Chap.4 of Ref.[1].

5.3.1 Pixel Detector

The pixel detector [4] is one of the two precision tracking detectors, with a cover-
age of |η| < 2.5. It is the innermost layer of the inner detector and has in the 2012
configuration a distance to the beam axis of R = 50.5mm. In the central region,
three layers of silicon pixel modules are cylindrical mounted around the beam axis,
while in the endcap regions three discs each are mounted perpendicular to the beam
axis. Its purpose is the measurement of particle tracks with a very high resolution,
to reconstruct the interaction point (primary vertex) and secondary vertices from
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Fig. 5.2 Cut-away view of the ATLAS inner detector. Figure taken from Ref. [1]

the decay of long-lived particles. The innermost layer of the pixel detector is called
b-layer because of its importance to reconstruct the secondary vertices of decaying
B-hadrons. The pixel modules have dimensions of 50×400 µm2. The position reso-
lution is 10µm in the R-φ plane and 115µm in z(R) for the central (endcap) region.
Due to this fine granularity, around 80.4million readout channels are needed.

During the two year long LHC shutdown after the 2012 data taking, a fourth pixel
layer, the so-called insertable b-layer (IBL) [5] was inserted between the beam pipe
and the pixel detector. This fourth layer reduces the distance to the beam pipe down
to R = 25.7mm and mainly improves the capability of reconstructing secondary
vertices.

5.3.2 Semi-conductor Tracker

The semi conductor tracker is mounted in a distance of 299 to 514mm from the
beam axis, and is the second layer of the inner detector. It is a silicon microstrip
detector covering the region |η| < 2.5. In the central region eight strip layers are
used which are joined to four layers of small-angle (40mrad) stereo strips to allow
the measurement of both coordinates. In the endcap region nine discs on each side
are installed, using two radial layers of strips each. The SCT is designed such that
each particle within its coverage traverses through all four double layers. The spatial
resolution of the SCT is 17µm in the R-φ plane and 580µm in the z(R) for the
central (endcap) region. The SCT has approximately 6.3million readout channels.
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5.3.3 Transition Radiation Tracker

The TRT is the third and last component of the tracking system which provides a
large number of hits (typically 36 per track). It consists of straw tubes with a diameter
of 4mm and provides coverage up to |η| = 2.0. The straw tubes are in the central
region 144cm long and parallel to the beam axis. In the endcap region the 37cm long
straws are arranged radially in wheels. The TRT provides R-φ information for the
determination of the transverse momentum with an accuracy of 130µm. The straw
tubes are filledwith aXe-based gasmixture and interleavedwith polypropylene fibres
(barrel) or foils (endcaps), which serve as the transition radiationmaterial. Transition
radiation is emitted by this material, if charged particles traverse this medium. The
intensity of the transition radiation is proportional to the Lorentz factor γ = E/m.
Electrons have m ≈ 0 and thus at high energies the transition radiation is above a
characteristic threshold. The radiation intensity for heavy objects like hadrons is
much lower and thus the transition radiation can be used to identify electrons. The
total number of readout channels in the TRT is approximately 351000.

The TRT is an important component for the momentum measurement since the
high number of hits and the larger track length compensate for the lower precision
per point compared to the silicon detectors.

5.4 The Calorimeter System

The energy of particles (except muons and neutrinos) is measured in ATLAS with
sampling calorimeters, in which layers of passive and activematerial alternate.When
incident particles like electrons, positrons, hadrons or photons traverse the calorime-
ter, they interact with thematerial in the calorimeter. In the dense passive layers, these
incident particles lead to particle showers. The deposited energy of these showers,
also called clusters, can be measured in the active layers and allows conclusion about
the energy of the incident particle.

There is a difference between electromagnetic and hadronic showers and thus
there are separate calorimeters, one for electrons, positrons, and photons and one
for hadrons. In electromagnetic calorimeters, electrons and positrons are radiating
photons via Bremsstrahlung which then further produce electrons and positrons via
pair production, leading to a cascade of particles which is stopped by ionization,
while photons are first producing electrons and positrons via pair production.

Ionization electrons are produced by passage of charged particles. They drift to
electrodes and produce electrical currents proportional to the deposited energy. The
initial energy E0 of the incident electron, positron or photon decreases exponentially
with E(x) = E0e−x/X0 until it is completely stopped. The parameter X0 is called
the radiation length which is material dependent. The hadronic showering process is
dominated by a succession of inelastic hadronic interactions via the strong force. A
characteristic quantity for the length of a hadronic shower is the absorption length
λ. Hadronic showers are typically longer and broader than electromagnetic ones and
thus the hadronic calorimeter is placed after the electromagnetic one.
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Fig. 5.3 Signal of an
electromagnetic calorimeter
barrel cell. The triangle
shaped signal is the signal
before shaping, the other line
represents the signal after
shaping. The dots show the
sampling points in a 25ns
spacing. Figure taken from
Ref. [7]

The detector signal is a triangular pulse with a very fast rise (≈1ns) and a long tail
(several hundreds ns) during the time the ionization electrons are drifting towards
the electrodes. Since the relevant information is the pulse height and position (time)
of the peak, ideally only one sample at the exact moment that the signal reaches
its maximum should be necessary. However, in practice, the time variation would
give larger imprecisions in the energy measurements. To solve this issue, a pulse
shaping is performed. The amplitude and the peak time can then be extracted from
multiple sampling points. Figure5.3 shows the signal shape before and after shaping.
Due to the long drift time, multiple pulses from subsequent beam crossings may be
overlaid. This phenomenon is called “out-of-time” pileup. Simultaneous proton-
proton collisions at the same bunch crossing lead furthermore to so-called “in-time”
pile-up. The so-called undershoot, the tail of the signal that falls below the zero line,
helps to minimize the out-of-time pile-up impact of the energymeasurement. Further
information can be found in Ref. [6].

Figure5.4 shows a cut-away view of the calorimeter system of ATLAS. The
electromagnetic and hadronic calorimeters are in the following described in more
detail. Its prescription follows largely on this chapter of Ref. [1].

5.4.1 Electromagnetic Calorimeter

For the electromagnetic calorimeter ofATLAS [6], lead is used in the region |η| < 3.2
as an absorber medium and liquid argon as an active medium. The electrodes to
measure the energy deposited in the liquid argon and the lead absorbers are build in
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Fig. 5.4 Cut-away view of the ATLAS calorimeter system. Figure taken from Ref. [1]

an accordion geometry, in order to provide complete and uniform coverage in φ. The
thickness of the absorber plates varies with η in such a way that the energy resolution
is optimal [8]. The electromagnetic calorimeter consists of four different regions.
First, there is the central part up to |η| = 1.475, called barrel calorimeter, which
has a thickness of at least 22X0. The barrel calorimeter consists of 16 modules, each
covering an angle of�φ = 22.5◦. In the region 1.375 < |η| < 3.2 there is the endcap
calorimeter which is again separated into the “outer wheel” 1.375 < |η| < 2.5 and
the “inner wheel” 2.5 < |η| < 3.2. The forward calorimeter, which is also used for
the measurement of hadrons, is in the region 3.1 < |η| < 4.9.

The part of the calorimeter which is intended for precision measurements (|η| <

2.5) is separated into three layers. Figure5.5 shows the three layers and the accordion
geometry of a single module of the electromagnetic barrel calorimeter. Upstream of
the first layer, there is in the range |η| < 1.8 the so-called presampler which is a
11mm thick layer of liquid argon. It has the purpose to estimate the energy lost in
front of the calorimeter. The first layer has a granularity of 0.0031 × 0.0982 in η × φ.
The cells are also called “strips“, due to the fine segmentation in η. They allow to
distinguish close by particles that enter the calorimeter, e.g., two photons from a π0

decay. The second layer has a more coarse granularity of 0.025 × 0.0245 in η × φ.
It has a thickness of 16X0 and is thus intended to measure the bulk part of the energy.
The third layer has again amuch coarser granularity and the purpose to correct for the
overlap of the energy deposition in the following hadronic calorimeter. Including the
presampler cells, a barrel module features 3424 and a module in the endcap roughly
4000 readout cells.
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Fig. 5.5 Sketch of a barrel module where the different layers and the accordion geometry is visible.
Also shown is the granularity in η and φ of the cells for each of the tree layers. Figure taken from
Ref. [1]

The relative energy resolution in the electromagnetic calorimeter can the parameter-
ized in the following way [9]:

σE

E
= a√

E
⊕ b

E
⊕ c, (5.6)

where a, b and c are η-dependent parameters; a is the sampling term, b is the noise
term, and c is the constant term. The sampling term contributes mostly at low energy
and has at low |η| a design value of about 10%/

√
E[GeV]. At large |η| it is expected

to worsen as the amount of material in front of the calorimeter increases. The noise
term is about 350 × cosh η MeV for a typical cluster in the barrel calorimeter and
for a mean number of interactions per bunch crossing 〈μ〉 = 20. At high |η| it is
dominated by the pile-up noise. At higher energies the sampling term and the noise
term become less important and the relative energy resolution tends asymptotically
to the constant term, c, which has a design value of 0.7%. The constant term is
originating from the calibration of the calorimeter.
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5.4.2 Hadronic Calorimeter

The hadronic tile calorimeter [10] is, like the electromagnetic one, a sampling
calorimeter. But instead of lead, iron is used as an absorber and scintillating tiles
as active material. The tile calorimeter is divided into three parts, first the tile barrel
up to |η| = 1.0, followed by the extended barrel between 0.8 < |η| < 1.7. The barrel
and extended barrels are divided azimuthally into 64 modules. The tile calorimeter
is segmented into three layers with approximately 1.5, 4.1 and 1.8 interaction length
λ in the barrel region, and 1.5, 2.6 and 3.3λ in the extended barrel. The total inter-
action length is about 10λ at η = 0. Two sides of the scintillating tiles are read out
by wavelength shifting fibers into two separate photomultiplier tubes.

In the endcaps a liquid argon calorimeter is used as hadronic calorimeter. It is
placed behind the electromagnetic endcap calorimeter and uses the same cryostats
for the cooling of the liquid argon. It has a coverage of 1.5 < |η| < 3.2. The relative
energy resolution of the hadronic tile and endcap calorimeter is

σE

E
= 50%√

E[GeV] ⊕ 3%. (5.7)

The hadronic calorimeter ends with the forward calorimeter [11] which is integrated
in the endcap cryostats and has a coverage of 3.1 < |η| < 4.9. The forward calorime-
ter is approximately 10 interaction lengths deep, and consists of three modules in
each endcap. The first is made of copper and optimized for electromagnetic measure-
ments. The other two are made of tungsten and predominantly measure the energy
of hadronic interactions. The relative energy resolution of the forward calorimeter is

σE

E
= 100%√

E[GeV] ⊕ 10%. (5.8)

5.5 Muon System

Muons are the only particles which can traverse the calorimeters unstopped.1 While
traversing the calorimeters they only deposit a small amount of energy (typically
about 3 GeV). For the measurement and identification of the muons a system of
trigger and high-precision tracking chambers [12] is used which is placed outside of
the calorimeters. The measurement of the muonmomentum is based on the magnetic
deflection of the muon tracks in the large superconducting air-core toroid magnets
[13]. In the range |η| < 1.4, magnetic bending is provided by the large barrel toroid
[14]. It provides a bending power of 1.5 to 5.5Tm. In the region 1.6 < |η| < 2.7, the
tracks are bent by two smaller endcap magnets [15] which are inserted into both ends
of the barrel toroid. Here the bending power is approximately 1.0 to 7.5Tm. Each

1Besides neutrinos which leave the detector unseen.
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Fig. 5.6 Cut-away view of the ATLAS muon system. Figure taken from Ref. [1]

of the three magnets consists of eight coils. In the transition region 1.4 < |η| < 1.6,
magnetic deflection is provided by a combination of barrel and endcap fields. In
this region the bending power is reduced. The magnetic field is mostly orthogonal
to the muon trajectories. Figure5.4 shows a cut-away view of the muon system of
ATLAS. The different subsystems for triggering and precision measurement are in
the following described in more detail. Its prescription follows largely Chap.6 of
Ref. [1] (Fig. 5.6).

5.5.1 Precision-Tracking Chambers

The purpose of the precision-tracking chambers is to precisely determine the muon
track in the bending plane (η). The precise measurement of the η position which
allows for the precise determination of the muon momentum is performed in the
barrel region by the Monitored Drift Tube (MDT) chambers. They are located in
three layers between and on the eight coils of the superconducting barrel toroid
magnet. The second and the third layer have a coverage of |η| < 2.7 while the first
layer has a coverage of |η| < 2.0. In the center of the detector (|η| ≈ 0), a gap has
been left to allow for services to the solenoid magnet, the calorimeters and the inner
detector. The MDT chambers consist of three to eight layers of drift tubes which
achieve an average resolution of 80µm per tube and about 35µm per chamber.
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For the innermost layer, Cathode-Strip Chambers (CSC) are used in the region
2.0 < |η| < 2.7. The CSC chambers are multiwire proportional chambers with cath-
ode planes segmented into strips in orthogonal directions. They have a higher rate
capability and a time resolution of 7 ns. The time resolution allows to measure both
coordinates. The φ coordinate is measured from the time the induced charges need
to drift to the cathode. The resolution of a CSC chamber is 40µm in the bending
plane and about 5mm in the transverse plane.

With the precision-tracking chambers, amuonmomentum resolution ofσpT/pT =
10% at pT = 1 TeV can be achieved. The momentum resolution also benefits from
the open structure of the air-core toroid magnet which reduces multiple-scattering
effects.

5.5.2 Trigger Chambers

Special chambers are used to trigger on muons. These fast muon chambers are able
to provide signals about 15–25ns after the passage of a particle and thus allow to tag
the beam-crossing. They measure both coordinates of the track, one in the bending
plane (η) and one in the non-bending plane (φ). The trigger chambers therefore also
provide additional φ information for the measurement of the muon tracks. In the
barrel region (|η| < 1.05), Resistive Plate Chambers (RPC) are used. They have a
resolution of about 10mm in both the bending and the non-bending plane. In the
endcap region (1.05 < |η| < 2.4) Thin Gap Chambers (TGC) are installed. These
provide muon track information with a precision of 2–7mm in the η coordinate and
3–7mm in the φ coordinate.

5.6 The Trigger System

The ATLAS trigger system [16] is divided into multiple levels. It has the important
task to reduce the event rate from 40MHz to about O(100)Hz at which events (that
will have an average size of the order of 1MB) can be written to mass storage.
The first trigger stage, the Level-1 (L1) trigger, is implemented using custom-made
electronics. The decision of the L1 trigger is seeded to the High Level Trigger (HLT),
which is based on software algorithms running on a processor farm, and in which a
decision is formed whether an event is written to the mass storage.

5.6.1 Level-1 Trigger

The task of the ATLAS L1 trigger is to perform a fast rate reduction, by selecting
only events with interesting signatures. The L1 trigger has a time window of about
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2.5µs to make a decision whether an event is further processed or not. While the
L1 trigger performs this decision, all detector information is stored in temporary
pipeline memories. Information from both, the fast muon trigger chambers and the
calorimeters are used in the first trigger stage. The L1 trigger can be divided into
three parts: the L1 calorimeter trigger (L1Calo), the L1 muon trigger (L1Muon) and
the decision part in the central trigger processor (CTP).

The calorimeter trigger relies heavily on firmware-programmable FPGAs. On-
detector electronics provide separately the sumof analog signals of hadronic and elec-
tromagnetic calorimeter cells in a window of approximately �η × �φ = 0.1 × 0.1.
Such an energy sum is called trigger tower. Its dimension is shown for an electro-
magnetic trigger tower in Fig. 5.5. The analog calorimeter signals are first digitized
by the preprocessor (PPr) in fast 10-bit ADCs. The digitized signals are afterwards
converted into transverse energy values ET using look-up tables. The preprocessor
also identifies the bunch-crossing of the energy deposition. The energy depositions
are then transmitted to both the jet/energy processor (JEP) and cluster processor
(CP). The CP subsystem identifies electron, photon, and τ -lepton candidates, by
searching for local energy maxima above a certain programmable threshold. These
regions of interest (RoI) have a size of 2 × 2 trigger towers and are defined by a
sliding-window technique (see for example Sect. 6.2.1). Also isolation criteria can
be required for the candidates. The JEP subsystem uses the same technique and
defines jet candidates with sizes of �η × �φ = 0.4 × 0.4, �η × �φ = 0.6 × 0.6,
and �η × �φ = 0.8 × 0.8. The jet/energy processor also evaluates the total scalar
transverse energy and the missing transverse energy of each event, based on all cells
over the acceptance of |η| < 4.9.

The muon trigger consists of three different parts. The RPC and TGC trigger first
identify muon candidates which fall into six pT windows from 5 GeV to 35 GeV by
using a simple tracking algorithm. The basic principle of this algorithm is to require a
coincidence in position of the hits in the different trigger stations. The coincidence is
required to be in a window around the extrapolated track to straight to the interaction
point. The width of the window is related to the pT threshold to be applied. A large
width corresponds to a low pT muon with a large curvature of the track while a large
width corresponds to a high pT muon with a straight track. The information of the
RPC and TGC are finally combined in the muon to CTP interface (MuCTPI) and
sent to the CTP.

The central trigger processor is finally performing theLevel-1 event decisionbased
on multiplicities of high-pT objects sent from the calorimeter trigger, the MuCTPI,
and using the information on the global energy sums.

The first trigger reduces the event rate from about 40MHz to about 75kHz.
Regions of interest defined by the L1 are sent to the High Level Trigger.

During the shutdown after the 2012 data taking, an additional systemwas installed.
The L1 topological processor (L1Topo)was placed between the L1Calo and L1Muon
systems and the CTP. It is able to combine information from the L1Calo and L1Muon
system and to compute complex quantities like invariant masses and angular vari-
ables. Based on these quantities additional information for the trigger decision is sent
to the CTP.
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5.6.2 High Level Trigger

The ATLAS HLT [17] consists of the Level-2 (L2) trigger and the event filter (EF).
Both are pure software based triggers which are running on processor farms. The
L2 trigger uses the full granularity and precision of all detector systems, but only
in the regions of interest that were defined by the L1 calorimeter and muon trigger.
For the L2 trigger also tracks are reconstructed using track reconstruction algorithms
(see Sect. 6.1). The L2 trigger has about 10 ms for its decision and reduces the event
rate to about 3kHz. A further reduction to the required rate of O(100)Hz is done
by the EF which is seeded by the decisions of the L2. The event filter reconstructs
the complete event using all available information and already applies several cali-
brations, corrections and identification criteria to the physics objects (see Chap.6).
The events are sorted into different streams which correspond to the physics objects
triggering the event. For events that pass also the last trigger level, the information
of all sub-detectors is recorded.

The presented approach has the disadvantage that both, the L2 and the EF were
running on different computing farms. If the L2 requests partial information for an
event and a positive decision is taken, this information has to be re-requested as a
part of the full event information. The Level-2 and EF have therefore been merged
during the shutdown of the LHC into a single HLT. This system is still processing
the event in multiple stages by first requesting only partial information and then,
if a positive decision is taken, evaluating the whole event information. The biggest
advantage of the new system is that this process is now happening at a single machine
and information is not duplicated.

5.7 Data Acquisition and Processing

5.7.1 Data Acquisition

During the process of making a trigger decision all information of the detector has to
be stored. Therefore all signals of the detector components are digitized and buffered
in such a way that they are available in case of a positive trigger decision. Each
detector component has an on-detector buffer pipeline, which allows to buffer the
data during the L1 trigger decision. Once an event is accepted by the L1 trigger, the
data from the pipelines are transferred off the detector via 1574 readout links. There
the signals are digitized and transferred to the data acquisition (DAQ) system. The
first stage of the DAQ system, the readout system, stores the data temporarily in local
buffers. The stored data in the RoI’s is then subsequently solicited by the L2/HLT
trigger system (2012 configuration/2015 configuration). Those events selected by the
L2/HLT trigger are then transferred to the event-building system, where the whole
event is reconstructed and subsequently sent to the event filter for the final decision.
In the 2015 configuration of the trigger system this was also done by the HLT. The
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information of accepted event is then stored in the so-called RAW data format on
magnetic tapes in the CERN computer center.

The ATLAS data taking is steered by the RunControl system (RC) [18]. The
system communicates with all the different detector components presented above.
Once all parts of the ATLAS detector are ready and the LHC declares stable beams,
a data taking run can be started. To each run a unique run number is assigned.
A data taking run usually corresponds to a single fill of the LHC and therefore
typically represents a period of hours up to a day. These runs are further divided into
luminosity blocks which correspond to a data taking time of approximately a minute.
In these luminosity blocks the instantaneous luminosity is approximately constant.
The luminosity blocks can later be flagged according to whether a problem with one
of the subsystems occurred. The luminosity blocks in which all detector parts of the
ATLAS experiment that are important for physics analyses are running are listed in
the so-called Good Runs List. The runs in which the LHC delivered stable conditions
are grouped in periods. The periods are labeled alphabetically and typically have a
length of days to weeks.

5.7.2 Data Processing

The further processing and reprocessing of the data happens in the LHC Computing
Grid [19, 20]. The Grid is a network of many computer clusters organized in sev-
eral levels, so-called Tiers. The Tier-0 is the CERN computer center which applies
reconstructions algorithms (see Chap. 6) and calibrations to the data. The whole
information on detector level is transformed into information on object level into a
data format called Event Summary Data (ESD). These ESD are distributed to the
Tier-1 centers, which are located around the world and provide storage space for the
data as well as additional processing power, e.g., for recalibration of the data. Addi-
tionally a copy of the raw data is distributed among the Tier-1 centers. From the ESD,
the Analysis Object Data (AOD) are derived, which only contain information about
specific physics objects which are needed for the analysis, like electrons, muons, jets
or photons. From the AOD level on, the analysis model differ for the two analyses
presented in this thesis.

In the analysis using data from the year 2012, a further extraction of the AODs
to the Derived Physics Data (DPD) is done. The DPDs are transferred to the Tier-
2 centers, which provide processing power for physics analysis and Monte Carlo
production. For the analysis needed data can be copied to local Tier-3 centers. Such
a Tier-3 is the local mainzgrid which is part of the computing cluster mogon [21].
Data in theD3PD format, a special type of DPD, is used for the analysis. D3PDs store
the information intoROOTNtuples. ROOTNtuples are a commonly used data format
in high energy physics. The program ROOT [22] is a statistical analysis framework
which is also used in this analysis. It provides the possibility of analyzing data and
has various possibilities to visualize data in histograms. All shown histograms in this
thesis were produced using ROOT.
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The above procedure includes the production of various data formats. If a problem
at AOD level is found, all subsequent production steps need to be repeated. This
procedure was found to be not optimal and during the shutdown of the LHC a new
analysis model was installed. It was found that most physicists prefer to use ROOT
for the final analysis step. The AODs were therefore modified in a way to be readable
by ROOT. The new format was called xAOD. To further reduce the physical size of
the data, each analysis defines an analysis specific preselection that is applied to
the xAODs. Besides the preselection of events, also the information for an event
is reduced to the information vital for the analysis. The resulting preselected data
format is called derived xAOD (DAOD).2

5.8 Luminosity Measurement

For a pp collider the luminosity can be determined by

L = Rinel

σinel
, (5.9)

where Rinel is the rate of inelastic collisions and σinel is the pp inelastic cross section.
For a storage ring operating at a revolution frequency fr and with nb bunch pairs
colliding per revolution, the luminosity can be rewritten as

L = μnb fr
σinel

, (5.10)

where μ is the number of average inelastic interactions per bunch crossing. ATLAS
monitors the delivered luminosity by measuring μ with several detectors and several
different algorithms. These algorithms are for instance based on counting inelastic
events or the number of hits in the detector. When using different detectors and
algorithms, themeasuredμmeas has to be correctedwith the efficiency and acceptance
of the detector and algorithm, to obtainμ = μmeas/ε. In the sameway isσ = σmeas/ε.
The calibration of the luminosity scale for a particular detector and algorithm is
equivalent to determining the cross section σmeas .

Equation (4.1) can be rewritten in the following form

L = nb fr N1N2

2π�x�y
, (5.11)

where N1 and N2 is the number of protons in beam one or two and �x and �y char-
acterizes the horizontal and vertical convolved beam width. Combining Eqs. (5.10)
and (5.11) leads to:

2The format DAOD_EXOT9 was used for the W ′ search.
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σmeas = μmeas
2π�x�y

n1n2
(5.12)

The luminosity detectors are calibrated to the inelastic cross section using beam-
separation scans, also known as van der Meer (vdM) scans [23]. In a vdM scan, the
beams are separated in steps of known distances. Measuring μmeas during a vdM
scan as a function of the beam separation in x or y leads to a Gaussian distribution
width a width equal to �x or �y . The parameters can therefore be extracted by a
fit. The product N1N2 is determined by beam current measurements and provided
by the LHC group. A more detailed description of the algorithms and sub-detectors
used for luminosity determination can be found in [24].

The systematic uncertainty for the determination, which is obtained by comparing
the results from the different sub-detectors and methods is for the 2012 data set 1.9%
[25] and for the 2015 data set 5% [26]. The largest uncertainties are coming from
the vdM calibration and from an uncertainty arising from the extrapolating of the
conditions during the vdM scan to the nominal high-luminosity conditions.

5.9 Detector Simulation

In Sect. 3.2, the simulation of a physics event was discussed. This simulation was
independent from the detector. The simulation of the detector and the response of the
detector to the physics event has to be simulated separately to be able to compare the
simulation with data. The programGEANT4 [27] is used for the detector simulation.

The generators produce events in a standard HepMC format [28]. These files
contain the truth information of an event, i.e., a history of the simulated interaction
from incoming to outgoing particles. The generator only simulates prompt decays
(e.g. W , Z bosons or τ -leptons) and stores all particles as outgoing particles that are
expected to propagate through the detector. In a first step these files are read in and
GEANT4 simulates the path of the generated particles through the detector. Therefore
a detailed model of the detector, including all details about geometry and materials
used as well as details about the magnetic fields, is implemented. The interaction of
the particleswith thematter of the detector is entirely simulated. Additional produced
particles, like photons from Bremsstrahlung and particles in an electromagnetic or
hadronic shower, are also propagated through the detector. The result is a precise
record of the amount of energy deposited in which part of the detector at which time.
This information is written to so-called hit files.

In a second step, these hit files are read in and the response of the detector compo-
nents to the deposited energy and the electronics of the readout system is simulated.
Therefore also effects like calibrations or dead readout channels are simulated, to
simulate conditions as they are present for data taking. To save computing time, the
simulation of the detector is only performed for the single hard-scattering process
which was simulated by the event generator. To account for pile-up, various types of
simulated events are read in, and hits from each are overlaid. The simulated pile-up
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profile can be set during the digitization step and thus also changed without perform-
ing the whole simulation step again. The information is stored in the same way as
for data taking, additionally truth information about the particles produced during
the simulation is added.

On the digitized detector information, theL1 decision is emulated and theHLTand
the reconstruction is run. No events are discarded but the trigger decision is emulated.
The reconstruction is identical for the simulation and the data, with exception that
truth information is only available in simulation.

Whereas the physics simulation is in comparison quite fast, the simulation of the
detector takes a significantly longer time. For instance, the simulation of an event
pp → W± + X → e±νe + X takes about 19min [29]. The by far longest time is
hereby needed for the simulation of the hits. Of all detector parts, the simulation of
the electromagnetic and hadronic showers takes the largest fraction of this time.

5.9.1 Correction of the Pile-Up Profile

Agood quantity for the in-time pile-up is the number of primary vertices3 nPV , as it is
a direct measurement for the number of inelastic collisions and as the inner detector
is fast enough to not be affected by out-of-time pile-up. A quantity which is also
sensitive to the in-time pile-up is the number of interactions 〈μ〉 averaged over one
bunch train4 and a luminosity block. These quantities are strongly dependent on the
settings of the LHC, like the number of protons in a bunch and the spacing between
different proton bunches. Since the physics simulation takes partially place before or
during the time of data taking, the parameters for the pile-up distribution of the final
data are not known. Thus approximate distributions are simulated that are meant to
be matched to the actual data. To adjust the simulation, every event is reweighted
using a reweighting tool5 provided by ATLAS [30]. After the data taking, for most of
the MC samples the digitization step has been repeated and a pile-up profile which is
very similar to the profile in data has been simulated. For a better description, still a
reweighting is performed. Figure5.7 shows the mean interactions per bunch crossing
for the 2012 data and as simulated in MC. The left side shows the distribution as
simulated for pre-data-taking production and the left side the distribution for the
post-data-taking production. The pre-data-taking distribution for the simulation of
the 2015 data look similar.

All MC samples used in this thesis have been reweighted to the distribution in
data. It has been found difficult to describe both, the 〈μ〉 and the nPV distributions
in data equally well with MC, thus the reweighting was adjusted to better fit the nPV

distribution.

3Number of vertices with more than two tracks.
4A bunch train consists of 72 proton bunches.
5PileupReweighting-00-03-18 has been used for the analysis described in part III and
PileupReweighting-00-02-12 for the analysis described in part IV.
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Fig. 5.7 Distribution for the mean interactions per bunch crossing. The distribution for the data
taken in 2012 is shown in black and the distribution used in Monte Carlo is shown in red. The left
side shows the Monte Carlo distribution for the pre-data-taking production and the right side for
the post-data-taking production. Figure taken from Ref. [31]

5.9.2 Correction of the Vertex Distribution

The z-position of the vertices follows a Gaussian distribution with the mean at the
interaction point and a width of about 50mm. Differences have been found between
the simulated distribution and the distribution in data. In some analyses a reweighting
is therefore performed to match the simulated distribution to the distribution in data.
Both analyses presented in this thesis are not expected to be sensitive to this effect,
therefore no reweighting has been performed.
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Chapter 6
Particle Reconstruction and
Identification in ATLAS

In the following chapter, the reconstruction and identification of tracks (Sect. 6.1),
electrons, muons, jets (Sects. 6.2 to 6.4) and of the missing transverse momentum
(Sect. 6.5) is discussed.

6.1 Track Reconstruction

Aimof the track reconstruction is to reconstruct the path of a charged particle through
the inner detector. In case of a muon, also the path through the muon spectrometer
is relevant. However, this part is discussed in Sect. 6.3 and in the following only
the reconstruction of tracks in the inner detector is discussed. In this section the
concept of the track reconstruction is summarized. Tracks are reconstructed in the
inner detector using a sequence of algorithms. More details on the algorithms can be
found in Ref. [1].

In a first step, hits in the pixel detector and the SCT are transformed into three
dimensional space points. For the SCT a hit from either side of themodule is required
to obtain both coordinates. The hits in the TRT are transformed into drift circles using
the timing information. A track seed is formed from a combination of space points
in the three pixel layers and the first SCT layer. These track candidates are then
extended up to the fourth layer of the SCT by using a Kalman-filter [2] which takes
into account material corrections. The track candidates within the acceptance of the
TRT are then fitted and extended by the TRT hits. This first step of reconstruction
aims mainly towards the reconstruction of tracks from prompt particles.1

1Prompt particles are defined as particles with a mean lifetime of greater than 3 × 10−11 s directly
produced in a pp interaction or from the subsequent decays or interactions of particles with a
lifetime shorter than 3 × 10−11 s.
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Subsequently an algorithm starts fromhits in theTRT that have not been associated
to any track yet. It extends the track inwards by adding hits from the SCT and pixel
detector. This second step mainly reconstructs tracks from converted photons and
long-lived particles, which do not necessarily have a hit in the inner most layers of
the detector.

After all tracks are fitted, vertex finder algorithms are used to assign the tracks to
their vertices. A reconstructed vertex is required to have at least two tracks associated
to it. The primary vertex is defined as the vertex with the highest

∑
p2T of all tracks.

The position of the proton beam is measured by monitoring the primary vertex
position over a certain time and taking the beam position from the mean of the
Gaussian distribution. The vertices are afterwards re-reconstructed with the position
of the proton beam as an additional measurement. Resolutions achieved for vertices
are about 23µm in transverse direction and 40µm along the beam axis [3]. After the
vertex reconstruction,additional algorithms search for secondary vertices and photon
conversions.

A more detailed description of the track reconstruction and of the performance
during the 2012 data taking is given in Ref. [4].

Important quality criteria for tracks are the transverse and longitudinal impact
parameters d0 and z0. The transverse impact parameter d0 is the distance in the
transverse plane of the track from the position of the proton beam or the primary
vertex. In this thesis requirements are placed on the d0 significance, which is defined
as d0 divided by its uncertainty. Non-prompt particles are expected to have a larger
d0 and a requirement on this parameter is hence a possibility to distinguish prompt
particles from non-prompt particles. The longitudinal impact parameter z0 is the
distance of the track from the vertex along the beam axis. It is usually defined with
respect to the primary vertex.

6.2 Electrons

Since electrons and positrons only differ in the curvature of their tracks, but have the
same signature, positrons are in this thesis from now on also denoted as electrons.
The electron reconstruction, identification, trigger, calibration, and correctionswhich
have to be applied to the simulation are in the following discussed. The section
concentrates on electrons in the region |η| < 2.47 which are meant for precision
measurements. Electrons reconstructed in the forward calorimeters are not discussed.

6.2.1 Reconstruction

Reconstruction of an electron candidate starts always from an energy deposition
(cluster) in the electromagnetic calorimeter. To search for such a cluster, a sliding-
window algorithm [5] is used. The electromagnetic calorimeter is first divided into an
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η-φ-matrix with Nη = 200 and Nφ = 256. Thereby matrix elements with a concrete
size of the calorimeter cells in the second layer (�η × �φ = 0.025 × 0.0245) are
formed. In a first step a window of the size 3 × 5, in units of 0.025 × 0.0245 in
η × φ space, runs over the matrix and searches for an energy deposition with a
transverse energy above 2.5 GeV. In a second step, tracks are searched which match
the identified clusters. The distance between the track impact point and the cluster
center is required to satisfy |�η| < 0.05. To account for radiation losses due to
Bremsstrahlung an asymmetric �φ cut is chosen. Track impact point and cluster
center have to have a �φ < 0.1 on the side where the extrapolated track bends, and
�φ < 0.05 on the other side. The cluster is discarded as an electron candidate if no
track is matched to it. If there is more than one track matching to the cluster, the ones
with hits in the pixel detector and SCT are preferred and the one with the smallest
�R to the cluster is chosen. After matching the track, the electron cluster is rebuilt
using a 3 × 7 (5 × 5) window in the barrel (endcap). The larger window in φ in the
barrel region is chosen to account for radiation losses due to Bremsstrahlung. The
cluster energy is then determined by summing the estimated energy deposited in the
material before the electromagnetic calorimeter, themeasured energy deposited in the
cluster, the estimated energy deposited outside the cluster, and the estimated energy
deposited beyond the electromagnetic calorimeter. A more detailed description of
the electron reconstruction is given in Refs. [6, 7].

6.2.2 Identification

A large part of the reconstructed electron candidates are not real electrons. The falsely
reconstructed electrons, which are dominantly jets, have to be rejected. It is at the
same time necessary to make sure that a sufficient amount of real electrons is kept.
ATLAS provides two different electron identification methods, the first is based on
cuts of track and shower shape variables [8], and the second is based on a likelihood
approach [9]. Three different levels of identification loose, medium and tight are
defined for both approaches. These three identification levels are optimized in such a
way that a signal efficiency of 90% for loose, 80% for medium, and 70% for tight is
achieved, whereas the background rejection is getting higher from loose to tight. The
levels are designed in a way that the medium identification level fully contains the
loose level as well as the tight level contains medium. The three identification levels
for both approaches are in the following briefly introduced and explained. Figure6.1
shows a schematic view of the electron reconstruction and identification principle.

6.2.2.1 Cut-Based Identification

The loose identification level imposes restrictions on the ratio between the transverse
energy in the electromagnetic and hadronic calorimeter to reject jets which would
cause a high energy deposition in the hadronic calorimeter. If the energy deposited
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Fig. 6.1 Schematic view of the electron reconstruction and identification. Figure taken from
Ref. [9]

in the first layer of the electromagnetic calorimeter is more than 0.5% of the total
deposited energy, further cuts on the first layer deposition are imposed. The total
shower width in the first layer wstot is defined as

wstot =
√∑

i Ei (i − imax)2
∑

i Ei
, (6.1)

where i is the index of the strip in the first layer and imax the index of the strip with
the highest energy. Typically wstot is defined summing over 20 strips in η. Jets have
broader showers than electrons and thus can be rejected by restricting the shower
width towards lower values. A jet can contain π0 mesons which decay dominantly
into two photons, leading to two nearby energy depositions in the electromagnetic
calorimeter. To reject photons from such a decay π0 → γγ, a second maximum in
the energy deposition of the first layer can be searched. The quantity Eratio is the
difference between highest and second highest energy deposition in one of the strips,
divided by its sum. If the difference between these energies is below a certain value,
then the candidate is assumed to originate from a π0 decay and is rejected. In the
second layer of the electromagnetic calorimeter, restrictions on the ratio Rη between
the energies deposited in a window of 3 × 7 to the window 7 × 7 are imposed. By
restricting the ratio to higher values, it is ensured that not a broad symmetric shower is
selected, like typical for hadronic showers, but a shower broad in φ like it is expected
due to radiated Bremsstrahlung.2 A similar quantity, sensitive to the same issue, is
the lateral shower width in the second layer wη,2. It is defined by

2The shower is expected to be broader in φ due to the radiated photons from Bremsstrahlung, which
are measured nearby in φ to the electron cluster.
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wη,2 =
√∑

i Eiη
2
i∑

i Ei
−

(∑
i Eiηi

∑
i Ei

)2

, (6.2)

where i is the index of the cell in the second layer. The sum is calculated within a
window of 3 × 5 cells. To ensure the matching between the chosen track and the
cluster, it can be required that the distance �η1 of the impact point of the track and
the η of the cluster in the first layer is below a certain value. The track is also required
to have a sufficient amount of hits in the pixel (nPixel ) and SCT (nSi ) detector.

The medium identification level imposes the same cuts as the loose identification
level but uses partially tighter restrictions. Additionally to ensure that the shower
barycenter is in the second layer, the ratio between the energy in the third layer to
the complete cluster energy ( f3) is restricted. This cut is only imposed to clusters
with a pT lower than 80 GeV, since for growing pT the barycenter moves towards the
hadronic calorimeter. Electrons should cause transition radiation in the TRT above a
certain threshold. For electrons within the acceptance of the TRT it is required that a
sufficient amount of the TRT hits are such high-threshold hits (FHT ). To reject tracks
which are coming from secondary vertices or photon conversions, it is required that
the associated track has a hit in the first layer of the pixel detector (nBlayer ). Finally,
to ensure that the track originates from a primary vertex, a cut is imposed on the
transverse impact parameter d0.

The tight identification level imposes the same cuts as themedium identification
level with again partially tighter restrictions. To ensure that the track and the cluster
belong to the same physics object, a cut is made on the ratio E/p of the measured
energy and the measured momentum. To tighten the matching between track and
cluster, an additional �φ cut is imposed and to further constrain the track quality a
minimum number of hits in the TRT (nT RT ) is required. Electron candidates which
are flagged by a specific algorithm as objects which are coming from a photon
conversion are also rejected.

6.2.2.2 Likelihood-Based Identification

The likelihood-based identification is a multivariate analysis technique that simul-
taneously evaluates several properties of the electron candidates when making a
selection decision. A probability density function is created using n variables with
discriminating power (signal vs. background), where �x is the set of variables for
a given electron. The same set of variables is used as in the cut-based approach
described above. An exception are the variables E/p, wstot, |�φ|, and the number
of hits of the track. Each electron is assigned with a discriminant value dL:

dL = LS

LS + LB
, LS(�x) =

n∏

i=1

PS,i (xi ), (6.3)
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where PS,i (xi ) is the value of the signal probability density function of the i th variable
evaluated at xi . LB is defined in the same way as LS , where PB,i (xi ) refers to the
background probability function. The likelihoods are optimized on a Monte Carlo
sample with Z → ee (signal) events and simulated events containing two jets (back-
ground). Differences of the width or position in the distributions of the variables
�x are observed between data and simulation. Hence, during the optimization, these
distributions are corrected to match the distributions in data.

Cuts, which obtain the target electron efficiencies, are placed on the likelihood
discriminant and the number of track hits. This ensures that the three different iden-
tification levels are a subset of each other. During the 2015 data taking, an efficiency
loss at high pT was observed for the tight identification level. This problem was not
observed for the medium identification level. As a solution, the cut on the likelihood
discriminant was reduced above pT = 125 GeV to the cut value of themedium level.
To provide additional discrimination in this region, additional cuts, similar to those
used in the cut-based approach, are placed on E/p and wstot. The likelihood-based
approach allows for better background rejection for a given signal efficiency than
the cut-based identification that would use selection criteria sequentially on each
variable. It needs on the other hand a better understanding of the differences between
data and simulation.

6.2.2.3 Isolation

Isolation requirements can be imposed, since single electrons should produce a
shower located in a rather small region, whereas jets produce broader showers. The
sum of the energy in a region around the cluster center larger than a certain radius
�R, can be used to discriminate between isolated electron candidates, e.g., from
W or Z decays and non-isolated electron candidates from jets. Similar isolation
requirements can be imposed on the tracks surrounding an electron candidate. Such
isolation requirements are not imposed by the three identification levels and can be
applied additionally to electron candidates.

6.2.3 Electron Trigger

Triggers are used to select events containing electrons. All electron triggers are
seeded by a Level-1 trigger requiring one or multiple electromagnetic calorimeter
trigger objects above a certain energy threshold. To further enhance the purity of the
data and to reduce the rate of the triggers, identification requirements are placed at
the HLT level. These identification criteria are similar to the offline requirements but
always slightly looser to avoid efficiency losses. Triggers exist for both, the cut-based
approach and the likelihood-based approach. In case of the cut-based identification,
also triggers meant for triggering photons can be used, as the identification level
imposed on these does not include track information and places the same require-
ments on the electromagnetic clusters as the electron triggers.
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6.2.4 Electron Energy Correction

The energy of an electron candidate is built from the energy of a cluster of cells in
the electromagnetic calorimeter. It is calibrated to the original electron energy using
multivariate techniques which are based on simulation. The calibration procedure is
described in detail in Ref. [7].

To further calibrate the reconstructed energy of the electrons in data, η-dependent
corrections are applied to recalibrate the energy. The corrections are small and below
one percent with an accuracy on the order of 0.1%. They were obtained by selecting
a sample of Z - and J/ψ- candidates. The corrections are then derived by comparing
these resonances in data and Monte Carlo simulation. For the recalibration, correc-
tions3 were used, obtained by the electron performance group of ATLAS [7].

In the Monte Carlo simulation a too optimistic energy resolution of the electro-
magnetic calorimeter is assumed. For this reason, the simulated energy gets smeared
by a correction following a Gaussian distribution. The width of the Gaussian distri-
bution is determined by selecting a sample of Z → ee and J/� → ee candidates
and comparing the reconstructed width of the invariant mass distribution in data and
simulation. The corrections to the energy resolution are determined by the ATLAS
electron performance group [7]. The same software tools as for the electron energy
calibration are used. The corrections are on the order of one per mille, with slightly
higher corrections around the transition region between the detector barrel and the
detector endcaps. The accuracy of these corrections is on the order of 0.01%.

6.2.5 Efficiency Corrections

The probability to select a real electron in the analysis is the product of the efficiencies
of fourmain steps, namely the application of the trigger algorithms, the reconstruction
of the electron object and the specific electron identification and isolation criteria.
For these four steps the efficiency in data and in simulation show small differences.
To correct for these differences, efficiency corrections are derived which are defined
as wSF = εdata/εMC , where ε is the efficiency of a certain identification step.

The efficiency in data εdata is measured in a sample of Z candidates which is
obtained using a so called “tag and probe method“. In this method an electron can-
didate with a very strict identification is selected and called tag. Then a second
electron candidate, called probe, is selected which builds with the tag a pair with
an invariant mass in a window around the Z -peak. With this probe the efficiency is
studied. This method provides a clean sample of probe electrons, since the region
of the Z -peak is dominated by real electrons. The efficiency in simulation is simply
measured, by using the same tag and probe method on a Monte Carlo simulating
pp → Z/γ∗ + X → e+e− + X . All efficiency correction weights are derived by

3ElectronPhotonFourMomentumCorrection-00-01-46 has been used for the analysis described in
part III and ElectronPhotonFourMomentumCorrection-00-00-34 for the analysis described in part
IV.
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the ATLAS electron performance group [8, 9]. A tool4 is provided which contains
the efficiency corrections. The derived efficiency corrections weights are binned in
electron pT and η. They typically deviate from one on the order of one percent and
are applied as weight on a single object basis.

6.3 Muons

The muon reconstruction, identification, trigger, and corrections which have to be
applied to the simulation are in the following discussed. This section concentrates
on muons used in the analysis of the 2015 data set. The reconstruction of muons in
the 2012 data set is very similar but slightly different in some places. It is described
in more detail in Ref. [10].

6.3.1 Reconstruction

The muon reconstruction starts with the track reconstruction in the muon spectrom-
eter. A Hough transform [11] is used to search for hits aligned on a trajectory in the
MDT and trigger chambers. In the CSC a slightly different algorithm is used. Muon
track candidates are then built by fitting the hits found in the muon system. The fit
starts from the middle layers of the spectrometer and then extends to the inner and
outer layers.

Different muon reconstruction algorithms then combine the information from the
muon spectrometer with the information in the inner detector and calorimeters. At
the beginning, track reconstruction in the inner detector and the muon spectrometer
is performed independently. The main algorithm performs a global refit of the tracks
in the inner detector and muon spectrometer. During the fit, muon spectrometer
hits may be added or removed to allow for a better track quality. Most muons are
reconstructed by starting from the muon spectrometer track and extending it into the
inner detector. In a complementary approach the fitting procedure starts in the inner
detector. Muons reconstructed by this algorithm are referred to as combined muons.

Additional reconstruction algorithms exist which combine single tracks in the
inner detector with the energy deposition in the calorimeter5 (calorimeter-tagged
muons), a muon track in the inner detector is extrapolated to a single hit in the
muon spectrometer (segment-tagged muons), or tracks in the muon spectrometer to
not match any track in the inner detector (extrapolated muons). The muon quality
of these reconstruction algorithms is in general lower. They are described in more
detail in Ref. [12].

4ElectronEfficiencyCorrection-00-01-42 has been used for the analysis described in part III and
ElectronEfficiencyCorrection-00-00-50 for the analysis described in part IV.
5Muons deposit an energy of about 3 GeV when traversing the calorimeter. The deposited energy
is independent of the muon momentum.
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6.3.2 Identification

A part of the reconstructed muon candidates originate from pion and kaon decays.
These muons are considered as background and are suppressed by applying quality
requirements on the muon candidate. The requirements are designed to have at the
same time a high efficiency for prompt muons and to guarantee a robust momentum
measurement.

Muon candidate which originate from in-flight decays of charged hadrons often
show the presence of a distinctive “kink” in the reconstructed track. As a consequence
they have a lower fit quality and the momentum measured in the inner detector and
the muon spectrometer may not be compatible. Hence, the normalized χ2 of the
track fit is one of the variables which can be used for the discrimination of prompt
muons and background muons. The q/p significance, defined as the absolute value
of the difference between the ratio of the charge and momentum of the muon track
measured in the inner detector and in the muon spectrometer divided by the sum in
quadrature of the corresponding uncertainties, is another quantity which can be used.
A similar quantity is ρ′, the absolute value of the difference between the transverse
momentum measurements in the inner detector and muon spectrometer divided by
the pT of the combined track. To ensure a good track quality, specific requirements
on the number of hits in the inner detector and muon spectrometer are used. A muon
candidate is required to have at least one hit in the pixel detector, five hits in the
SCT, and that 10% of the TRT hits originally assigned to the track are included in
the combined fit. The latter requirement is only applied to muon candidates inside
the acceptance of the TRT.

Four muon identification selections (loose,medium, tight, high-pT) are defined by
the ATLASmuon performance group. Themedium identification is the default muon
definition used in ATLAS. The high-pT identification level aims to maximize the
momentum resolution for muons with pT > 100 GeV. It was specifically designed
for the analysis presented in part III and for the search of a heavy dimuon resonance
(Z’). These two identification levels are in the following described in more detail,
the loose and tight identification levels are described in more detail in Ref. [12].
The medium identification level includes only combined muons and extrapolated
muons. The former are required to have at least three hits in at least twoMDT layers,
except for themuonswithin |η| < 0.1, where one layer is required. The latter are only
used in the region 2.5 < |η| < 2.7 which is not relevant for this thesis. In addition a
requirement of q/p significance smaller than 7 is imposed.
The high-pT identification level only includes combined muons. All requirements
imposed by the medium selection are also applied here. On top of these criteria each
muon is required to have at least hits in three precisions layers of the muon spec-
trometer. For a precise momentum measurement, the inner tracking detector and
the muon spectrometer chambers have to be precisely aligned. All muon candidates
whose tracks in themuon spectrometer fall into poorly aligned chambers of themuon
spectrometer according to their tracks’ η − φ coordinates are also rejected. The align-
ment is usually ensured by taking data without the toroidal magnet and exploiting
the straight track pointing from the inner tracking detector to the muon spectrometer.
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For some newly installed chambers the alignment was not yet fully understood and
the regions are therefore vetoed. The vetoed regions are the barrel/endcap overlap
region 1.01 < |η| < 1.1 and the regions 1.05 < |η| < 1.3 for 0.21 < |φ| < 0.57,
1.00 < |φ| < 1.33, 1.78 < |φ| < 2.14 and 2.57 < |φ| < 2.93.

6.3.2.1 Isolation

Isolation requirements can be imposed, since non-prompt muons are often accompa-
nied by other charged particles contained in a jet. The sum of the track pT in a region
around the muon track larger than a certain radius �R, can be used to discriminate
between prompt muons, e.g., from W or Z decays and non-prompt muons in jets,
e.g., from hadron decays.

6.3.3 Muon Trigger

Triggers are used to select events containing muons. All muon triggers are seeded by
a Level-1 trigger requiring one or multiple muon candidates, reconstructed from the
trigger chamber hits as described in 5.6. In the HLT, the information from the MDT
chambers is added and a track from the muon spectrometer hits is formed using a
simple parameterized function. The track in the muon spectrometer is then combined
with the closest track in the inner detector. If the muon candidate still passes a certain
pT requirement, a track reconstruction similar to the offline reconstruction is per-
formed. The selection of the muon candidates is in the end based on the multiplicity,
transverse momentum, and track isolation requirements.

6.3.4 Muon Momentum Scale and Resolution Corrections

Similarly to the electrons, corrections are derived to correct for differences of the
muon momentum scale and resolution observed between data and simulation. In
contrast to the electron calibration, no corrections are applied to data. The corrections
are derived by comparing the position and width of the Z - and J/ψ-resonance in data
and Monte Carlo simulation. As the corrections are only applied to simulation, the
position of the Z - and J/ψ-resonance in data does not necessarily match the PDG
value which was used in the simulation. The corrections are binned in muon η and
are typically in the per mille range for the momentum scale (with an accuracy on the
order of 0.1%) and in the low percent range for the resolution.

6.3.5 Efficiency Corrections

Similar to the efficiency corrections for electrons, also efficiency corrections for the
muon reconstruction, isolation, and trigger efficiency are derived. They are calculated
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using a tag and probe method selecting a sample of Z - and J/ψ-candidates. The
corrections are binned in η and φ, no strong pT dependency was observed. A detailed
description of the efficiencies derived for the muons in the simulation of the 2015
data set can be found in Ref. [12]. The corrections are on the order of a few percent.

6.4 Jets

The jet reconstruction, identification, trigger, and corrections which have to be
applied are discussed in the following. The section follows largely the discussion
in Ref. [13].

6.4.1 Reconstruction

Jets are collimated bundles of hadrons emerging from the fragmentation of high
energetic partons. Hence, they are depositing their energy in the calorimeters. The
main part of the energy is usually measured in the hadronic part of the calorimeter.
Clusters of energy deposits in the calorimeter are built from topological connected
calorimeter cells that contain a significant signal above noise [5, 14]. These clusters
are called “topo-clusters”. The ATLAS hadronic calorimeter is a non-compensating
calorimeter, i.e. the energymeasured for hadronic showers does not correspond to the
true energy. Themeasured clusters are therefore reconstructed at the electromagnetic
scale. Techniques exist (local cluster weighting) which correct for this, but are not
used in this thesis and thus not further discussed. The energy clusters are subsequently
used as an input for jet finding algorithms.

The main jet finding algorithm in ATLAS is the anti-kt algorithm [15]. It fulfills
the requirements for a jet algorithm to be collinear and infrared safe, i.e., its result
does not change significant if small angle or low energy gluon emission appeared.
The basic idea of this algorithm is to introduce distances di j between objects i and
j and di B between object i and the beam (B). If the smallest distance is di j , the
two objects are recombined, if the smallest distance is di B , i is considered as a jet
and removed from the list of considered objects. The calculation of the distances is
repeated until no objects are left. The definition of the distances is:

di j = min(k−2
t,i , k−2

t, j )
�2

i j

R2
, di B = k−2

t,i , (6.4)

where �2
i j = (yi − y j )2 + (φi − φ j )

2 and kt,i , yi , and φi are the transverse momen-
tum, rapidity, and azimuth angle of particle i , respectively. R is the radius parameter
determining the size of the jets. In this thesis only jetswith a radius parameter R = 0.4
are used.
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6.4.2 Jet Energy Calibration

The jets defined by the anti-kt algorithm use hadronic clusters calibrated to the
electromagnetic energy scale. Hence, they have to be calibrated to obtain the four
momentumof the jet. The jet energy scale is therefore calibrated in several steps. First,
a correction is applied to account for the energy offset caused by pile-up interactions.
In a next step anorigin correction is applied to the jet direction, tomake the jet pointing
back to the primary vertex instead of the nominal interaction point. Then, a Monte
Carlo based correction is applied to the jet energy. Finally, a residual correction,
derived from in situ, is applied to jets reconstructed in data. The methodology of
deriving these corrections is described in Ref. [13]. The corrections are provided by
the ATLAS jet performance group [16] and implemented in a software tool.6

6.4.3 Identification

Jets can originate from events in which one of the protons collides with the residual
gas within the beam pipe or withmaterial outside of theATLAS detector, for example
the collimators. These jets are considered as background, since they are not originat-
ing from a pp collision. Another source of background are cosmic-ray muons and
calorimeter noise. Quality criteria are defined by the ATLAS jet performance group
to reject these background jets. The criteria are based on the quality of the energy
reconstruction, the jet energy deposits in the direction of the shower development,
and reconstructed tracks matched to the jet. The identification criteria are discussed
in more detail in Ref. [17]. Jets from background events usually make up a very small
fraction.

To differentiate jets from pile-up vertices and jets from the hard-scatter vertex,
a multivariate technique is used. The jet-vertex-tagger [18] uses a combination of
track-based variables to quantity the likelihood that a jet originates from a hard-
scatter process. The values of the tagger range from 0 (most likely pile-up jet) to 1
(most likely hard-scatter jet).

6.4.4 Jet Trigger

At the Level 1 trigger, jets are built from trigger towers using a sliding-window
algorithm. In case of a positive trigger decision, the jets are refined in the HLT using
reconstruction algorithms similar to those described above.

6JetCalibTools-00-04-61 has been used for the analysis presented in part III.
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6.4.5 Correction of the Simulation

A potential difference can emerge from the jet energy resolution in data and sim-
ulation. However, in both, the simulation describing the 2012 data and simulation
describing the 2015 data, these differences were found to be negligible [16]. No fur-
ther corrections are therefore applied but systematic uncertainties might come along
with the jet energy resolution in the simulation.

6.5 Missing Transverse Momentum

Neutrinos leave the detector unseen and can only be reconstructed indirectly by
reconstructing the missing transverse momentum Emiss

T , the momentum imbalance
of the event. The measurement of Emiss

T is mainly relevant for the thesis presented in
part III. The procedure described in the following section is therefore following the
procedure used for the 2015 data set. The information of this section is based on the
Refs. [19, 20].

The Emiss
T reconstruction process uses reconstructed, calibrated objects to estimate

the transverse momentum imbalance in an event. An object based reconstruction
provides a better Emiss

T resolution than a simple sum of calorimeter cells or tracks,
as object specific calibrations can be applied. The components of Emiss

T of an event
is defined in the following way

Emiss
x(y) = Emiss,e

x(y) + Emiss,γ
x(y) + Emiss,τ

x(y) + Emiss, jets
x(y) + Emiss,μ

x(y) + Emiss,so f t
x(y) (6.5)

The terms for the charged leptons, photons, and jets correspond to the calibrated
momenta7 for the respective objects. Analysis specific selections are applied to these
objects. The calorimeter energy depositions are associated in a specific order to avoid
overlap betweenobjects.An energy deposition alreadyusedwill not be considered for
any other object. The order is as follows: electrons, photons, hadronically decaying
τ ’s, jets and finally muons. Tracks which are not considered to any of the objects are
combined in the track soft term Emiss,so f t

x(y) . A different possibility would be to sum
all calorimeter cells which have not been associated to any of the objects. However,
the track based soft term was found to be more robust against pile-up and is as
a consequence used as default in the analysis presented in part III. The analysis
presented in part IV uses in some places an Emiss

T variable for cuts and further checks
of the analysis performance. The Emiss

T performance is here not crucial, hence a
calorimeter based soft term is used and no further calibration was applied to the
objects. From the components the magnitude Emiss

T and azimuthal angle φmiss can be
calculated as

7In case of the hadronically decaying τ -leptons only the hadronic jet is calibrated and no correction
is applied for the momentum carried away by the neutrino.



86 6 Particle Reconstruction and Identification in ATLAS

Emiss
T =

√
(Emiss

x )2 + (Emiss
y )2, φmiss = arctan(Emiss

y /Emiss
x ). (6.6)

The τ , photon and track soft term selection is in the following briefly discussed. The
selection of the other objects is discussed in more detail in Sect. 9.2.

6.5.1 Photon Selection

The photon identification exploits the evolution of the electromagnetic showers.
Different cut-based and likelihood-based identification levels exist similar to those
described for electrons. Only photons passing a tight identification level are used
for the Emiss

T calculation. Furthermore, the photons have to have pT > 25 GeV and
|η| < 2.37. Photons falling within the transition region of the barrel and endcap
electromagnetic calorimeters 1.37 < |η| < 1.52 are also discarded. A more detailed
description of the photon identification can be found in Ref. [21].

6.5.2 τ Selection

Hadronically decaying τ ’s may be differentiated from jets based on their low track
multiplicity and narrow shower shape. These and other discriminating characteris-
tics are combined in a Boosted Decision Tree. The τ candidates entering the Emiss

T
selection are passing a medium identification level. Furthermore, they have to have
pT > 20 GeV and |η| < 2.5. Tau candidates falling within the transition region of
the barrel and endcap electromagnetic calorimeters 1.37 < |η| < 1.52 are also dis-
carded. A more detailed description of the τ identification can be found in Ref. [22].

6.5.3 Track Soft Term Selection

For the calculation of the track soft term, only tracks are considered which have
pT > 0.5 GeV and which lie within the acceptance of the inner detector (|η| < 2.5).
Furthermore, all tracks are required to have at least 7 hits in the pixel detector and
SCT. Only tracks originating from the primary vertex (largest

∑
p2T) are considered

and required to have a transverse impact parameter d0 of less than 1.5 mm. It is also
required that the d0 significance is less than 3.

Tracks which satisfy these selection criteria and are not associated to any of the
reconstructed objects passing the selection criteria are used. The tracks are excluded
if they are within �R = 0.05 of an electron or photon cluster, or within �R =
0.2 of a hadronically-decaying τ . Tracks associated to a muon are replaced by the
combined track fit of the muon spectrometer and inner detector. Since the tracks are
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matched to the primary vertex, the track soft term is relatively insensitive to pile-up. It
does however, not include contributions from soft neutral particles and from regions
outside of the inner detector acceptance (|η| > 2.5).

References

1. Cornelissen T et al (2007) Concepts, design and implementation of the ATLAS new tracking
(NEWT). Technical report ATL-SOFT-PUB-2007-007. ATL-COM-SOFT-2007-002. Geneva:
CERN. https://cds.cern.ch/record/1020106

2. Fruhwirth R (1987) Application of Kalman filtering to track and vertex fitting. Nucl Instrum
Methods A262:444–450. https://doi.org/10.1016/0168-9002(87)90887-4

3. Pagan Griso S et al (2012) Vertex reconstruction plots: collision performance plots for
approval. Technical report ATL-COM-PHYS-2012-474. Geneva: CERN. https://cds.cern.ch/
record/1445579

4. Performance of the ATLAS inner detector track and vertex reconstruction in the high pile-up
LHC environment. Technical report ATLAS-CONF-2012-042. Geneva: CERN (2012). https://
cds.cern.ch/record/1435196

5. LamplW et al (2008) Calorimeter clustering algorithms: description and performance. Techni-
cal report ATL-LARG-PUB-2008-002. ATL-COM-LARG-2008-003. Geneva: CERN. https://
cds.cern.ch/record/1099735

6. Improved electron reconstruction in ATLAS using the Gaussian sum filter-based model for
bremsstrahlung. Technical report ATLAS-CONF-2012-047. Geneva: CERN (2012). https://
cds.cern.ch/record/1449796

7. ATLAS Collaboration. Electron and photon energy calibration with the ATLAS detector using
LHC Run 1 data. Eur Phys J C74.10:3071 (2014). https://doi.org/10.1140/epjc/s10052-014-
3071-4, arXiv: 1407.5063 [hep-ex]

8. ATLAS Collaboration. Electron efficiency measurements with the ATLAS detector using the
2012 LHC proton-proton collision data. In: ATLAS-CONF-2014-032 (2014). https://cds.cern.
ch/record/1706245

9. Electron efficiencymeasurements with the ATLAS detector using the 2015 LHC proton-proton
collision data. Technical report ATLAS-CONF-2016-024. Geneva: CERN (2016). https://cds.
cern.ch/record/2157687

10. ATLAS Collaboration. Measurement of the muon reconstruction performance of the ATLAS
detector using 2011 and 2012 LHCproton-proton collision data. Eur Phys J C74.5:3130 (2014).
https://doi.org/10.1140/epjc/s10052-014-3130-x, arXiv: 1407.3935 [hep-ex]

11. Illingworth J, Kittler J (1988) A survey of the hough transform. In: Computer vision, graph-
ics, and image processing 44.1:87–116. ISSN: 0734-189X. https://doi.org/10.1016/S0734-
189X(88)80033-1, http://www.sciencedirect.com/science/article/pii/S0734189X88800331

12. Aad G et al (2016) Muon reconstruction performance of the ATLAS detector in proton-proton
collision data at

√
s=13 TeV. Eur Phys J C76.5:292. https://doi.org/10.1140/epjc/s10052-016-

4120-y, arXiv: 1603.05598 [hep-ex]
13. Aad G et al (2015) Jet energy measurement and its systematic uncertainty in proton-proton

collisions at
√
s = 7 TeV with the ATLAS detector. Eur Phys J C75:17. https://doi.org/10.

1140/epjc/s10052-014-3190-y, arXiv: 1406.0076 [hep-ex]
14. Aad G et al (2016) Topological cell clustering in the ATLAS calorimeters and its performance

in LHC Run 1. arXiv: 1603.02934 [hep-ex]
15. Cacciari M, Salam GP, Soyez G (2008) The Anti-k(t) jet clustering algorithm. JHEP 04:063.

https://doi.org/10.1088/1126-6708/2008/04/063, arXiv: 0802.1189 [hep-ph]
16. Collaboration A (2015) Jet calibration and systematic uncertainties for jets reconstructed in

the ATLAS detector at
√
s = 13 TeV. Technical report ATL-PHYS-PUB-2015-015. Geneva:

CERN. https://cds.cern.ch/record/2037613

https://cds.cern.ch/record/1020106
https://doi.org/10.1016/0168-9002(87)90887-4
https://cds.cern.ch/record/1445579
https://cds.cern.ch/record/1445579
https://cds.cern.ch/record/1435196
https://cds.cern.ch/record/1435196
https://cds.cern.ch/record/1099735
https://cds.cern.ch/record/1099735
https://cds.cern.ch/record/1449796
https://cds.cern.ch/record/1449796
https://doi.org/10.1140/epjc/s10052-014-3071-4
https://doi.org/10.1140/epjc/s10052-014-3071-4
http://arxiv.org/abs/1407.5063
https://cds.cern.ch/record/1706245
https://cds.cern.ch/record/1706245
https://cds.cern.ch/record/2157687
https://cds.cern.ch/record/2157687
https://doi.org/10.1140/epjc/s10052-014-3130-x
http://arxiv.org/abs/1407.3935
https://doi.org/10.1016/S0734-189X(88)80033-1
https://doi.org/10.1016/S0734-189X(88)80033-1
http://www.sciencedirect.com/science/article/pii/S0734189X88800331
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1140/epjc/s10052-016-4120-y
http://arxiv.org/abs/1603.05598
https://doi.org/10.1140/epjc/s10052-014-3190-y
https://doi.org/10.1140/epjc/s10052-014-3190-y
http://arxiv.org/abs/1406.0076
http://arxiv.org/abs/1603.02934
https://doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
https://cds.cern.ch/record/2037613


88 6 Particle Reconstruction and Identification in ATLAS

17. Selection of jets produced in 13 TeV proton-proton collisions with the ATLAS detector.
Technical report ATLAS-CONF-2015-029. Geneva: CERN (2015). http://cds.cern.ch/record/
2037702

18. Tagging and suppression of pileup jets with the ATLAS detector. Technical report ATLAS-
CONF-2014-018. Geneva: CERN (2014). http://cds.cern.ch/record/1700870

19. ATLAS Collaboration. Performance of missing transverse momentum reconstruction for the
ATLAS detector in the first proton-proton collisions at at

√
s = 13 TeV. In: ATL-PHYS-PUB-

2015-027 (2015). https://cds.cern.ch/record/2037904
20. ATLASCollaboration. Expected performance of missing transversemomentum reconstruction

for the ATLAS detector at
√
s = 13 TeV. In: ATL-PHYS-PUB-2015-023 (2015). https://cds.

cern.ch/record/2037700
21. Aaboud M et al (2016) Measurement of the photon identification efficiencies with the ATLAS

detector using LHC Run-1 data. arXiv: 1606.01813 [hep-ex]
22. Aad G et al Identification and energy calibration of hadronically decaying tau leptons with the

ATLAS experiment in pp collisions at
√
s = 8 TeV. Eur Phys J C75.7:303 (2015). https://doi.

org/10.1140/epjc/s10052-015-3500-z, arXiv: 1412.7086 [hep-ex]

http://cds.cern.ch/record/2037702
http://cds.cern.ch/record/2037702
http://cds.cern.ch/record/1700870
https://cds.cern.ch/record/2037904
https://cds.cern.ch/record/2037700
https://cds.cern.ch/record/2037700
http://arxiv.org/abs/1606.01813
https://doi.org/10.1140/epjc/s10052-015-3500-z
https://doi.org/10.1140/epjc/s10052-015-3500-z
http://arxiv.org/abs/1412.7086


Part III
Search for New Physics in Final States with

One Lepton Plus Missing Transverse
Momentum at

√
s = 13 TeV



Chapter 7
Motivation

The conceptual problems of the Standard Model and open questions like the nature
of dark matter motivate the search for new physics. New physics models which try
to solve these problems or find an explanation for the open questions are often an
extension of the Standard Model. These new physics models almost always predict
new particles that can be searched for. The hierarchy problem motivates the appear-
ance of new physics at the TeV scale. While there are very well-elaborated theories,
like Supersymmetry, which often make rather explicit predictions about the particles
that are expected, there are at the same time a lot of theories which are still in the
conceptual phase. Many theories beyond the Standard Model extend the Standard
Model gauge groups. These new gauge groups lead to new gauge bosons that can
behave similar as the W and Z bosons in the Standard Model. Some theories which
predict a new heavy charged boson have been introduced in Sect. 2.3.3. It should also
be considered that it is possible that the true extension of the Standard Model has not
yet been thought of.

The new heavy charged bosons might decay into a charged lepton (�± = e±, μ±)
and the corresponding (anti-)neutrino. This is a very clear final state which can
be probed in a more general way. Hence, the presented analysis aims to search for
deviations of the data from the expected StandardModel backgroundwithoutmaking
too many model specific assumptions. As a consequence, a generic heavy charged
gauge boson, the Sequential Standard Model W ′, is used as a reference model. In
this model, the W ′ boson has the same couplings as the Standard Model W but no
couplings to W and Z bosons.

Figure 7.1 shows the ratio of the exclusion limit on the cross section of aW ′ boson
and the predicted SSM cross section as a function of the W ′ pole mass resulting
from previous analyses performed by the CDF [1] collaboration at the Tevatron
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assume theW ′ has the same couplings as the SMW boson. The region above each curve is excluded
at 95% CL

accelerator1 and the ATLAS collaboration with data taken at a center of mass energy
of 7 and 8TeV [3–5]. So far SSM W ′ masses below 3.24TeV have been excluded
by the ATLAS collaboration and below 3.28TeV by the CMS collaboration [6] with
95% confidence level (CL).

The increase in center of mass energy from 1.96TeV at Tevatron to 7TeV at the
LHC significantly increased the mass reach of these analyses even when using less
integrated luminosity. The presented analysis will be performed with the first data
delivered by the LHC at

√
s = 13TeV. It is therefore probing a new energy regime

and a significant boost of sensitivity at the highest masses is expected. It is at the
same time also possible that new physics appears at lower masses with much lower
cross sections than predicted by the SSM. The analysis presented in this thesis will
therefore also try to improve the sensitivity in this range.

The ATLAS W ′ group analyzing the 2015 data was lead by myself where I per-
formed the complete analysis of the electron channel and the statistical interpretation
of both channels. The analysis of themuon channel has afterwards been added for this
thesis. The results first have been made public in a conference note [7] (December
2015) and a publication [8] (June 2016) which has been submitted to Phys. Lett. B.

The analysis is structured as follows. In Chap.8 the analysis strategy is introduced.
Chapter 9 is the main part of this work and describes in Sect. 9.1 the Monte Carlo
samples followed by the description of the electron andmuon channel event selection
in Sect. 9.2. Section9.3 discusses the estimation of the multijet background which

1Also an analysis from the D0 collaboration exists [2] but it provides not the needed information
to be included in Fig. 7.1.
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is arising from jets being misidentified as electron or muon and the extrapolation of
several backgrounds towards high transverse mass is described in Sect. 9.4. The esti-
mation of the systematic uncertainties is discussed in Sect. 9.5 and the chapter closes
with a comparison of the selected data with the expected background in Sect. 9.6.
Chapter10 starts with a discussion of the statistical framework in Sect. 10.1 and the
obtained transverse mass spectra in Sect. 10.2. In Sect. 10.3 a quantification of poten-
tial observed excesses is performed by a likelihood ratio test and an exclusion limit
on the cross section of the SSM W ′ is determined using a Bayesian approach and
compared to previous results in Sect. 10.4. The discussion of the analysis ends with
a conclusion and an outlook in Chap.11.
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Chapter 8
Analysis Strategy

The invariant mass distribution is the most direct way to search for a new particle, as
a new particle will lead to a resonance at its pole mass. However, the invariant mass
m�ν of the �ν-pair cannot be reconstructed, as the information about the momentum
of the neutrino can only be reconstructed indirectly and only in the transverse plane,
by reconstructing themissing transversemomentum Emiss

T . Away to indirectly access
this information is to reconstruct the transverse mass mT of the event

mT =
√
2pTEmiss

T (1 − cos�φ�ν),

where �φ�ν is the azimuthal angle between the lepton and Emiss
T in the transverse

plane and pT the transverse momentum of the lepton. The transverse mass was the
kinematic observable that played a key role in the discovery of the W boson at the
Spp̄S collider [1, 2] and later in its precisemeasurement at theTevatron collider [3–5].
Figure 8.1 shows them�ν andmT distribution for four simulated SSMW ′ bosonswith
different pole masses. The histograms for the different pole masses are normalized to
the same area to allow for shape comparisons. The Breit–Wigner resonance, which
is visible in the m�ν spectrum, is leading to a clear signature at the pole mass of the
W ′. This signature is significantly diluted in the mT spectrum. A peak with a sharp
edge atmT = mW ′ can be observed instead of a resonant distribution around the pole
mass of the W ′. This sharp edge can be used to indirectly measure the pole mass. A
transversemass close to the edge is only reconstructed if theW ′ is produced at rest. In
this case the lepton and neutrino decay back-to-back and therefore cos�φ�ν ≈ −1.
Furthermore, lepton and neutrino need to have η ≈ 0, so that the pT and Emiss

T are
maximized andmT ≈ mW ′ . Every other configuration will lead to a lower transverse
mass. A significant part of the signal is therefore contributing to a tail at lower values
of mT. The signal shape in the mT distribution can be described by a Jacobian peak

© Springer Nature Switzerland AG 2018
M. Zinser, Search for New Heavy Charged Bosons and Measurement of High-Mass
Drell-Yan Production in Proton-Proton Collisions, Springer Theses,
https://doi.org/10.1007/978-3-030-00650-1_8

95

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00650-1_8&domain=pdf


96 8 Analysis Strategy

 [GeV]νlm
1000 2000 3000 4000 5000 6000

Ar
bi

tra
ry

 U
ni

ts

0

0.05

0.1

0.15

0.2

0.25

0.3  = 2 TeV)W'm (W'SSM
 = 3 TeV)W'm (W'SSM
 = 4 TeV)W'm (W'SSM
 = 5 TeV)W'm (W'SSM

 [GeV]Tm
1000 2000 3000 4000 5000 6000

Ar
bi

tra
ry

 U
ni

ts

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07  = 2 TeV)W'm (W'SSM
 = 3 TeV)W'm (W'SSM
 = 4 TeV)W'm (W'SSM
 = 5 TeV)W'm (W'SSM
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Another important effect can be observed when comparing the signal shapes for
different pole masses. While 90% of the contribution of a W ′ with a mass of 2TeV
is still contained in a window of m�ν ± 500GeV around its pole mass, this number
reduces to 26% for a W ′ with a mass of 5TeV. The rest of the signal is contributing
to a low mass tail which is getting more pronounced for higher pole masses of the
W ′. The low mass tail is even larger in the mT distribution. Here only 50% (9%)
of the events of a W ′ with a mass of 2TeV (5TeV) are contributing to the same
window. The reason for this enhancement for higher pole masses is the low parton-
parton-luminosity for very high invariant masses. A quark-antiquark pair with very
high Bjorken-x is needed to produce a W ′ at very high invariant mass m�ν . The
probability to find a quark-antiquark pair at very high Bjorken-x is very low while it
is enhanced at lower values of Bjorken-x .

The general strategy of this analysis is to select events with high Emiss
T and a single

electron or muon with high pT. Figure 8.2 shows an event display of an event with
a very high transverse mass of 1.95TeV. The event contains an electron with very
high transverse momentum of pT = 1.01TeV. The green towers depict the energy
deposits in the EM calorimeter. For this event the reconstructed Emiss

T is 0.94TeV
and therefore well balanced with the pT of the electron. The decay products of a
heavy particle produced at rest typically have very similar pT. The direction of the
Emiss
T is indicated by the red dashed line. Electron and Emiss

T are back-to-back in the
transverse plane, leading to the very high transverse mass of the event.

ThemT distribution of the datawill be compared to the expected backgrounds from
SM processes. The leading SM background for this analysis is off-shell1 W → �ν

1Off-shell means in this sense the production far away from the mass of the W .
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Fig. 8.2 Event display for an event recorded in 2015 with high mT in the electron channel. The
event contains an electron with pT = 1.01TeV, η = −0.9, φ = −2.4. The event has a missing
transverse momentum Emiss

T = 0.94TeV, and a transverse mass of mT = 1.95TeV. The red dashed
line represents the Emiss

T direction. The green towers depict the energy deposits in theEMcalorimeter
of the electron. Tracks with pT > 0.5GeV reconstructed in the inner detector are shown in blue.
Figure taken from Ref. [6]

production which leads to an identical final state as a W ′ boson. Figure 8.3 shows
W ′ → eν signals for four different pole masses on top of the leading W → eν
background. The Jacobian peak of the W boson is visible at around mT ≈ 80GeV.
The background is steeply falling over several orders of magnitude towards higher
mT. A W ′ boson would become apparent as an resonant excess in the data above
the SM background at very high transverse mass. The interference between the W
and W ′ boson are very model dependent and are therefore not simulated, as they
would contradict the idea of performing a model independent generic search. When
searching for such an excess, the shape of the signal can be exploited. In the presence
of an excess, statistical methods are used to estimate its significance, whereas in
absence of an excess a limit on the mass of a W ′ boson can be calculated.

The subleading background is coming from final states containing a top- and
antitop-quark. The top- and antitop-quarkswill decay dominantly via t → Wb, there-
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Fig. 8.3 Generated
transverse mass mT spectrum
of SSM W ′ signals for four
different pole masses on top
of the leading Standard
Model W background
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fore leading to aW boson plus an additional b- or b̄-quark. An additional background
arises from Z/γ∗ production which can lead to two electrons or muons with high
transverse momentum while Emiss

T can be mis-reconstructed when one of the leptons
is outside of the detector acceptance or mismeasured. The decay Z/γ∗ → ττ can
lead to real Emiss

T and electrons or muons if at least one of the τ -leptons decays
leptonically τ → �ντν�, where � = e,μ. As W and Z/γ∗ are contributing to the
background, also all diboson processes WW , WZ and Z Z constitute relevant back-
grounds. Backgrounds leading to multiple leptons can be reduced by requiring the
presence of exactly one lepton in the event. In addition, a background arises from
objects being misidentified as electrons or muons. This background is very different
in size and origin for the two analysis channels. In the electron channel this back-
groundmainly originates from jets beingmisidentified as electrons and Emiss

T coming
from an imbalance in the event as the jet energy was not fully taken into account
or mismeasured. In the muon channel the background originates from real muons
which are coming from secondary decays of b-mesons. Most of these secondary
muons can be rejected by requiring the muon to originate very closely from the
production vertex. MC simulation reliably predicts all backgrounds containing real
leptons and will be used to estimate these. The background containing misidentified
leptons needs to be extracted from data as MC simulation in general fails to describe
the probability that a lepton is misidentified.

Initially a blinded analysis was performed by rejecting all events in data with
mT > 500GeV. The approval to include the events in the blinded region was given
by the ATLAS collaboration after presenting the analysis strategy and good under-
standing of the data in the regionmT < 500GeV. In this thesis the analysis is therefore
presented without any blinding requirements.
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Chapter 9
Analysis

The following chapter describes the analysis of the electron and muon channel. First
all MC samples used for the analysis are discussed in Sect. 9.1. The data used and the
event and lepton selection criteria are discussed in Sect. 9.2. The determination and
validation of the multijet background is discussed in Sect. 9.3 and the extrapolation
of the MC and multijet background towards high transverse mass is presented in
Sect. 9.4. The systematic uncertainties on the background estimation are discussed
inSect. 9.5. Finally, the selected data are compared to theStandardModel background
expectation in Sect. 9.6.

9.1 Monte Carlo Simulations

The following section contains a description of the Monte Carlo samples used in
this analysis. The first part describes the signal simulations and a second part the
simulations for background processes. All MC samples used in this analysis have
been centrally provided by the ATLAS collaboration [1].

9.1.1 Simulated Signal Processes

The search will be performed over a large range in mT. Therefore simulated signal
samples for a large range of pole masses are needed to test the signal hypothesis.
Producing signal samples for every pole mass tested becomes very computational
intensive. Instead a single “flat”W ′ sample has been produced at leading order (LO)
using Pythia 8.183 [2] and the NNPDF2.3 LO PDF set [3]. For this signal sample
the Breit–Wigner term has been removed from the event generation. This leads to the
production of a flat falling spectrum, similar to the off-shell tail of theW process. In
addition, the square of the matrix element has been divided by a function of m�ν to

© Springer Nature Switzerland AG 2018
M. Zinser, Search for New Heavy Charged Bosons and Measurement of High-Mass
Drell-Yan Production in Proton-Proton Collisions, Springer Theses,
https://doi.org/10.1007/978-3-030-00650-1_9

101

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00650-1_9&domain=pdf


102 9 Analysis

avoid a fast drop in cross section as a function ofm�ν . The final-state photon radiation
(QED FSR) and the modeling of the parton showering and hadronization is handled
by Pythia. TheW ′ has the same couplings as the SMW boson. Interference effects
between theW andW ′ are not included and the decay into aWZ pair is not allowed.
The interference effects and the couplings to the Standard Model bosons are very
model dependent and would contradict the idea of performing a model independent
generic search. The decay W ′ → tb is allowed if kinematically possible. The signal
samples are produced separately for the process W ′ → eν and W ′ → μν requiring
the invariant mass m�ν to be larger than 25GeV.

The resulting samples which are approximately flat in log(m�ν) can be reweighted
to any pole mass mW ′ using the methodology described in AppendixA. Figure9.1
shows on the left side the invariant mass m�ν and on the right side the transverse
mass mT of the flat signal sample before and after reweighting to pole masses of
mW ′ = 2, 3, 4 and 5TeV. In addition, signal samples with a fixed mass have been
produced using the sameMC setup to validate the reweighting procedure. Very good
agreement between the reweighted samples and the samples with fixed mass can be
observed over the whole m�ν and mT range. Detailed information about the samples
can be found in the appendix in TableB.1.

The calculation of the matrix element of the hard scattering process is done in
Pythia at LO in QCD. Theory correction factors are provided by the ATLAS collab-
oration [4] which correct for differences between the LO calculation and calculations
including higher orders in QCD. These correction factors are obtained by a polyno-
mial fit to the ratio of the W cross section as a function of m�ν at LO and NNLO
calculated using VRAP [5]. For the LO cross section the same PDF set as for the MC
generation with Pythia is used (NNPDF2.3LO), while for the NNLO calculation the
CT14NNLO PDF set [6] is used. The renormalization (μR) and factorization scales
(μF ) are set equal to the value of m�ν at which the cross section is calculated. It is
assumed that the higher order corrections derived for the W process are also valid
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for theW ′ process as they are very similar. The corrections are given as a function of
m�ν separately for positive and negative chargedW ′ bosons. The resulting correction
factors are 1.34/1.37, 1.42/1.35 and 1.23/1.10 for positive/negative charged W ′ at
0.5, 2 and 4 TeV, respectively. The effect frommissing QCD diagrams is very similar
for positively and negatively charged W ′ bosons. The differences between W+ and
W− are resulting from using different PDFs for the LO and NNLO calculation.

9.1.2 Simulated Background Processes

9.1.2.1 W Production

The main background in this analysis is arising from the SM W production
pp → W + X → �ν + X . The background is originating from off-shell produced
W bosons and steeply falling towards highermT. The background is simulated using
Powheg- Box v2 [7] with the CT10 PDF set [8] for the matrix element of the hard
scattering process. Pythia 8.186 [2] is used for the modeling of the parton shower,
hadronization and particle decays and QED FSR is simulated using Photos [9]. The
cross section for off-shellW production is strongly falling as a function of the invari-
antmass.Very large statisticswould beneeded to sufficiently populate the distribution
at high invariant masses and therefore high mT. Thus, the background is produced
in 19 slices in invariant mass m�ν to save computing time. The slices are starting
from 120GeV < m�ν < 180GeV and reach up to m�ν > 5000GeV. Samples for all
three lepton flavors are generated at NLO, separated into W+ and W−. The number
of generated events for each sample reaches from at low mass 500,000 down to
50,000 at high mass, corresponding to an integrated luminosity of 15.6 fb−1 forW+
(22.5 fb−1 forW−) to 3.25 · 108 fb−1 forW+ (8.11 · 108 fb−1 forW−). Additionally,
inclusiveW+ andW− samples have been generated over the whole mass range using
the sameMC setup. For the inclusive sample 30 million events are generated forW+
(40 million for W−). The cross section times branching ratio σBr for each lepton
generation is 11.3nb for W+ → �+ν and 8.3nb for W− → �−ν̄. Events generated
with an invariant mass of m�ν > 120GeV are rejected to avoid overlap between the
inclusive samples and the mass-binned samples. Detailed information about the MC
samples can be found in the appendix in TablesB.2, B.3 and B.4.

Figure9.2 shows on the left side the resulting invariant mass and on the right side
the resulting transverse mass spectrum mT for the W+ → e+ve background. The
colored lines show the individual mass bins and the black line shows the resulting
sum of all samples scaled up by a factor of two for easier visibility. The samples
provide sufficient statistics up to very high mT of several TeV.

Theory correction factors to reweight the underlying cross section generated by
Powheg from NLO to NNLO in QCD are derived using VRAP. The corrections
are derived in the same way as for the signal samples (see Sect. 9.1.1). The result-
ing QCD correction factors are 1.03/1.04, 1.02/1.01 and 1.09/0.87 for W+/W− at
0.5, 2 and 4 TeV, respectively. In addition, correction factors are derived to correct
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Fig. 9.2 Generated invariant mass me+νe and transverse mass spectrum mT of the inclusive and
invariant mass-binned W+ → e+νe MC samples. The colored lines show the different mass slices
and the black line the sum of all samples, scaled up by a factor of two for easier visibility

for electroweak (EW) effects beyond QED FSR. The correction is calculated sepa-
rately for both charges usingMCSANC [10, 11] and includes other higher order EW
effects, namely initial state radiation (ISR), ISR/FSR interference, and Sudakov loga-
rithm single-loop corrections [12]. The resultingEWcorrection factors are 0.95/0.95,
0.86/0.86 and 0.81/0.80 for W+/W− production at 0.5, 2 and 4 TeV, respectively.
The corrections have been provided by the ATLAS collaboration [4].

9.1.2.2 Z/γ∗ Production

Neutral current Drell–Yan production (pp → Z/γ∗ + X → �� + X ) is an additional
source of high-pT leptons. If one of the leptons is outside of the detector acceptance,
large values of Emiss

T can occur due to the mis-balance in the event. Real Emiss
T ,

caused by neutrinos, can occur from the decay Z/γ∗ → ττ where the τ -leptons
decay further. The Monte Carlo samples are generated at NLO for all three lepton
flavors using the same setup as for theW process.An inclusive samplewith 20million
events, corresponding to an integrated luminosity of Lint = 10.5 fb−1, is extended
to high m�� with samples binned in m��. The bin ranges are the same as for the W
background. The cross section times branching ratio of the inclusive sample for one
lepton generation is σBr = 1.9nb and therefore about a factor ten smaller than σBr
for the W background.

Theory correction factors, to correct for EW and NNLOQCD effects, are derived
in the same way as for the W background [4]. The resulting QCD correction factors
are 1.04, 1.02 and 0.94 formasses at 0.5, 2 and 4 TeV, respectively. The resulting EW
correction factors are 0.99, 0.92 and 0.88 formasses at 0.5, 2 and 4 TeV, respectively.
Detailed information about the samples can be found in the appendix in TablesB.5,
B.6 and B.7.
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9.1.2.3 Top-Quark Production

Produced top- and antitop-quarks dominantly decay into b- or b̄-quarks under emis-
sion of a W boson. These W bosons can then further decay into leptons. Three
different processes of top- and antitop-quark production are considered: top-antitop
pair production, single (anti-)top production, and single (anti-)top production in
association with a W . These backgrounds are from now on referred to as top-quark
background. All processes including top/antitop-quarks are simulated at NLO in
QCD using Powheg v2 with the CT10 PDF set for the matrix element of the hard
scattering process. Pythia 6.428 [13] is used for the modeling of the parton shower,
hadronization and particle decays and QED FSR is simulated using Photos. The pro-
duced samples are all filtered at the generation stage for events in which at least one
of the W bosons decays into a charged lepton.

The dominant process is the production of top-antitop pairs pp → tt̄ + X →
W+bW−b̄ + X . The MC sample is normalized to a cross section of σtt̄ =
832+20

−29(scale) ± 35(PDF + αS)pb as calculated with the Top++2.0 [14] assuming a
top-quark mass mt = 172.5GeV. The cross section is calculated at NNLO in QCD,
including soft-gluon resummation to next-to-next-to-leading-log order (see Ref. [14]
and references therein). The first uncertainty comes from the independent variation
of the factorization and renormalization scales, μF and μR, while the second one
is associated to variations in the PDF and αS , following the PDF4LHC [15] pre-
scription.1 Varying the top-quark mass by ±1GeV leads to an additional systematic
uncertainty of ±23 pb, which is also added in quadrature.

Single top production in association with aW can lead up to two leptons and Emiss
T

from the W decay. The MC sample is normalized to a NLO cross section, including
soft-gluon resummation to next-to-next-to-leading-log, of σtW = 71.7 ± 3.8pb [16].

Single top production can lead up to one lepton and Emiss
T from the W decay. The

MC samples are normalized to a NLO cross section, including soft-gluon resumma-
tion to next-to-next-to-leading-log, of σt = 136 ± 4pb and σt̄ = 81.0 ± 2.4pb [17].
All higher order cross sections have been provided by the ATLAS collaboration
[18, 19]. Detailed information about the samples can be found in the appendix in
TableB.8.

9.1.2.4 Diboson Production

The smallest background component is arising from the production of WW -, WZ-
or ZZ-boson pairs. These background processes are simulated at NLO in QCD using
Sherpa 2.1.1 [20] with the CT10 PDF set. Sherpa also models the parton shower,
hadronization, particle decays and QED FSR. While for other MC generators the
physics process is specified, for Sherpa only the final state is specified and all pro-

1The PDF4LHC prescription for calculating the PDF uncertainties is to take the envelope of the
uncertainties from the MSTW2008 68% CL NNLO, CT10 NNLO and NNPDF2.3 5f FFN PDF
sets.



106 9 Analysis

cesses contributing to this final state are simulated. MC samples for the following
final states have been generated: ����, ���ν, ��νν, �ννν, �νqq, ��qq. The �νqq
final state has with 49.8pb the largest cross section. Detailed information about the
samples can be found in the appendix in TableB.8.

9.2 Data and Selection Criteria

The following section contains a description of the data set which is used in the
analysis and all selection criteria applied at the event level and to the electrons and
muons found in the event. Finally, the signal efficiency for the presented selection
and the resolution of the relevant kinematic quantities is discussed.

9.2.1 Data

The data used in this analysiswas delivered by the LHCat
√
s = 13TeV and recorded

by the ATLAS experiment. The data taking period was from June to November 2015
and the recorded data set corresponds to a total integrated luminosity of 3.9 fb−1.
From June to July data was taken from collisions with a 50ns spacing between the
proton bunches in the LHC. From August onwards the spacing was reduced to 25ns,
which is the LHCdesign value.Only data takenwith a bunch spacing of 25ns are used
for this analysis, as analyzing data for both conditions would also need MC samples
for both conditions and as the integrated luminosity for the 50ns data set is small.
The left plot in Fig. 9.3 shows the sum of the integrated luminosity delivered by the
LHC, recorded by ATLAS and ready for physics analyses for the data taking period
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are taken from Ref. [21]
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in the year 2015. The data taken with 25ns bunch spacing corresponds to a total
integrated luminosity of 3.8 fb−1 and a mean number of simultaneous collisions of
〈μ〉 = 13.5. The right plot in Fig. 14.3 shows the number of simultaneous collisions
per proton bunch crossing separately for the 25 and 50ns bunch spacing conditions.

9.2.2 Event Cleaning

The data has been preselected, in order to reduce the amount of data to analyze and the
required amount of disk space. Only events which contain at least one reconstructed
electron or muon with pT > 50GeV are used. The electron has to fulfill also at least
one of the three likelihood identification levels for electrons (see Sect. 6.2.2).

The 2015 data set is divided into the periods A to J (see Sect. 5.7.1 for more details
on the structure of the data). Periods D-J correspond to the data with 25ns bunch
spacing and were used for this analysis. All events used for this analysis have to be
in a luminosity block which is part of the Good Runs List.2 In addition, events are
discarded in which a noise burst was observed in the electromagnetic or hadronic
calorimeter. Such a noise burst could fake energy depositions and would make an
accurate energy measurement impossible. The information of the SCT might be cor-
rupted if an ionizing particle with high energy traverses electronic modules. Events
with such corrupted tracking information are also rejected. It might be sometimes
necessary to restart the trigger system during data taking. During such a restart events
might not have the complete detector information and are therefore also rejected.
Finally, events which have no reconstructed vertex with at least two tracks associ-
ated to it are also rejected. Events with incomplete detector information, corrupted
tracking information, noise bursts in the calorimeter or no reconstructed vertex make
up less than a per mille of the total events. Table9.1 shows the number of events
remaining after each cleaning cut.

The integrated luminosity after requiring the events to pass all quality require-
ments is 3.2 fb−1. Hence, this is the number quoted as the integrated luminosity for
the data set. The sum of the integrated luminosity ready for physics analysis is shown
in blue in Fig. 9.3. The largest reduction of data is coming from the requirement of a
run to be in the Good Runs List. Overall it corresponds to a reduction of 0.7 fb−1. A
large part of the reduction is coming from two runs in which the inner most layer of
the pixel detector was turned off and runs in which the toroidal magnetic field was
turned off to record data for alignment studies of the muon spectrometer.

2The Good Runs List used in this analysis is: data15_13TeV.periodAllYear_DetStatus-v73-pro19-
08_DQDefects-00-01-02_PHYS_StandardGRL_All_Good_25ns.xml.
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Table 9.1 Number of events which remain after each selection cut. Preselected data was used,
where one electron or muon candidate with pT > 50 GeV was required. The electron candidates
have to fulfill in addition any of the three likelihood identification criteria

Selection cut Number of events

Event passes Good Runs List 35,213,358

Veto on noise burst in the electromagnetic calorimeter 35,204,177

Veto on noise burst in the hadronic calorimeter 35,204,177

Veto on incomplete tracking information 35,203,517

Veto on events during trigger restart 35,203,517

Event has at least one vertex with more than two tracks 35,203,276

9.2.3 Electron Selection

Events in the electron selection are required to pass at least one of three triggerswhich
require a single electron.3 The first trigger requires the electron to fulfill the medium
likelihood identification criteria and to have pT > 24GeV. It is seeded by a Level-1
trigger which requires the energy in the hadronic calorimeter behind the electromag-
netic cluster to be below a certain threshold at the first trigger stage.4 This criteria is
turned off for energies above 50GeV. The second trigger requires the electron to ful-
fill the medium likelihood identification criteria and to have pT > 60GeV. The third
trigger requires the electron to fulfill the loose likelihood identification criteria and
to have pT > 120GeV. The efficiency of the three triggers with respect to the final
signal selection is about 95% at pT = 50GeV and rises up to 99% for pT > 500GeV
(see Fig.C.1 in the appendix for details). Additional information about the electron
identification can be found in Sect. 6.2.2. The ET requirement of the first trigger stage
is 20GeV for all three triggers.

All electrons are consideredwhich are reconstructed by a reconstruction algorithm
which first looks for an energy deposition in the electromagnetic calorimeter and then
searches for a track matching to this energy deposition. A more detailed description
of the electron reconstruction is given in Sect. 6.2.1. The electron candidates have
to be detected in the central detector region of |η| < 2.47, in order to have tracking
information available. The tracking detectors have a coverage up to |η| = 2.5, the
region of |η| < 2.47 is chosen to ensure that the electromagnetic shower caused by
the electron is contained in the region |η| < 2.5. In addition, electron candidates
which are in the transition region 1.37 < |η| < 1.52 between the barrel and endcap
electromagnetic calorimeter are rejected, as these candidates have a worse energy
resolution. The η information for this cut is chosen to be the η information from
the electromagnetic shower in the second layer of the electromagnetic calorimeter,

3e24_lhmedium_L1EM20VH or e60_lhmedium or e120_lhloose.
4The isolation requires the energy in the hadronic calorimeter in 2 × 2 cells behind the energy
deposition in the electromagnetic calorimeter to be less than 20GeV − 22GeV (depending on the
region in η).
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as energy resolution is the motivation for these restrictions. Electron candidates are
rejected that are measured in a detector region which was known to not work prop-
erly at that time. This excludes electron candidates in regions where for instance
some electronic component was broken or problems with the high-voltage supply
occurred. Less than 0.1% of the reconstructed electron candidates are affected by
this quality requirement. The pT threshold for the electron candidates is chosen to be
5GeV above the threshold at which no isolation is applied at the first trigger stage,
i.e., pT > 55GeV. The cut is chosen to ensure that no threshold effects affect the trig-
ger efficiency. The pT of the electron candidate is determined by taking the energy
measurement from the calorimeter and usually taking the η position from the track
measurement. The track of the electron candidate has to have a d0 significance below
5. The d0 significance is the distance of the track from the position of the proton
beam in the transverse plane divided by its uncertainty. A restriction ensures that
the electron candidates are originating from the collision vertex and are not coming
from secondary particle decays. More information about the track reconstruction is
provided in Sect. 6.1. The efficiency for electrons with pT > 55GeV from aW decay
to fulfill the d0 significance cut is above 99.8%. All electron candidates have to pass
the tight likelihood identification criteria in order to reduce background from other
processes faking the electron signature. The efficiency of the identification criteria
is about 93, 96 and 92% for electrons with a pT of 55GeV, 300GeV and 2 TeV,
respectively. Jets usually have a wider energy deposition in the calorimeter and share
their momentum with several tracks. The energy deposition in the calorimeter and
the track of the electron candidate are both required to be isolated, in order to fur-
ther reduce background originating from jets. The sum of the calorimeter transverse
energy deposits in the isolation cone of a size �R = 0.2 (excluding the electron
energy deposition itself) divided by the electron pT is used as a discrimination crite-
rion. For the track-based isolation, the scalar sum of the pT of all tracks (excluding the
electron track itself) inside a cone with a size of �R = 10GeV/pT and a maximum
value of �R = 0.2 around the electron track, divided by the electron pT has to be
below a given cut value. Both, the cut values for calorimeter and track-based isolation
criteria are tuned for an overall efficiency of 98% independent of the pT of the elec-
tron [22]. Table9.2 shows the number of events with at least one electron remaining
after each selection cut. The largest event reduction is coming from the requirement
of the trigger, the minimum pT cut and the requirement of the identification criteria.

9.2.4 Muon Selection

Events in themuon selection are required to pass a triggerwhich requires amuonwith
pT > 50GeV. Themuon has to have hits in all three stations of themuon trigger. This
leads to an efficiency of about 70% in the central barrel region (|η| < 1.05) and about
80% in the endcap region (1.05 < |η| < 2.4). The lower efficiency when compared
to the electron triggers is coming from a limited coverage and efficiency of the muon
trigger chambers. The largest gaps of the muon trigger system are caused by the large
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Table 9.2 Number of events with at least one electron remaining after each selection cut

Selection cut Number of events

After event selection 35,203,276

Event passes trigger requirements 7,920,490

At least one object is reconstructed as an electron candidate by a specific
algorithm

7,920,451

At least one electron with |η| < 2.47, which is not in the transition region
1.37 < |η| < 1.52

7,803,716

At least one electron fulfilling the object quality check 7,797,886

At least one electron with pT > 55GeV 5,076,009

At least one electron with d0 sig. < 5 4,958,497

At least one electron fulfilling the tight likelihood identification 3,459,409

At least one electron is fulfilling the isolation requirements 3,159,429

coils of the toroidal magnet and by the feet structure on which the ATLAS detector
is placed.

All muon candidates have to be reconstructed by the standard ATLAS muon
reconstructionwhich is described inmore detail in Sect. 6.3.1.An explicit cut of |η| <

2.5 (coverage of the inner detector) is applied to all muon candidates in the analysis
while an implicit cut of |η| < 2.4 is applied by requiring a single muon trigger which
has a coverage up to |η| = 2.4. Special importance in this analysis is given to the
quality of the muon candidate. At very high pT, muon candidates will have a very
straight track and it becomes difficult to measure precisely the momentum. A good
momentum resolution is needed to reconstruct the Emiss

T and mT and therefore see a
clear signal. An additional problem are badly reconstructed muon candidates which
can fake muons with a very high pT and lead to a mis-balance in the event, causing
Emiss
T in the opposite direction of the muon candidate. This would lead to an event

with very high mT which is basically indistinguishable from a signal event. Hence,
it is of special importance to ensure that the muon is very well measured. All muons
are required to fulfill the high-pT identification level [23]. It is designed to maximize
the momentum resolution of the muon and is described in more detail in Sect. 6.3.2.
The pT resolution of muons in the barrel fulfilling the selection is 13, 21 and 24% for
muons with a pT of 500GeV, 1.5TeV and 3TeV respectively. This is about a factor
of two better compared to the standard muon selection. The requirement of three
precision hits in themuon spectrometer instead of two reduces the selection efficiency
by about 20% across all pT, but this loss is justified given the substantial improvement
in resolution. In order to reducemuons from secondary particle decays, a requirement
of d0 significance < 3 is placed. Cosmic muons can traverse the detector and lead
to background which is not covered by the MC simulations. To reject these cosmic
muons a cut is placed on the longitudinal distance�z0 of the track of the inner detector
with respect to the vertex with the highest

∑
p2T. The longitudinal distance �z0 is

multiplied with sin(θ) to avoid rejecting muons with an expected larger error in the
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Table 9.3 Number of events with at least one muon remaining after each selection cut

Selection cut Number of events

After event selection 35,203,276

Event passes trigger requirement 6,691,568

At least one object is reconstructed as a muon candidate by a specific algo-
rithm

6,691,538

At least one muon with pT > 55GeV 4,490,407

At least one muon with |η| < 2.5 fulfilling the high-pT selection 3,756,572

At least one muon with d0 sig. < 3 2,998,862

At least one muon with |�z0| sin θ < 10mm 2,995,400

At least one muon is fulfilling the isolation requirements 2,131,237

more forward region. A cut of |�z0| sin(θ) < 10 mm has been found to sufficiently
reject cosmic muons. A track isolation is required in order to reduce background
from muons coming from heavy flavor decays in a jet. The sum over the track pT’s
in an isolation cone around the muon (excluding the muon itself) divided by the
muon pT is required to be below a pT dependent cut, tuned for 99% efficiency. The
size �R of the isolation cone is defined as 10GeV divided by the muon pT and has
a maximum size of �R = 0.3. Table9.3 shows the number of events with at least
one muon remaining after each selection cut. The largest event reduction is coming
from the requirement of the trigger, the minimum pT cut and the requirement of the
identification and isolation criteria.

9.2.5 Common Selection

All events are required to have exactly one muon or electron fulfilling the selection
mentioned above. Furthermore, events are vetoed if they contain any additional elec-
tron or muon passing a loosened version of the above selections. The pT cut for these
additional electrons or muons is reduced to 20GeV. The electrons are only required
to fulfill the medium likelihood selection and the muons to pass the medium muon
selection. The veto on events with additional electrons or muons is placed to reject
background arising from top, diboson or Z/γ∗ events which can contain multiple
electrons or muons. The veto also ensures orthogonality between the electron and
muon selection.

The calculation of the missing transverse momentum is based on the selected
electrons, muons, photons, τ -leptons and jets which are found in the event. Electrons
or muons fulfilling the signal selection are used. Photons with pT > 25GeV, which
fulfill a photon identification5 requirement and |η| < 2.37 are selected. Taus with

5Tight.
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Table 9.4 Number of events remaining after the common selection cuts

Selection cut Number of events

eν selection μν selection

After lepton selection 3159429 2131237

Event passes additional lepton veto 2818769 1789317

Event passes Emiss
T > 55GeV 399536 343666

Event passes mT > 110GeV 177592 176801

pT > 20GeV,which fulfill a τ identification requirement6 and |η| < 2.5 are selected.
Photon and τ candidateswhich are in the transition region1.37 < |η| < 1.52between
barrel and endcap are also excluded. The selection of photons and taus has not been
further optimized since the typical contribution to the Emiss

T value is very small. Jets
used in the Emiss

T calculation are reconstructed using the anti-kt algorithm [24] with a
distance parameter of 0.4 and pT > 20GeV. The jet-vertex-tagger technique is used
to separate jets from the hard scatter process from pile-up jets in the central region of
the detector (|η| < 2.4). Details about this technique can be found in Sect. 6.4. The
value of the tagger has to be below 0.64 for jets with pT < 50GeV. Jets with higher pT
are unlikely to originate from pile-up processes. Reconstructed tracks not belonging
to any of these physics objects are also added to the value of Emiss

T . The contribution
from these tracks is called soft term. A cut of Emiss

T > 55GeV is placed on all events
to reduce background from processes which do not contain a neutrino. Finally, the
transverse mass mT of the event is calculated and required to be above 110GeV.
Table9.4 shows the number of events remaining after the common selection cuts for
both selections.

9.2.6 Selection Efficiency

The total rejection of all backgrounds is above 95%, mainly due to the high kine-
matic cuts of pT > 55GeV, Emiss

T > 55GeV and mT > 110GeV. Detailed tables for
the efficiency of each selection step are given for the backgrounds andW ′ signalswith
different pole masses in AppendixC. The trigger, identification, and isolation effi-
ciency for both channels as a function of η, φ, and pT is shown in the same appendix
in Fig.C.1. Figure9.4 shows the acceptance for the kinematic cuts (pT > 55GeV,
Emiss
T > 55GeV, mT > 110GeV) and the acceptance times efficiency for the elec-

tron and muon channel selection versus the pole mass of a W ′. The acceptance,
which is shown in black, is defined as all candidates which are generated within
the chosen kinematic cuts divided by all generated candidates. The acceptance for
a W ′ with mW ′ = 150GeV is about 45% due to the stringent kinematic cuts and
rises up to about 98% for masses around mW ′ = 1.5TeV. From 2.5TeV onwards
the acceptance starts to slowly decrease to 85% at mW ′ = 6TeV. The reason for the

6Medium.
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Fig. 9.4 Total signal acceptance (black) and acceptance times efficiency (red, blue) versus SSMW ′
polemass for the SSMW ′ model. The acceptance is defined as the number of generated eventswithin
the kinematic cuts (pT > 55GeV, Emiss

T > 55GeV, mT > 110GeV) divided by the number of all
generated events. The acceptance times efficiency is defined as the number of all selected candidates
in the range 110GeV < mT < 7000GeV divided by the number of all generated candidates

drop in acceptance is the contribution of the signal at low transverse mass which
becomes more and more pronounced for higher mW ′ (as shown in Fig. 8.1). The
acceptance times efficiency is defined as the number of all selected candidates in
the range 110GeV < mT < 7000GeV divided by the number of all generated can-
didates. The kinematic cuts for both channels are the same, hence the acceptance for
both channels is the same and all differences are resulting from differences in the
selection efficiency. The efficiency of the muon selection is for most pole masses
about 20−30% lower than the efficiency of the electron selection. The main reason
for the large differences is the lower trigger efficiency of the muon trigger and the
lower efficiency of the muon high-pT selection. Figure9.5 shows the yield (number
of selected events for a run divided by the integrated luminosity of the run) for the
electron and muon selection for each data taking run. The yield should be constant
for all data taking runs. A significant difference would indicate a problem during
data taking. No significant difference is found for any of the runs.

9.2.7 Emiss
T , pT and mT Resolution

Figure9.6 shows the pT (top left), Emiss
T (top right) and mT (bottom) resolution as a

function of their corresponding generated quantity. The resolution was determined
by taking the difference between the measured quantity and the generated Born level
truth quantity divided by the truth quantity. The Born level truth definition does
not consider losses due to the QED final state radiation and Bremsstrahlung. The
resulting distribution is therefore non-Gaussian as it has tails from large radiation.
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integrated luminosity of the run) for each data taking run after requiring the final selection. The
vertical lines show the end of a data taking period
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T (top right) and mT resolutions are shown as a function

of their generated quantities. Both the muon resolution (blue) and the electron resolution (red) are
shown. The resolutions were calculated using the flat W ′ signal MC sample
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The RMS of the distribution is taken as relative resolution. Both, the resolution for
the muon channel and the electron channel are shown. They were calculated using
the flat W ′ signal MC sample.

The electron pT resolution is about 3% at 55GeV and stays constant towards
higher pT. The pT resolution is dominated by the relative energy resolution which is
getting better at higher energies (see Sect. 5.4.1). The observed resolution is constant
since it is defined with respect to the Born level truth pT. Final state radiation and
Bremsstrahlung at large angles is not included in the measurement of the electron
energy. The probability of Bremsstrahlung is getting larger towards higher pT and
therefore the improving energy resolution is canceled by the higher probability of
Bremsstrahlung, leading to the observed constant resolution. Themuon pT resolution
is about 4% at 55GeV and then rises up to about 24% at 3 TeV. The muon pT
measurement fully relies on the track measurement. The higher the muon pT is, the
straighter is the muon track. The pT measurement therefore becomes more and more
difficult. The effect of defining the resolution with respect to the Born level is small
as the probability for a muon to radiate a photon is much smaller than for an electron.
The resolution for Emiss

T = 55GeV is about 16% in the electron channel and 17% in
the muon channel. For this quantity the resolution of the soft terms and jets limits
the resolution. The small difference is coming from the better pT resolution in the
electron channel. The resolution of the soft terms and jets becomes less important, the
higher the Emiss

T is. The resolution therefore improves. The higher the Emiss
T , the more

important becomes the measurement of the lepton pT. At very high Emiss
T values the

behavior becomes therefore basically the same as for the lepton pT. Both the pT and
Emiss
T resolution affect themT resolution. Both channels have a very similar resolution

of about 11−12% at 110GeV, getting better to about 7% at around 200GeV in the
electron channel and 9% in the muon channel. The pT resolution then takes over and
dominates also the mT resolution. At mT = 4 TeV, the electron channel has a very
good resolution of about 3%, whereas the muon channel has a much worse resolution
of 22%.

9.3 Determination of the Multijet Background

This section describes how the multijet background is estimated. For most back-
ground processes the MC samples which were introduced in Sect. 9.1 are used. An
additional background arises frommisidentified leptons. This background is not well
described inMCand has to bemeasured in data. Themethodwhich is used tomeasure
this background is introduced in Sect. 9.3.1 and its implementation for the electron
and muon channel is discussed in Sect. 9.3.2 for the former and in Sect. 9.3.3 for the
latter.
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9.3.1 Matrix Method

This background arising from misidentified leptons is quite different for the two
channels. In the electron channel the background consistsmainly of jetsmisidentified
as electrons, whereas in the muon channel non-prompt muons from heavy-flavor
decays make up a large part. Since the background originates in both channels from
QCD final states it will be further denoted as multijet background. Even though the
multijet backgrounds in both channels are very different, the matrix method can be
used for both of them. The idea of this method is to loosen some of the identification
criteria for electrons or muons and measure the efficiency for these objects to pass
the signal selection (also denoted as “tight” selection). The efficiency gives a handle
on the contribution from misidentified leptons in the signal selection. It is defined
for real leptons (called real efficiency r) and fake leptons (called fake efficiency f )
separately:

r = N real
tight

N real
loose

, f = N fake
tight

N fake
loose

. (9.1)

N real
loose/N

fake
loose are the number of real/fake leptons passing the loosened selection and

N real
tight/N

fake
tight are the number of real/fake leptons passing the signal selection. The real

efficiency r is usually well described in MC contrary to the fake efficiency f which
is typically measured from data in a fake enriched control region.

The true background in a given bin of a distribution can be separated into events
from real leptonsNR and events from fake leptonsNF . The lepton identification gives
a priori no handle to estimate these truth quantities. The number of events in a given
bin passing the loosened selection can be split into the number of events NL failing
the signal selection and the number of events NT passing the signal selection. The
real and fake efficiencies provide a connection between these truth quantities and
measurable quantities:

(
NT

NL

)

=
(

r f
1 − r 1 − f

) (
NR

NF

)

(9.2)

The relevant part for the measurement of the multijet background is given in the first
line of the matrix equation:

NT = rNR + fNF .

The events passing the signal selection NT are composed of a part originating from
real leptons rNR and a part originating from fake leptons fNF . An equation for the
truth quantities can be obtained by inverting the matrix

(
NR

NF

)

= 1

r(1 − f ) − f (1 − r)

(
1 − f −f
r − 1 r

)(
NT

NL

)
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An equation for the number of fake leptons which pass the signal selection follows
then by insertion:

fNF = f

r − f
(r(NL + NT ) − NT ) . (9.3)

This equation only contains the measurable quantitiesNT andNL and the measurable
efficiencies r and f , hence can be used to compute the multijet background. The fake
efficiencies and real efficiencies depend in general on kinematic properties like pT
or η of the lepton. They can therefore be binned in these variables to take these
dependencies into account. The background will in this case be calculated on an
event by event basis. The estimation of the multijet method becomes more and more
stable the larger the gap in discrimination between the loosened selection and the
signal selection is. It has to be always ensured that the signal selection is a subset
of the loosened selection. This requirement leads to the need of slightly modifying
the Emiss

T definition for the computation of the multijet background. As only leptons
passing the signal selection are added to the Emiss

T calculation, the resulting Emiss
T

value of an event passing the loose selection differs whether a lepton is passing the
signal selection or not. Therefore, the signal selection might not be a subset of the
loose selection as it will end up in a different bin of, e.g., mT or Emiss

T . Hence, all
leptons passing the loosened selection are added to the computation of theEmiss

T value
for the multijet background.

9.3.2 Multijet Background in the Electron Channel

A typical contribution to the multijet background in the electron channel is coming
from misidentified light-flavor jets. These jets typically contain a lot of charged
and neutral pions. The neutral pions decay mainly via π0 → γγ. At the energies of
the LHC these decay products are usually highly boosted and can lead to a narrow
electromagnetic energy deposition. The track of the charged pions can be associated
with the energy deposition of the neutral photons and therefore result in a jet being
misidentified as an electron. A powerful criterion to reject this kind of background is
the association of the track and the energy deposition and isolation criteria. Further
backgrounds can arise from photons converting into an e+e−-pair in one of the
inner most layers of the tracking detectors and electrons from secondary particle
decays. The majority of the multijet background events will have low values of
Emiss
T . Hence, the region at low Emiss

T values can be used as a control region as the
multijet background is strongly enhanced. Large values of Emiss

T can appear if the
energy of the jet is mismeasured.

The loosened selection in the electron channel is restricted by the trigger require-
ments. Two different regions are defined since triggers with two different identifica-
tion levels are used. The selection is loosened to themedium likelihood identification



118 9 Analysis

level in the region 55GeV < pT < 125GeV and to the loose likelihood identification
level for pT ≥ 125GeV. No isolation criteria is applied in the loosened selection.

9.3.2.1 Measurement of the Real Efficiency

The real efficiency r = N real
tight/N

real
loose is measured from MC, since it is usually well

modeled in the simulation. The same efficiency corrections as discussed in Sect. 6.2.5
are applied to account for small differences of the identification and isolation effi-
ciencies between data and MC. Hence, the real efficiency measured from MC is
effectively matched to the real efficiency which would be measured in data. The
W background MC provides a large sample of real electrons which can be used to
measure r. The electron is required to be reconstructed within a cone of �R < 0.2
around the generated electrons to avoid dilution from misidentified jets. The real
efficiency binned in η and pT is shown in Fig. 9.7. The efficiency rises from 94%
at pT = 55GeV to about 97% for pT > 100GeV before it slightly drops again for
pT > 300GeV. A variation from 92.5 to 96% for the region pT < 125GeV and from
93 to 98% for the region pT ≥ 125GeV is observed for different detector regions
in η. The statistics of the MC sample does not allow to extract the real efficiencies
in fine bins of η and pT. Therefore, the real efficiencies are binned in pT for three
different detector regions: 0.0 < |η| < 1.37 (central calorimeter), 1.52 < |η| < 2.01
(coverage of the TRT), 2.01 < |η| < 2.47. The real efficiencies as they are applied
to the data are shown in Fig. 9.8.

9.3.2.2 Measurement of the Fake Efficiency

The fake efficiency f = N fake
tight/N

fake
loose cannot be reliably calculated with simulation

and therefore needs to be measured in data. The measurement can be performed
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Fig. 9.7 Real-electron efficiency r = N real
tight/N

real
loose with its statistical uncertainties as a function of

pT (left) and η (right) determined from the W MC samples. The real-electron efficiency is shown
separately for the region pT < 125GeV (red) and pT ≥ 125GeV (blue)
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Fig. 9.8 Real-electron efficiency r = N real
tight/N

real
loose with its statistical uncertainties as a function

of pT for three different detector regions in |η|. The real-electron efficiency was determined from
the W MC samples and is shown for the region pT < 125GeV on the left side and for the region
pT ≥ 125GeV on the right side

in a fake enriched control region which is in addition chosen to be orthogonal to
the signal selection. The multijet background is distributed mainly at low values of
Emiss
T . Hence, the Emiss

T cut of the analysis is inverted by requiring Emiss
T < 55GeV to

define this fake enriched control region. ThemT cut is removed to further increase the
background contribution. The remaining dilution from real electrons in this control
region is mainly coming from the W and Z/γ∗ processes. The dilution from Z/γ∗
can be reduced by applying a veto on all events in which two electron candidates with
pT > 20GeV fulfill the medium likelihood identification criteria or fulfill the loose
likelihood identification and have an invariant mass of 66GeV < mee < 116GeV.
The remaining dilution from real electrons can be corrected usingMC. The dominant
background arises from a di-jet topology. To further increase this contribution it is
required that at least one jet with pT > 40GeV, not overlapping with the electron
candidate (�Re,jet > 0.2), is found in the event. All additional cuts are the same as
in the signal selection.

The dilution, binned in pT, η and Emiss
T is shown for the denominator N fake

loose in
Fig. 9.9 and for the numeratorN fake

tight in Fig. 9.10. For the loose identification selection
a cut of pT ≥ 125GeV is applied whereas for the medium identification selection a
cut of pT > 55GeV is applied.

The dilution from real electrons in the four regions is very different. The loose
identification selection shows as expected the least dilution from around 6% in the
endcap region to around 30% in the central region (also varying with pT and Emiss

T ).
This behavior is expected since the dominant part of the background is di-jet produc-
tion which is to a large extend a t-channel process and is therefore more pronounced
in the forward direction. The dilution is higher in themedium likelihood identification
selection, varying between around 30% in the endcap region and around 65% in the
central region. The dilution is, as expected, the highest in the signal selection, as it
has the highest background rejection. The contribution from real electrons is ranging
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Fig. 9.9 Distribution of data with its statistical uncertainties, binned in η, pT and Emiss
T , in the fake

enriched control region for the two denominator categories. The left row shows the distributions
for the region pT > 55GeV and the right row for the region pT > 125GeV. The sources of real
electron dilution are added on top of each other

from around 45% up to 80% for the region pT > 55GeV. It is slightly decreased
from around 35% up to 65% in the region pT ≥ 125GeV.

The fake efficiencies, corrected for the real electron contamination, are shown in
Fig. 9.11 as a function of η, pT, Emiss

T and |�φe,Emiss
T

|. The fake efficiency does depend
on all these observables. In pT it varies from about 50% at pT = 55GeV to about 63%
at pT = 125GeV. From pT = 125GeV on it drops to about 20% and stays constant
up to very high pT. The drop at pT = 125GeV is caused by the looser selection in
the denominator. The fake efficiencies also depend on η as different detector regions
have different discrimination power. It also varies strongly in |�φe,Emiss

T
|, the angle
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Fig. 9.10 Distribution of data with its statistical uncertainties, binned in η, pT and Emiss
T , in the

fake enriched control region for the two numerator categories. The left row shows the distributions
for the region pT > 55GeV and the right row for the region pT > 125GeV. The sources of real
electron dilution are added on top of each other

between the electron and Emiss
T in the transverse plane. The collinear topology (low

|�φe,Emiss
T

| values) has a much smaller fake efficiency than the back-to-back topology
(|�φe,Emiss

T
| ≈ π). The fake efficiencies can be binned in these variables to account for

the dependencies. Problematic is only the dependency in Emiss
T . The fake efficiencies

aremeasured in the regionEmiss
T < 55GeV and applied in the regionEmiss

T > 55GeV.
In order for this transition from the control region into the signal region to be valid, a
constant fake efficiency is needed. Figure9.12 shows theEmiss

T dependency of the fake
efficiencies in a back-to-back (left) and collinear topology (right). The dependency is
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Fig. 9.11 Fake efficiencies f = N fake
tight/N

fake
loose with its statistical uncertainties as a function of η, pT,

Emiss
T and |�φe,Emiss

T
| determined from a fake enriched data sample. The fake efficiencies are shown

separately for the region pT < 125GeV (red) and the region pT ≥ 125GeV (blue)

enhanced in the collinear topology and largely removed in the back-to-back topology.
The fake efficiencies will therefore not be valid for a collinear background topology.
However, events from the collinear topology predominantly have low mT values
and are therefore removed from the signal region by requiring mT > 110GeV. The
remaining Emiss

T dependency for the back-to-back topology will be addressed with a
systematic uncertainty.

The statistics of the data is not good enough to calculate the fake efficiencies in
all three variables simultaneously. Instead two fake efficiencies are calculated, the
first one binned in |�φe,Emiss

T
| and pT and the second one binned in |�φe,Emiss

T
| and

|η|. The former fake efficiency is shown in Fig. 9.13 and the latter in Fig. 9.14. The
average of those two fake efficiencies is calculated and applied to data. The fake
efficiencies are in general larger for higher values of |�φe,Emiss

T
| and in the region

pT < 125GeV slightly increasing towards higher |η| values. They range from about
35% to about 75% binned in |η|. A slight increase of f with increasing pT is observed.
The pT binned fake efficiencies range from about 35% to about 80%. In the region
pT ≥ 125GeV, the behavior changes and smaller values are measured for large |η|.
The fake efficiencies are here in general smaller, ranging from about 10% to about
35%. No strong pT dependence is observed besides for pT > 500GeV, where these
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Fig. 9.12 Fake efficiency f = N fake
tight/N

fake
loose with its statistical uncertainties as a function of Emiss

T
in two different regions of �φe,Emiss

T
. The fake efficiencies are shown separately for the region

pT < 125GeV (red) and the region pT > 125GeV (blue)
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Fig. 9.13 Fake efficiency as a function of pT in different |�φe,Emiss
T

| bins, determined from a fake
enriched data sample. The fake efficiency for the region pT < 125GeV is shown on the left hand
side and for pT ≥ 125GeV on the right hand side

are assumed to come from the limited statistical precision. The fake efficiency binned
in pT ranges from 13 to 30% for pT < 500GeV and from about 5% to about 40% for
pT > 500GeV.

9.3.2.3 Validation of the Multijet Background

The validity of the estimated multijet background can be studied in a control region
in which this background is enhanced. The Emiss

T andmT cuts are released in order to
significantly increase the background contribution from multijet events. Figure9.15
shows the η, φ, pT, Emiss

T , pT/Emiss
T and mT distributions in this control region. A

more or less flat distribution is observed in data as a function of η, with dips around
|η| ≈ 1.4, which corresponds to the transition region between central and endcap
electromagnetic calorimeter. A small number of electrons are still observed in this
region, as the cut is placed on the η position of the electromagnetic shower and
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Fig. 9.14 Fake efficiency as a function of |η| in different |�φe,Emiss
T

| bins, determined from a fake
enriched data sample. The fake efficiency for the region pT < 125GeV is shown on the left hand
side and for pT ≥ 125GeV on the right hand side

here the reconstructed η is shown which is mainly determined by the η of the track.
In addition, a slight increase is observed around |η| ≈ 2. The multijet background
contributes to about 25% in the central region of the detector. It increases to about
50% contribution towards higher values of η. The data and background expectations
show very good agreement in the central detector region while in the endcap region
a slight mismodeling is observed. This mismodeling has been studied by the ATLAS
electron performance group andwas found to be caused by a too coarse binning of the
identification scale factors in the endcap region. However, it was decided to keep the
current binning since this mismodeling does not affect the analysis in a critical way.
Theφ spectrum is flat for data and for all backgrounds, showing that no large detector
effects cause a local increase of themultijet background due to a highermisidentifica-
tion rate. However, a slight mismodeling is observed in the region −2.0 < φ < 0.0
which is caused by systematic effects from calorimeter shape distortions on the
track matching between track and energy deposition. Since the identification effi-
ciency corrections are averaged over φ, it does not correct the φ dependence. The pT
spectrum is steeply falling towards higher values of pT. The ratio between data and
background expectation is slightly increasing in the region 55GeV < pT < 125GeV.
This trend is caused by the strong pT-dependence of the fake efficiency in that region.
The dependency is not fully taken into account as the fake efficiency binned in pT
is averaged with the η dependent fake efficiency. For pT ≥ 125GeV an excellent
agreement is observed. The data distribution peaks at Emiss

T ≈ 25GeV, at the same
place where theW background is peaking. The pT values of the neutrino from theW
decay are usually peaking at ≈40GeV, half the mass of the W -boson. The position
of the peak is shifted towards lower values of pT ≈ 25GeV by imposing a cut of
pT > 55GeV on the electron. The multijet background peaks at event smaller Emiss

T
values around 20GeV. Here the contribution from the multijet background is about
60%, while it is much smaller for higher values of Emiss

T . The multijet distribution
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Fig. 9.15 The η, φ, pT, Emiss
T , and mT distributions for events satisfying all selection criteria for

the electron multijet control region (Emiss
T and mT cut released). The distributions are compared to

the stacked sum of all expected backgrounds
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is expected to peak at Emiss
T = 0GeV, as it should not contain any neutrinos.7 How-

ever, the acceptance of the detector and the Emiss
T resolution lead to a shift towards

higher values. An event would only have Emiss
T = 0GeV if the energy and momen-

tum of all objects in the event are perfectly measured. Good agreement between data
and expected background can also be observed in the mT distribution. The multijet
background peaks at low mT values and falls towards higher values of mT. The W
background peaks at around 80GeV, the mass of theW -boson. Some slight mismod-
eling is observed in the region 100GeV < mT < 180GeV. However, a mismodeling
of the multijet background is unlikely to be the cause, as it contributes only very little
to the total background in that region. Figure9.16 shows the |�φe,Emiss

T
| distribution

and several jet properties. The W background mainly contributes to the back-to-
back topology at |�φe,Emiss

T
| ≈ π. The multijet background is contributing equally

to the back-to-back and collinear topology. A slight mismodeling can be observed
for values |�φe,Emiss

T
| < 0.5. The cause for the mismodeling is the not considered

Emiss
T dependency of the fake efficiencies in that region. Very good agreement can be

observed for the jet term of the Emiss
T calculation, the number of jets in the event, φ

and rapidity of the leading jet. Some mismodeling is observed for the pT distribution
of the leading jet. However, the W MC is generated using Powheg, which is not
expected to model all jet properties.

9.3.2.4 Systematic Uncertainty of the Multijet Background

The largest uncertainty on the multijet background arises from the uncertainty on
the fake efficiencies εF . The cuts which define the multijet control region in which
the fake efficiencies are determined are varied to study the systematic uncertainty.
A systematic uncertainty arises from the real electron dilution which is corrected by
MC. This contribution is increased to study the systematic uncertainty by removing
the veto on Z/γ∗ events. The real electron dilution in the control region is normalized
to the integrated luminosity of the data. The measured integrated luminosity has an
uncertainty of 5%. The dilution is varied up and down by this uncertainty to study the
effect on the electron fake efficiency. A systematic uncertainty on the event topology
can be obtained by calculating the fake efficiency without the requirement of an
additional jet which enhances the di-jet topology (requirement of an additional jet in
the event). An uncertainty also arises from the remaining Emiss

T dependency which
is studied by varying the Emiss

T region in which the fake efficiencies are obtained to
Emiss
T < 20GeV and 20GeV < Emiss

T < 55GeV. The propagation of the Emiss
T and jet

systematics has been studied andwas found to be negligible.An additional systematic
uncertainty arises from not fully taking into account the pT and η dependency. The
effect on the background is studied by not averaging the fake efficiency binned
in |�φe,Emiss

T
| − pT and |�φe,Emiss

T
| − |η| but applying only one of them. Figure9.17

shows the effect of these variations on the calculated fake efficiencies binned in pT, η,

7Jets can also contain neutrinos from heavy-flavor decays, but this is not expected to be the dominant
background in this case.
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Fig. 9.16 Shown are the distributions for |�φe,Emiss
T

|, Emiss
T,jet , the number of jets with pT > 20GeV,

and φ, y, pT of the leading jet for events satisfying all selection criteria for the electron multijet
control region (Emiss

T and mT cut released). The distributions are compared to the stacked sum of
all expected backgrounds
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Fig. 9.17 Fake efficiency variations as a function of pT, η, Emiss
T and |�φe,Emiss

T
| determined from

fake enriched data sample. The dashed fake efficiencies correspond to the ones used for pT ≥
125GeV

Emiss
T and |�φe,Emiss

T
|. Removing the Z/γ∗ veto and the jet requirement has little effect

on the fake efficiencies. Varying theEmiss
T region leads to the largest differences. They

are largest in the region |�φe,Emiss
T

| < 1.0 where the remaining Emiss
T dependency

is present. Figure9.18 shows how these systematic effects propagate to the final
background estimate in the multijet control region. The left plot shows the raw
multijet background distribution and the right side the ratio between the variations
and the default background. The variations of theEmiss

T lead to the largest variations of
the background.Thedifferences canbeup to 50%for very lowmT,where the collinear
topology is dominating and thus the neglected remaining Emiss

T dependency of the
fake efficiencies leads to this large systematic uncertainty. Above 60GeV inmT both
variations lead to a difference of about 15%. Figure9.19 shows how the variations
propagate to the background in the signal region. The background variations lead to
differences up to 20% for mT = 110GeV. Larger effects are observed at very high
mT, but here the statistical uncertainty of the background is already very large. Taking
the variations in the signal region into account, a conservative 25% uncertainty is
estimated on the background yield. The uncertainty is taken to be constant over the
whole mT range.
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Fig. 9.18 Multijet background variations for the different estimated fake efficiency variations in
the multijet control region
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Fig. 9.19 Multijet background estimates for the fake efficiency variations in the signal region

9.3.2.5 Summary

The multijet background was calculated using the matrix method. Figure9.20 shows
the transverse mass spectrum of the background estimate and its systematic and
statistical uncertainties. The small bump aroundmT ≈ 1.2 TeV has been studied and
it was found that it is a consequence of the low statistics in that region. In some bins
at high mT a negative background expectation is predicted. This unphysical result
can occur in the case of low statistics bins. Events which pass the signal selection
contribute, according to Eq.9.3, to the background yield with a negative sign. In case
of low statistics, it can happen that all events passing the loosened selection also
pass the signal selection. In that case a negative background estimation is predicted.
Hence, the estimate of the matrix method becomes unstable in the regime of low
statistics since for an accurate estimate both samples NT and NL in a bin need to
have sufficient statistics. Therefore the background will be extrapolated to obtain an
estimate in the high mT region. The extrapolation will be discussed in Sect. 9.4.
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Fig. 9.20 Electron channel
multijet background with its
systematic and statistical
uncertainty in the signal
region
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9.3.3 Multijet Background in the Muon Channel

It is nearly impossible for a light-flavor jet to fake the signature of a muon as tracks
in three of the muon chambers are needed which are located outside of the hadronic
calorimeter. Hence, the fake contribution to the multijet background in the muon
channel is coming mainly from heavy-flavor jets. These jets contain often b-hadrons
which can decay into real muons. A neutrino which is also produced in the decay will
lead to Emiss

T . The Emiss
T will usually point into the same direction as the muon since

the b-hadrons are highly boosted at the LHC energies and the decay products are
therefore collimated. This backgroundwill rise for low pT and lowEmiss

T values. Thus,
the region at low Emiss

T can, as in the electron channel, be used as a control region in
which the multijet background is enhanced. The overall contribution of the multijet
background to the total background is expected to be very small due to the lower
cross section of processes including heavy-flavor jets. The multijet background is
therefore ofmuch lower importance in themuon channel than in the electron channel.

Muons from jets are usually rejected by requiring the muon to be isolated. Hence,
the loosened selection is defined by removing the isolation requirement.

9.3.3.1 Measurement of the Real Efficiency

The real efficiency r = N real
tight/N

real
loose is, like for the electron case, measured from the

W MC. Efficiency corrections are applied to the MC. Muons from jets are discarded
by placing a �R < 0.2 requirement. The real efficiency binned in pT (left hand side)
and η (right hand side) is shown in Fig. 9.21. The real efficiency is always above
98.8% which corresponds approximately to the targeted isolation efficiency of at
least 99%. The efficiency rises with pT to nearly 100%. No strong dependence of the
muon real efficiency on η is observed. The real efficiencies are therefore only binned
in pT.
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Fig. 9.21 Real-muon efficiency r as a function of pT and η determined from W MC samples

9.3.3.2 Measurement of the Fake Efficiency

The fake efficiency εF cannot be reliably calculated with simulation and therefore
needs to be measured in a fake enriched control region from data. The control region
is defined in a similar way as for the electron channel. The multijet background
is distributed mainly at low values of Emiss

T . Hence, the Emiss
T cut of the analysis is

inverted by requiringEmiss
T < 55GeV, to define this fake enriched control region. The

mT cut is released to further increase this background contribution. The remaining
dilution from real muons in this control region is mainly coming from the W and
Z/γ∗ processes. The dilution from Z/γ∗ can be reduced by applying a veto on all
events in which twomuon candidates with pT > 20GeV fulfill the standard selection
and have an invariant mass which lies in a window of 66GeV < mμμ < 116GeV.
Heavy-flavor jet tagging relies on the fact that the tracks are misplaced with respect
to the vertex since b-hadrons usually have a longer time of flight. This results in
a larger d0 significance. A requirement on the d0 significance of |d0|/σd0 > 1.5 is
placed to further enrich the sample with heavy-flavor jets. The Emiss

T originating from
the neutrino from the b-meson decay is usually pointing in the same direction as the
muon. Hence, |�φe,Emiss

T
| is required to be smaller than 0.5. The remaining dilution

from real muons is corrected using MC. The dominant background arises from the
di-jet heavy-flavor topology. To further increase this topology it is required that a
jet with pT > 40GeV, not overlapping with the muon candidate (�Rμ,jet > 0.2), is
found in the event. All additional cuts are the same as in the signal selection.

Figure9.22 shows the real muon dilution in the multijet control region binned in
Emiss
T . The loosened selection is shown on the left hand side and the signal selection

on the right hand side. The dilution is about 12% in the loosened selection and
about 63% in the signal selection. The real muon dilution corrected fake efficiency
is shown as a function of muon pT (left) and Emiss

T (right) is shown in Fig. 9.23. The
fake efficiency for muons is about 6% for a pT of 55GeV and then rises up to 17%
for pT > 100GeV. No clear trend, like in the electron channel, is observed for the
fake efficiency binned in Emiss

T . The fake efficiency can therefore be applied in the
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Fig. 9.23 Muon fake efficiency as a function of muon pT and Emiss
T , determined from the fake

enriched data sample

signal region. A potential remaining dependency will be addressed with a systematic
uncertainty.

9.3.3.3 Validation of the Multijet Background

The validity of the estimated multijet background can be studied in a control region
in which this background is enhanced. The Emiss

T and mT cuts are released in order
to significantly increase the background contribution from multijet events. Given
that the multijet contribution in the muon channel is very small, additional cuts of
|�φμ,Emiss

T
| < 0.5 and |d0|/σd0 > 2 are applied to further increase the background.

Figure9.24 shows the η, φ and Emiss
T distributions in this control region. The data

in the central η region is, besides a few dips, approximately flat and is dropping
towards higher values. The dip in the region η ≈ 0 is caused by a gap for cables
which are connected to the calorimeters and the inner detector. The efficiency is
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Fig. 9.24 η, φ, pT and Emiss
T , distributions for events satisfying all selection criteria for the muon

multijet control region (Emiss
T and mT cut released, |�φμ,Emiss

T
| < 0.5, 2 < d0 sig. < 2). The distri-

butions are compared to the stacked sum of all expected backgrounds

therefore lower in this region. The dips in the range 1.01 < |η| < 1.3 correspond to
the regions which are vetoed in the high-pT muon identification criteria. The con-
tribution of the multijet background is in the control region about 50%. Data and
expected background agree well in the region |η| > 1.5, an offset of about 20% is
observed in the region |η| < 1.5. The φ spectrum is approximately flat. Some dips
are observed in the region φ ≈ −1 and φ ≈ −2 which are caused by the structure on
which the ATLAS experiment is placed. Here muon chambers are missing and lead-
ing therefore to a lower efficiency in this region. Data and expected background agree
within 15%. The lower left plot shows the Emiss

T spectrum which has a maximum at
around 25GeV. The multijet background contributes up to 60% of the total back-
ground. Good agreement between data and expected background can be observed
for low values of Emiss

T . Some differences of up to about 20% are observed in the
region Emiss

T > 30GeV. The right plot shows the pT spectrumwhich is steeply falling
towards higher values of pT. A similar level of multijet contribution and agreement
with data as in the Emiss

T spectrum is also observed in the pT spectrum. Some steps
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are visible in the ratio at 75 and 100GeV. They are caused by the binning of the
fake efficiencies. Assuming that the observed differences are entirely caused by the
multijet background would imply that the background estimate is up to about 40%
wrong. The systematic uncertainty of the background is studied and discussed in the
next section to see whether such an effect would be covered by the uncertainties.

9.3.3.4 Systematic Uncertainty of the Multijet Background

The largest systematic uncertainty on the multijet background arises from the uncer-
tainty on the fake efficiencies εF . The cuts that define the multijet control region in
which the fake efficiencies are determined are varied to study the systematic uncer-
tainty. A systematic uncertainty arises from the real muon dilution which is corrected
by using MC. The dilution is increased by removing the veto on Z/γ∗ events. The
real muon dilution in the control region is normalized to the integrated luminosity
of the data. The dilution is varied up and down by the 5% uncertainty on the inte-
grated luminosity to study the effect on the muon fake efficiency. The d0 significance
requirement is tightened to |d0|/σd0 > 2 to further enhance the fake contribution.
A further tightening is not possible, as still the |d0|/σd0 < 3 cut is placed which is
part of the nominal signal selection. A systematic uncertainty on the event topology
can be obtained by calculating the fake efficiency without the requirement which
enhances the di-jet topology (requirement of an additional jet in the event) and by
removing the requirement of a collinear topology (|�φe,Emiss

T
| cut). An uncertainty

also arises from a potential remaining Emiss
T dependency which is studied by subdi-

viding the Emiss
T regions used to calculate the fake efficiencies into Emiss

T < 20GeV
and 20GeV < Emiss

T < 55GeV. Figure9.25 shows the systematic variations of the
fake efficiencies as a function of muon pT. The larger values of εF with increasing
pT are confirmed by all systematic variations. The fake efficiencies vary from 6 to
9% at low pT and from 12 to 25% at high pT. The largest reduction of the fake
efficiencies comes from tightening the d0 significance cut and the largest increase
by removing the |�φe,Emiss

T
| cut. Figure9.26 shows the systematic variations of the

multijet background as a function of transverse mass mT in the signal region. The
left hand side shows the total background and the right hand side the ratio of the
variations with the nominal background. The background is strongly falling towards
higher values ofmT. All variations show a very similar shape. The largest systematic
variation leads to differences on the yield of the background of about 43% at low
mT and up to about 58% at higher mT. Taking the variations in the signal region into
account, a conservative 60% uncertainty is estimated on the background yield. The
uncertainty is assumed to be flat in mT. The uncertainty covers also the differences
which were observed in the multijet control region in Sect. 9.3.3.3.
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Fig. 9.25 Fake efficiency variations as a function of pT determined from fake enriched data sample
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Fig. 9.26 Multijet background variations for the different estimated fake efficiency variations in
the signal region

9.3.3.5 Summary

The multijet background was calculated using the matrix method. Figure9.27 shows
the transverse mass spectrum of the background estimate and its systematic and
statistical uncertainties. The systematic uncertainty was estimated to be 60% on
the background yield. The same negative predictions as in the electron channel are
observed at high mT due to the same reasons. The background can be extrapolated
from the low andmediummT range towards higher values ofmT to obtain a prediction
in the regionwith lowstatistics. Themethodologyhow this extrapolation is performed
is discussed in the next section.
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Fig. 9.27 Muon channel
multijet background with its
systematic and statistical
uncertainty in the signal
region
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9.4 Extrapolation of the Background to High Transverse
Mass

The following section contains a description of the extrapolation procedure of the
background towards high transverse mass. The search will be performed up to very
highmW ′ masses. Hence, it is important to have a background estimate for the whole
search region. The Drell–Yan processes are generated in bins of invariant mass of
the lepton pair to ensure statistics up to very high mT. For the top and diboson back-
grounds such samples are not available. Also the statistics of the multijet background
is limited by the statistics available in data. A fit-based extrapolation has to be used
to estimate the backgrounds in the region where the statistics of the MC samples or
data is limited. The extrapolation is done using two different functional forms and
comparing the result. The fit functions are based on functions which are commonly
used to extrapolate the background in the search for di-jet resonances [25] and also
have been used in the 8 TeV dilepton resonance search [26]. The first function used
to extrapolate the background is defined as follows:

f (mT) = e−amb
Tm

c log(mT)

T . (9.4)

The second function is a modified power law function:

f (mT) = a

(mT + b)c
. (9.5)

Several fits are performed with both functions and varying start and end point of the
fit range. The fit with the best χ2/N .d .o.f of all fits is taken as central value for the
extrapolation and the envelope of all fits as systematic uncertainty for the extrapola-
tion. The statistical uncertainty of the fit parameters was found to be negligible.
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Table 9.5 Range and increment for the starting and end point of the fit range for the background
extrapolation

Background
channel

Top-quark Diboson Multijet

Electron Muon Electron Muon Electron Muon

mmin
T range

[GeV]
140−200 140−200 120−240 120−240 140−240 140−240

�mmin
T

[GeV]
20 20 20 20 20 20

mmax
T range

[GeV]
600−900 600−900 500−700 800−900 800−1000 500−700

�mmax
T

[GeV]
25 25 25 25 50 50

Table9.5 shows the range for the starting point mmin
T and end point mmax

T . The
start and end points have been varied in steps of �mmin

T and �mmax
T , respectively.

The parameters were chosen in a way that they lead to a reasonable description of
the background and a reasonable systematic uncertainty coming from the fits. The
extrapolated backgrounds are used in all cases for mT > 600GeV.

All fits used for the extrapolation of the three backgrounds are shown in Fig. 9.28.
The top-quark and diboson backgrounds are of the same size in the electron andmuon
channel at low mT. This is different for the multijet background, which is about one
order of magnitude larger in the electron channel. All backgrounds fall steeply over
several orders of magnitude towards very high mT. The relative background uncer-
tainty on the background yield is above 100% starting from about 2 TeV (4 TeV),
1 TeV (3 TeV), 2 TeV (2.5TeV), for the top-quark, diboson, and multijet background
in the electron (muon) channel, respectively.

9.5 Systematic Uncertainties

This section lists and discusses all systematic uncertainties which affect this analysis.
The systematic uncertainties can be subdivided into the experimental uncertainties
for the selected electrons, muons, the Emiss

T value, luminosity, and the backgrounds,
and uncertainties from theoretical predictions. First, all experimental sources are
discussed. Thereafter follows a discussion of the sources for the theoretical uncer-
tainties. The chapter ends with a discussion of all sources and their relative size on
the total background estimate.
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Fig. 9.28 All fits performed to extrapolate the top-quark (top), diboson (middle), and multijet
(bottom) backgrounds are shown on the left side for the electron channel and on the right side for
the muon channel

9.5.1 Experimental Uncertainties

9.5.1.1 Electron Uncertainties

Electron efficiencies The efficiency corrections provided by the ATLAS electron
performance group come with systematic uncertainties [27]. The uncertainties are
obtained by varying the tag and probe selection, e.g., identification of the tag electron
or the window around the Z-peak, or varying the background model. They are avail-
able separately for the reconstruction, identification, trigger and isolation efficiency
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correction. The full methodology of the tag and probe method and the different sys-
tematic sources can be found in Ref. [27]. However, the identification efficiency
is only measured precisely up to a pT of 150GeV. The effect of extrapolating to
higher values of pT was found to be 2.5% and was estimated by extrapolating the
shower shapes to high pT and by varying the shower shapes for which differences
are observed between data and MC. A similar study was performed for the isolation
efficiency corrections where the effect was found to be 2% for pT > 150GeV.

Electron resolution Differences between MC and data in the electron energy res-
olution are handled by smearing the electron energies in MC. The ATLAS elec-
tron performance group provides uncertainties for the smearing. The full correlation
model for this uncertainty consists of several nuisance parameters where all sources
of uncertainties have been decorrelated in η-bins. A simplified correlation model is
used in this analysis which provides one nuisance parameter for the energy resolu-
tion. In this simplified model all the effects are considered fully correlated in η and
they are summed in quadrature. With this simplification the total effect is usually
increased. The full methodology is documented in Ref. [28].

Electron energy scale Corrections for the energy scale of the electrons are applied
to data. The effect of varying the respective uncertainties of the corrections, which
are provided by the ATLAS electron performance group, up and down is checked
in order to determine the systematic uncertainty. This is done in MC, given the
higher statistics available. The full correlation model for the corrections consists of
60 nuisance parameters for which several effects have been decorrelated in eta-bins.
A simplified correlation model is used in this analysis which provides one nuisance
parameter for the energy scale. In this simplified model all the effects are considered
fully correlated in η and are summed in quadrature which increases the total effect.
The full methodology is documented in Ref. [28].

9.5.1.2 Muon Uncertainties

MuonefficienciesThemuonefficiency corrections are providedby theATLASmuon
performance group [23] and have been obtained using the tag and probe method on
Z → μμ and J/ψ → μμ decays in data. Systematic uncertainties have been derived
from variations of the tag and probe selection and background subtraction following
the methodology documented in Ref. [23]. These uncertainties have been propagated
to the signal region. The uncertainties are available separately for the reconstruction,
isolation and trigger efficiency correction. The effect of extrapolating the efficiencies
to high pT was studied and a systematic uncertainty assigned, corresponding to the
magnitude of the drop in the muon reconstruction and selection efficiency with
increasing pT that is predicted by MC. For the isolation efficiency an additional
uncertainty of 5% is assigned for pT > 500GeV.

Muon momentum resolution The muon momentum corrections are provided by
the ATLAS muon performance group [23] and have been obtained by fitting certain
correction constants to match the invariant mass distribution in Z → μμ and J/ψ →
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μμ decays in MC to that observed in data. The dependence of the muon momentum
on the fit parameters is given by a model in which each parameter is associated
to a certain source of potential data/MC disagreement. Systematic uncertainties are
derived from variations of the fit procedure, the background parameterization, and
the muon spectrometer alignment.

9.5.1.3 Jet Uncertainties

Jet energy scale The jet energy scale and resolution uncertainties enter the analysis
through theEmiss

T calculation. The uncertainties for the jet energy scale and resolution
are provided by the ATLAS jet performance group [29, 30]. A reduced set of
uncertainties with three nuisance parameters is chosen for the jet energy scale. This
reduced set of nuisance parameters simplifies the correlations between the different
sources of the jet energy scale uncertainty. Four scenarios of correlation models are
provided. The final result of an analysis using the reduced set must not depend on a
specific choice of correlation model. The jet energy scale uncertainty has been tested
for all scenarios and no difference was found.

Jet energy resolution The jet energy resolution agrees between data and MCwithin
the estimated uncertainty [31]. Hence, no resolution correction is applied to MC.
However, the uncertainties on the resolution are propagated to the Emiss

T calculation.
All jet uncertainties are treated as fully correlated between the electron and muon
channel.

9.5.1.4 Emiss
T Uncertainties

The systematic uncertainties related to Emiss
T come from both the calculation of the

contribution of tracks not belonging to any physics objects in theEmiss
T calculation and

directly from the measurements of the physics objects. The jet, electron and muon
energy/momentum uncertainties are affecting the Emiss

T calculation in this way. The
uncertainties for the Emiss

T scale and resolution arising are provided by the ATLAS
Emiss
T performance group [32]. They enter the analysis through the track-based soft

term in the Emiss
T calculation. The uncertainties were studied by quantifying the

agreement of the balance between soft term and muon pT in Z → μμ events. The
uncertainties are decomposed into resolution components which are longitudinal and
transverse to the pT of the muons and to a component for the overall scale of the Emiss

T
value. All Emiss

T uncertainties are treated as fully correlated between the electron and
muon channel.

9.5.1.5 Multijet Background Uncertainty

The multijet background is estimated in both channels by the matrix method. Uncer-
tainties on the measured fake efficiencies are propagated to the final background to
study the uncertainty on the background estimate in the signal region. The estima-
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tion of the multijet uncertainties is described in detail in the corresponding sections
(Sect. 9.3.2.4 for the electron channel and Sect. 9.3.3.4 for the muon channel). The
uncertainty is found to be 25% in the electron channel and 60% in the muon channel.

9.5.1.6 Extrapolation Uncertainties

The top-quark, diboson and multijet background are extrapolated using a variety of
fits. The envelope of all fits is taken as systematic uncertainty on the extrapolation.
The results and methods are discussed in detail in Sect. 9.4.

9.5.1.7 Luminosity Uncertainty

The uncertainty on the integrated luminosity is 5% [33], affecting the normalization
of all simulated MC samples. It is derived from a preliminary calibration of the
luminosity scale using a pair of x − y beam separation scans performed in June
2015. A more detailed description of the measurement method is given in Sect. 5.8
and Ref. [34].

9.5.2 Theoretical Uncertainties

9.5.2.1 PDF Uncertainties

The PDF uncertainties have been studied for the leadingW background and the Z/γ∗
background. The uncertainty has been estimated using VRAP with the CT14NNLO
PDF error set. A single combined PDF uncertainty can be calculated using the full set
of 56 eigenvectors. This uncertainty was found to be around 4% for m�ν < 500GeV
rising up to 40% at m�ν = 6TeV. However, the 56 eigenvectors were found to have
a very different mT dependence and combining them into one single uncertainty
might over-constrain the uncertainty at very high mT. Instead a reduced set of seven
eigenvectors with a similar mass dependence is used. The reduced set was provided
by the authors of the CT14 PDF set and obtained using MP4LHC [35, 36].

As the central value of the prediction using the NNPDF3.0 set does not lie inside
the 90% CL uncertainty of the CT14 PDF set, an additional uncertainty for the
arbitrary choice of the central PDF was added. It enlarges the CT14 PDF uncertainty
such that the central value of NNPDF3.0 is covered when adding it in quadrature.
The same incompatibility was observed for the HERAPDF2.0 PDF set. However,
the HERAPDF2.0 set does not use all available high-x data and was therefore not
considered.
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9.5.2.2 αs Uncertainty

An uncertainty arises from the uncertainty on αs which affects the VRAP calcu-
lations. The uncertainty on αs was estimated to be ±0.003 which corresponds to
twice the uncertainty recommended by the PDF4LHCgroup [36]. The recommended
uncertainty is given on the value of αS(Q2) atQ2 = m2

Z . The enlargement of the rec-
ommended uncertainty is justified by the much higher invariant masses this analysis
aims at.

9.5.2.3 Electroweak Uncertainty

When calculating corrections for the higher order EW effects it is not known how
to combine them with higher order QCD effects. An additive and a multiplicative
approach has been studied. The additive approach is currently the default and the
difference to the multiplicative approach used as an uncertainty.

9.5.2.4 Renormalization and Factorization Scale Uncertainty

An uncertainty on the theory corrections calculated with VRAP arises from the
specific choice of the renormalization scale μR and the factorization scale μF . The
calculations were repeated while varying μR and μF simultaneously up and down by
a factor two. The resulting difference is used as an uncertainty.

9.5.2.5 Top-Quark and Diboson Background Uncertainty

An uncertainty arises from the cross section to which the top and diboson samples are
normalized to. The predicted tt̄ production cross section is σtt̄ = 832+20

−29(scale) ±
35(PDF + αS) ± 23(mass) pb (see Sect. 9.1.2). The tW background is normalized
to a cross section of σtW = 71.7 ± 3.8pb. The uncertainty on the single top cross
section is typically in the order of 4% [17] and therefore smaller than for the other
top processes. Given these numbers, the normalization uncertainty is estimated to be
6%. A further uncertainty can arise from the modeling of the top background in the
signal region. It is known that the top-pT spectrum is not well modeled at very high
pT. This can have a sizable impact on the analysis. A data driven tt̄ control region was
defined to study a potential mismodeling. No such mismodeling has been observed,
hence no further uncertainty is added. The study is documented in Appendix D.

Diboson processes have typically an uncertainty on the order of 5−10% [37].
A conservative normalization uncertainty of 10% is assigned to the diboson back-
ground.
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9.5.3 Summary

The size of the systematic uncertainties on the total background is discussed in the
following. Most sources have symmetric uncertainties and the upwards variation
leads to the same result as a downward variation. In case of energy/momentum scale
or resolution uncertainties, upwards variations usually have a larger effect due to the
steeply falling background which causes more events to migrate from a lower bin to
a higher bin. For all uncertainties, the upward variation has been performed, and the
total uncertainty is taken to be the symmetrized effect. In the following a positive
systematic uncertainty means that an upward variation of the source increases the
background while a negative uncertainty means that the variation leads to a decrease
in background. Previous analyses have shown that the final result of the search does
not highly depend on the systematic uncertainties. This is especially true in the region
of high transverse masses where the search is performed in a nearly background free
region which is limited by statistical uncertainties. Studies have shown that for lower
W ′ masses of 150GeV the final result of this analysis is not affected by systematic
uncertainties which change the background yield by less than 3% over the whole
transverse mass range. Uncertainties which change the background yield by less
than 3% everywhere will therefore be neglected.

Figure9.29 shows the lepton related systematic uncertainties. The left plot shows
the electron and the right plot the muon uncertainties. The electron energy scale
uncertainty is about 3% at low mT, rising up to 6% at high mT. The uncertainty
is therefore considered as it leads to a sizable contribution at low mT. The electron
energy resolution uncertainty is well below 1% over the wholemT range and is there-
fore neglected. The same statement holds for the electron trigger efficiency correction
uncertainty. The identification and isolation efficiency correction uncertainties are
well below 1% at low mT, rising to about 3 and 2% due to the high-pT extrapolation
uncertainties. Nevertheless, both uncertainties are neglected since the contribution
becomes only sizable at around 500GeV where the statistical uncertainty of the data
is already large. In the muon channel, the muon ID resolution uncertainty gives the
largest contribution at very high transverse mass. The uncertainty is well below 1%
at lowmT and then rising up to 24% at 7 TeV. The muonMS resolution uncertainty is
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in the region of 3% at high mT. It could therefore potentially be neglected. However,
the experimental uncertainties are also propagated to the modeledW ′ signal, where a
resolution uncertainty can change the width of the signal. It can therefore lead to non
negligible effects on the signal modeling and hence will not be neglected. Another
sizable uncertainty is arising from the muon reconstruction efficiency correction
which is rising up to 10% at high mT. The uncertainty on the isolation efficiency
correction is small at low mT and rising up to 6% for higher mT. The uncertainty on
the muon trigger efficiency correction is about 3% over the whole mT range. Both
uncertainties are therefore considered.

Figure9.30 shows the jet and Emiss
T related systematic uncertainties which behave

very similar in the electron and muon channel. The largest uncertainty here is the
jet energy resolution which is highest at low mT and then falling towards higher mT.
The transverse energy of the jets in the event plays an important role in the Emiss

T
calculation. Varying the energy can change the Emiss

T value and as a consequence
change the decision whether an event passes the Emiss

T cut. The jet energy resolution
plays therefore an important role in the lowmT region. The uncertainty is about 7 and
8%at 110GeV for the electron andmuon channel, respectively. The higher themT and
therefore the Emiss

T of the event, the less important is the contribution from jets since
the electron or muon will dominate the Emiss

T calculation. The uncertainty is hence
becoming smaller towards higher mT. The Emiss

T related uncertainties show a similar
shape due to the same reason. They are about 3%, falling towards higher mT. The jet
energy scale uncertainties show a similar behavior. The second nuisance parameter is
negligible. The other two nuisance parameters are yielding an uncertainty of 2−4%
at low transverse mass. The size of the two nuisance parameters is different in the
two channels. The first nuisance parameter is larger in the muon channel while
in the electron channel the third is larger. The reason for the behavior are statistical
fluctuations of theMCwhich cause these differences. The uncertainties are therefore
neglected, as they only play a subleading role at lowmT and are affected by statistical
fluctuations.
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Figure9.31 shows the uncertainties arising from the normalization and extrapo-
lation from the subleading backgrounds. The normalization uncertainty on the top
and diboson backgrounds is negligible in both channels. The uncertainty of the mul-
tijet in the electron channel can reach up to 3% in the low mT range and reaches
up to 11% at high mT. It is therefore considered, in contrast to the muon channel
where this uncertainty is negligible. The top extrapolation uncertainty has its maxi-
mum around 800GeV and decreases towards highermT as the background is steeply
falling. The diboson extrapolation is in the electron channel the largest uncertainty
at high mT. The background plays only a minor contribution in the low mT range.
The extrapolation is performed with a fit over several TeV and it is therefore clear
that at very high transverse masses, the uncertainty on the background prediction is
large. The uncertainty is large enough to also have a sizable effect on the total back-
ground uncertainty. However, the uncertainty is about 100% only formT > 4.5TeV.
It is therefore only very large in a region where the background is close to zero and
these uncertainties do not affect the result. The uncertainty is much smaller in the
muon channel. The uncertainty is estimated by taking the envelope of all performed
fits. This approach is very conservative and therefore preferred, but leads also to
instabilities in the uncertainty estimation, as outliers will significantly enlarge the
uncertainty. However, this only affects the regions at very high mT which are nearly
background free. The multijet extrapolation in the electron channel reaches up to
200% at 7 TeV. In the muon channel this uncertainty is negligible as it is well below
1% everywhere due to the low contribution of the background.

Figure9.32 shows all theory related systematic uncertainties. These include the
PDF,αs, scale uncertainties and the uncertainties on the electroweak corrections. The
largest uncertainty is coming from the PDF choice, originating from the differences
observed between the central PDF and NNPDF3.0. The uncertainty is small at low
mT values but rises up to about 38% in the electron channel at about 4 TeV. The
uncertainty is much smaller in the muon channel. This is due to the worse resolution
in the muon channel which leads to migration from events at lowmT, where the PDF
uncertainties are small, to higher mT. The high mT region is therefore also populated
by events from lower mT values and has therefore a much smaller uncertainty. The
uncertainty is getting smaller again towards higher transverse masses in the electron
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Fig. 9.31 Background related systematic uncertainties on the background yield in the electron
channel (left) and muon channel (right)
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Fig. 9.32 Theory related systematic uncertainties on the background yield in the electron channel
(left) and muon channel (right)

channel. This is due to the multijet background, which is one of the subleading back-
grounds up to about 4 TeV, where it represents around 10% of the total background.
The contribution rises then to about 90% at 7 TeV. Since this background is estimated
from data, no theory uncertainties need to be applied to it and the uncertainties play
a smaller role with respect to the total background. The different eigenvectors of the
CT14 PDF have, as anticipated, very different mass dependencies. The uncertainty
from the eigenvectors two to four increases withmT, while the first eigenvector leads
to a nearly constant uncertainty of about 3% over the whole mass range. All first four
eigenvectors have a sizable contribution and are therefore considered. The eigenvec-
tors five to seven lead to a negligible uncertainty and are neglected. The uncertainty
on the electroweak corrections is rising with mT and is of the order of 10% in the
electron channel at high mT while it is slightly smaller in the muon channel. The
variation of the renormalization and factorization scale leads to a negligible uncer-
tainty. The αs uncertainty is of the order of 3% at lowmT and does not vary much for
higher mT values. The chosen uncertainty of ±0.003 is, as already discussed, only
applicable at very high mT. A choice which would aim at the low mT region would
lead to much smaller uncertainties. As a consequence this uncertainty is neglected.

The theory uncertainties would in principle apply also to the signal, as the same
cross section corrections need to be considered. However, it was decided not to
apply these uncertainties to the signal as the uncertainties have a theoretical nature
and therefore depend on the theory which predicts the W ′. The analysis aims to be
as model independent as possible and is therefore not applying any uncertainties
which might highly depend on the theory of new physics. The decision to follow this
strategy was taken by the ATLAS collaboration for all searches which do not look for
a very specific model for which the theory uncertainties would be well defined. The
search for a W ′ or Z ′ boson are such searches. This thesis follows the procedure of
the ATLAS publication and therefore the same decision is taken. The result presented
in this thesis is not affected significantly by this decision.

Table9.6 summarizes again all systematic sources and states whether they are
applied or neglected. The last column states whether an uncertainty is fully correlated
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Table 9.6 Summary of the correlations for the uncertainties. Entries with “yes” share a nuisance
parameter and are treated as correlated. Systematic uncertainties which do not apply to a channel
are marked with “n/a”

Channel

W ′ → eν W ′ → μν Correlated
between
channels

Electron energy scale Applied n/a –

Electron energy resolution Neglected n/a –

Muon momentum resolution (ID) n/a Applied –

Muon momentum resolution (MS) n/a Applied –

Jet energy resolution Applied Applied Yes

Jet energy scale NP1 Neglected Neglected –

Jet energy scale NP2 Neglected Neglected –

Jet energy scale NP3 Neglected Neglected –

Emiss
T resolution parallel Applied Applied Yes

Emiss
T resolution perpendicular Applied Applied Yes

Emiss
T scale Applied Applied Yes

Lepton trigger efficiency Neglected Applied –

Lepton reconstruction efficiency Neglected Applied –

Electron identification efficiency Neglected n/a –

Lepton isolation efficiency Neglected Applied –

Electroweak background normalization Neglected Neglected –

Electroweak background extrapolation Applied Neglected –

Multijet background normalization Applied Neglected –

Multijet background extrapolation Applied Neglected –

PDF choice NNPDF3.0 Applied Applied Yes

CT14nnlo eigvec. 1 Applied Applied Yes

CT14nnlo eigvec. 2 Applied Applied Yes

CT14nnlo eigvec. 3 Applied Applied Yes

CT14nnlo eigvec. 4 Applied Applied Yes

CT14nnlo eigvec. 5 Neglected Neglected –

CT14nnlo eigvec. 6 Neglected Neglected –

CT14nnlo eigvec. 7 Neglected Neglected –

μR/μF scale dependency Neglected Neglected –

αs Neglected Neglected –

Electroweak corrections Applied Applied Yes

Luminosity Applied Applied Yes
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Fig. 9.33 Electron η (top left), φ (top right), pT (middle left), Emiss
T (middle right) and |�φe,Emiss

T
|

(bottom) distributions after the event selection in the electron channel

between both channels. Top-quark and diboson background have been summarized
as electroweak background. The luminosity uncertainty has not been shown in the
Figs. 9.29, 9.30, 9.31 and 9.32. It is 5% and applies to all MC backgrounds.
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9.6 Comparison of Background with Data

In the following section the kinematic properties of the events passing the signal
selection are discussed. Figure9.33 shows the η, φ, pT, Emiss

T and |�φe,Emiss
T

| distribu-
tion of the events passing the W ′ → eν selection. The η distribution of the selected
electron candidates has its maximum at η = 0 and is slightly falling towards higher
values of |η|. The region 1.37 < |η| < 1.52 corresponds to the transition region
between the calorimeter central region and the calorimeter endcap region. A few
events are still falling into this region, since the cut is placed on the η position of
the energy deposition in the second layer and here the best estimate for η is shown,
which also includes track information. The dominant background is coming from the
SM W -boson. The second largest background in the central region is the top back-
ground followed by the multijet background. In the more forward region, the multijet
background is the subleading background. The ratio between data and background
expectation is shown in the lower panel. The systematic uncertainty is shown as a
gray hashed band. The systematic uncertainty is of the order of 10%. In the central
region, data and background expectation agreewell within the systematic uncertainty
band. Some differences can be seen in the regions |η| > 2.0. The same differences
between data and background were already observed in the multijet control region
and are coming from a too coarse modeling of the electron identification corrections
in that region. The selected electron candidates are equally distributed in φ. Some
small structures in data can be observed which are not modeled in the background
expectation. These structures are again coming from regions with slightly differ-
ent identification efficiencies. The identification efficiency corrections are averaged
over φ and thus these effects are not well modeled for the background. However,
the overall agreement between data and background expectation is described well
within the systematic uncertainties. The pT spectrum of the selected electron can-
didates is strongly falling over several orders of magnitude. The candidate with the
highest pT is observed around 1TeV. The multijet background is becoming the lead-
ing background towards higher pT values. The fake efficiency is very stable up to
high pT, hence a higher rate of jets faking the electron signature is not the cause for
this behavior. The reason is the underlying pT spectrum of the jets which is much
harder than the pT spectrum of single electrons. The agreement between data and
background expectation is well within the uncertainties up to a pT of 300GeV. In the
region 400GeV < pT < 700GeV a slight deficit of the data is observed. The region
pT > 400GeV has been studied in more detail to exclude that the deficit of data is
coming frombackgroundmismodeling. The study is documented inAppendixE. The
Emiss
T spectrum of the selected events is, like the pT spectrum, strongly falling over

several orders ofmagnitude. The highestEmiss
T events are observed around 1TeV. The

multijet background never plays a dominant role in contrast to the pT spectrum. The
data agrees within the systematic uncertainty with the background expectation. Some
small deficits can be again observed in the region 400GeV < Emiss

T < 800GeV. The
ratio between data and background expectation is around 1.1 at 55GeV, falling to
around 0.95 for Emiss

T > 120GeV. The |�φe,Emiss
T

| distribution shows a maximum at



150 9 Analysis

around 3 and is falling towards lower opening angles. Nearly no events are observed
for |�φe,Emiss

T
| < 1. Themaximum around |�φe,Emiss

T
| = 3 corresponds to the back-to-

back topology which is dominating the high transverse mass region. The agreement
for |�φe,Emiss

T
| is similar to what was observed for the previous distributions.

Figure9.34 shows the same distributions for theW ′ → μν selection. The muon η
distribution shows several dips which are corresponding to the regions with not well
aligned chambers which are vetoed in the high-pT selection. The muon η spectrum
is in general a bit lower in the central region than in the endcap region due to the
lower trigger efficiency in the barrel region formuons. Especially in the region η ≈ 0,
where a gap for cables which are connected to the liquid argon calorimeter is leading
to a much lower efficiency. The dominating background is the SM W background,
followed by the top background and the Z/γ∗ background. The Z/γ∗ background
becomes larger in the forward region and leads to a substantial contribution. This is
different to the electron channel where the Z/γ∗ background is very small, even in the
endcap region. A Z/γ∗ event enters the selection if Emiss

T is faked. This happens if a
muon or electron is outside of the detector acceptance. If an electron is outside of the
region covered by the tracking system then it will bemost likely still be reconstructed
as a jet in the forward calorimeters. A muon which leaves the region of the tracking
system is already lost which explains the differences between both channels. The data
are in general about 10% above the expected background. The difference is covered
by the systematic uncertaintywhich is of the sameorder. The samedifference between
data and expected background is observed in the φ spectrum. The spectrum shows
some dips which are corresponding to the regions in which the muon spectrometer
efficiency is lower. Eight dips can be observed with a distance of about 0.8 which
corresponds to the coils of the toroidal magnet. Less muon chambers are installed in
this region and therefore the efficiency is reduced. The two larger dips at around φ ≈
−2 and φ ≈ −1 correspond to the support structure on which the ATLAS detector
is placed. The muon pT spectrum falls, like the corresponding electron spectrum,
over several orders of magnitude. The muon candidate with the highest pT was found
around 1.2 TeV. The data are, like in the η and φ distributions, about 10% higher
than the expected background. The ratio between data and expectation is flat in pT.
The largest deviation is found in a bin at around 300GeV which is found to be about
3.5σ above the neighboring bins. This behavior is expected to come from a single
statistical fluctuation, as no larger deviation is observed in the neighboring bins. The
Emiss
T spectrum of the muon selection is strongly falling towards higher values of

Emiss
T and reaches out up to 1.2 TeV in data. The data are about 15% higher than

the expected background at low Emiss
T values. The differences are covered by the

systematic uncertainty. The difference between data and expectation is becoming
smaller with higher Emiss

T values. Data and expected background agree very well for
Emiss
T > 120GeV. This behavior leads to the suspicion that an Emiss

T -mismodeling is
causing the observed differences between data and expected background in the muon
channel. However, the samemismodeling should be visible in the electron channel as
the systematic sources are correlated between both channels. The shape of the ratio is
very similar to the shape observed in the electron channel, which is an indication that
the difference between data and expected background are indeed caused by Emiss

T
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(bottom) distributions after the event selection in the muon channel
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mismodeling. The |�φμ,Emiss
T

| distributions look similar in the muon and electron
channels. The agreement observed here between data and expected background is
similar to what is observed in the previous distributions. A lot of systematic sources
between both channels are fully correlated. A more detailed statistical analysis is
needed tomake a profound statement if for both channels the background expectation
agrees with data within the uncertainties. This statistical analysis is discussed in the
next chapter.
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Chapter 10
Statistical Interpretation

In the following chapter first the basics of the statistical framework are introduced in
Sect. 10.1 and the observed transversemass spectrum is discussed in terms of the ratio
of the number of observed events and the number of expected events in Sect. 10.2.
The quantification of a potential observed excess is discussed in Sect. 10.3 and a limit
on the cross section of a W ′ times the branching ratio for the decay into electron or
muon is calculated in Sect. 10.4.

10.1 Statistical Framework

The data are described statistically following a multi-bin counting experiment
approach. This approach has the advantage that the shape of the signal in the trans-
verse mass distribution is taken into account. The number of observed events in each
mT bin of each channel is described by a Poisson distributed stochastic variable. The
expectation value λkl in bin l of channel k is written as the sum of the signal1 and
background contributions,

λkl(σB, �θ) = skl(σB, �θ) + bkl(�θ) , (10.1)

where the nuisance parameters �θ describe the effect of systematic uncertainties. The
signal cross section multiplied with the branching ratio into the electron or muon
final state σB is the parameter of interest in the statistical analysis. The number of
observed events in bin l of channel k is denoted as nkl . The likelihood is built by
multiplying the Poisson probabilities for each bin in each channel:

1In the following description of the statistical analysis, theW ′ mass is assumed to be specified. The
whole statistical analysis is repeated for each candidate W ′ mass.
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L(σB, �θ) = P(�n|σB, �θ) =
Nchan∏

k=1

Nbin∏

l=1

λkl(σB, �θ)nkl e−λkl (σB,�θ)

nkl ! . (10.2)

Here, the set of all individual-bin observations nkl is denoted as �n. The number of
channels Nchan is equal to 1 when the electron and muon channels are analyzed
individually and 2 for their combination.

The number of expected signal events in bin l of channel k can be written as

skl(σB, �θ) = skl(σB)

⎛

⎝1 +
Nsys∑

i=1

θi
(δskl)i
skl

.

⎞

⎠ (10.3)

It has a central value of
skl(σB) = L int σB Ak εkl . (10.4)

Here, L int is the integrated luminosity of the data and Ak is the product of accep-
tance and efficiency for signal events in channel k to be triggered, passing the event
selection, and having a reconstructed transverse mass within the limits of the trans-
verse mass histogram used for the statistical analysis (110 < mT < 7000GeV). This
quantity is shown as function of the W ′ mass in Fig. 9.4. Furthermore, εkl takes into
account the shape of the W ′ signal. It is defined as the fraction of the events in
the signal transverse mass histogram in channel k that fall into bin l. The quantity
(δskl)i/skl in Eq. (10.3) is the relative shift in skl induced by a 1σ variation of the
nuisance parameter θi associated with a systematic uncertainty i . The corresponding
equation for the number of background events is

bkl(�θ) = bkl

⎛

⎝1 +
Nsys∑

i=1

θi
(δbkl)i
bkl

⎞

⎠ , (10.5)

where bkl is the central value of bkl and (δbkl)i/bkl is the corresponding relative
shift of a systematic uncertainty i (shown in Figs. 9.29–9.32). Correlations between
signal uncertainties and background uncertainties and between channels are properly
accounted for, since the same set of systematic nuisance parameters affects skl and bkl .
Some nuisance parameters affect only either the electron or the muon channel. In this
case the corresponding relative shift in the other channel is zero. Equations (10.3)–
(10.5), contain all inputs needed for the statistical analysis. These are the integrated
luminosity L int, the acceptances Ak and signal shapes εkl , the background estimates
bkl , and the signal and background systematic variations (δskl)i/skl and (δbkl)i/bkl .
The evaluation of all these inputs is described in Sect. 9.
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10.2 Results

The pT and Emiss
T distributions which were discussed in Sect. 9.6 showed no obvious

deviation of the data from the expected background. Figure10.1 shows the resulting
transverse mass spectrum in the range 110GeVto 7TeV in the electron channel (left)
and the muon channel (right). The bin width is constant in log(mT). A reasonable
number of bins (62 bins in the electron channel and 50 bins muon channel) were
chosen by hand since the result does not strongly depend on the binning. The muon
channel has less bins due to the worse mT resolution. The transverse mass spectrum
is strongly falling over several orders of magnitudes. In both channels events with a
transversemass above 1TeVare observed. In the electron channel (muon channel) the
event with the highest transverse mass is found atmT = 1.95TeV (mT = 2.51TeV).
ExampleW ′ signalswith amass of 2, 3 and 4TeVare shownon top of the background.
The Jacobian peak of the W ′ signal is much wider in the muon channel due to the
worse pT resolution. The background expectation is in general in good agreement
with the data. No strong deviation can be observed. A small excess is observed in the
muon channel at a transverse mass of around 1.5TeV, where four events fall into one
bin. The panel in the middle shows the ratio between data and expected background.
The gray shaded band shows the systematic uncertainty on the background. At a
transverse mass of 110GeV data are about 7% above the expected background in the
electron channel and about 12% in the muon channel. The agreement gets slightly
better towards higher values of mT.
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Fig. 10.1 Transverse mass distributions for events satisfying all selection criteria in the electron
(left) and muon (right) channels. The distributions are compared to the stacked sum of all expected
backgrounds, with three selectedW ′

SSM signals overlaid. The bin width is constant in log(mT). The
middle panels show the ratio of the data to the expected background. The lower panels show the
ratio of the data to the adjusted expected background (“post-fit”) that results from the statistical
analysis. The bands in the ratio plots indicate the sum in quadrature of the systematic uncertainties
(see Sect. 9.5 for details)



158 10 Statistical Interpretation

The bottom panel shows the ratio between data and expected background after
applying the shifts of the nuisance parameters θi to the background (“post-fit”). The
values of θi were obtained by computing the marginalization integral (see Eq.10.15
and the description in Sect. 10.4.1 for more details) with the Markov Chain Monte
Carlo technique using the Bayesian Analysis Toolkit (BAT) [1]. The systematic
uncertainties might be constrained by the data after the marginalization integral has
been performed. A Gaussian distribution of the shifts θi was assumed and aW ′ mass
of 2TeV was used for the marginalization. Changing to a different W ′ mass or not
assuming any signal does not affect the result. Figure 10.2 shows the parameters
θi for each nuisance parameter. The red error bar shows the initial uncertainty of
1σ and the black error bar the uncertainty after the marginalization integral has
been performed. The largest shifts in the combined analysis are introduced for the
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Fig. 10.2 Systematic shifts θi for mW ′ = 2TeV for the electron channel (top left), muon channel
(top right) and combined statistical analysis (bottom). The red error bars show the original uncer-
tainty of 1σ while the black error bars show the uncertainty after the marginalization integral has
been performed
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Emiss
T uncertainties and the electron channel multijet background. All three Emiss

T
uncertainties are shifted down in the combined analysis by about 0.6 to 1.2σ. These
nuisance parameters can correct for the shape in the ratio which is observed in both
channels in the region 110 < mT < 300GeV. The jet energy resolution leads to a
similar shape change and is shifted up by 0.4σ. The jet energy resolution uncertainties
and the Emiss

T uncertainties have opposite effects on the background yield. Hence, the
shifts lead to a higher background contribution at low mT. A slight offset between
both channels is left after correcting the slope at low mT. The electron multijet
background is shifted by about −1.3σ to correct for the offset between electron
channel and muon channel. The luminosity is finally shifted by −0.4σ to correct for
the remaining offset of both channels. The shifts of all other nuisance parameters do
not lead to a significant change of the background expectation. The same behavior
is observed for the statistical analysis of the single channels. Very similar shifts of
the nuisance parameters for the luminosity, jet energy resolution, Emiss

T uncertainties
and electron channel multijet background are observed.

The background expectation and data are in a very good agreement after applying
the shifts of the combined analysis (see lower panel in Fig. 10.1). The systematic
uncertainty is significantly reduced in the lowmT region in which the data are able to
constrain the nuisance parameters. The high mT region is unaffected by the data and
therefore no uncertainty reduction is observed. The strongest uncertainty reduction is
observed for the jet energy resolution. Thismight be an indication that the uncertainty
is overestimated, since not always a significant pull is introduced.

10.3 Search for a New Physics Signal

10.3.1 Likelihood-Ratio Test

To test for excesses in data, a log-likelihood ratio test is carried out usingRooStats [2].
Apotential excess canbequantifiedby calculating the probability that the background
fluctuates creating a signal-like excess equal or larger than what is observed. This
probability is called p-value and usually denoted as p0. The p-value p0 is computed
by defining a test statistic

q0 =
⎧
⎨

⎩

0 for μ̂ < 0,

−2 ln
[
L(�n|0, �θ0)
L(�n|μ̂,�θ)

]
for μ̂ � 0,

(10.6)

where μ̂ is a signal strength parameter and defined as μ̂ = σB/σSSM B. The more
important an excess is, the larger is the difference between both likelihoods. For a
given dataset,L(�n|μ̂, �θ) is always larger or equal toL(�n|0, �θ0) and therefore the ratio
of the likelihoods always smaller or equal to one. The test statistic q0 is set to 0 for val-
ues of μ̂ < 0. This is justified by the fact that a potential signal should have a positive
cross section value. This definition will lead to a δ-peak in the distribution of the test
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Fig. 10.3 Probability
density function of the q0 test
statistic for background-only
pseudo-experiments. The red
curve shows the expected
distribution for the
asymptotic approximation
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statistic at q0 = 0. It represents a 50% occurrence that a background-only dataset will
have a downward fluctuation. A probability density function for q0 can be obtained
from background-only pseudo-experiments. The pseudo-experiments are generated
using the observed nuisance parameter values �θobs0 . The observed nuisance parameter
values are determined by RooStats using a maximum likelihood fit using the Minuit
package [3]. An additional Gaussian probability density function is introduced for
each nuisance parameter to avoid large shifts of single nuisance parameters. The
nuisance parameter shifts �θobs0 determined by RooStats are very similar to the shifts
shown inFig. 10.2whichwere determinedwith a slightly differentmethodusingBAT.
The number of events in a bin is following a Poisson probability. From these pseudo-
experiments a probability density function f (q0|0, �θobs0 ) can be built. Figure10.3
shows f for the muon channel obtained from 10,0000 pseudo-experiments. A peak
at q0 = 0 can be observed from the cases in which the background has a down-
ward fluctuation. This peak has been ignored when normalizing the distribution of
pseudo-experiments to unity.

The probability p0 corresponding to a given experimental observation qobs
0 is

evaluated as follows:

p0 = P(q0 � qobs
0 |background-only) =

∫ ∞

qobs
0

f (q0|0, �θobs0 )dq0. (10.7)

The p-values p0 are usually translated into a scale of significance (z) in terms of
Gaussian standard deviations:

z = �−1(1 − p0) (10.8)

Here, �−1 is the inverse of the cumulative distribution of the standard Gaussian
probability density function. A discovery of a new particle and therefore the rejection
of the background-only hypothesis is usually announcedwith a significance of at least
5σ (z = 5). This corresponds to a probability of p = 2.87 × 10−7.
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10.3.2 Asymptotic Approximation

According toWilks’ theorem [4], the distribution of q0 for background-only datasets
follows in the asymptotic limit a χ2 distribution for one degree of freedom. This
behavior is illustrated in Fig. 10.3, where the solid red line corresponds to a χ2

distribution for one degree of freedom. The probability p0 can then be calculated
directly from q0 [5]:

p0 = 1 − �(
√
q0). (10.9)

The significance is then given by
z = √

q0. (10.10)

This largely reduces the amount of computing time and computing resources
required.

10.3.3 Look-Elsewhere Effect

The p-value calculated so far gives the probability that for a given W ′ pole mass
the background fluctuates, creating a signal-like excess equal or larger than what
is observed. It ignores the fact that W ′ masses over a large range in mT have been
tested and is therefore also called “local” p-value. The more masses are tested, the
more likely it is that for a certain mass a small p-value is observed. This effect is
called “look-elsewhere effect”. It can be taken into account by calculating a “global”
p-value which is the probability of measuring a local p-value somewhere in the back-
ground transverse mass spectrum which is at least as significant as the one observed
in data. Calculating the global p-value requires a knowledge of the fluctuations inher-
ent in purely background processes. The statistical behavior of the background can
be modeled by observing excesses in an ensemble of pseudo-experiments generated
under the background-only hypothesis. The distribution of the largest local signif-
icance found in each independent pseudo-experiment represents the ability of the
background to exhibit false signals. From this distribution the global p-value can be
calculated:

pglobal = P(zlocal ≥ zobs0 |background-only) 1

Npe
=

∫ ∞

zobs0

n(z0)dz0, (10.11)

where Npe is the number of pseudo-experiments.
Figure 10.4 shows the global p-value expressed inGaussian significance as a func-

tion of the local significance calculated from 10,0000, pseudo-experiments. Negative
values of global significance indicate cases which are less signal-like than expected
from the background-only case. The global p-value is typically about 1σ lower than
the local p-value. The electron and muon channel have a very similar mapping.
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Fig. 10.4 Mapping from
local to global significance in
the electron and muon
channel
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More signal-like fluctuations are expected for the electron channel due to its supe-
rior electron energy resolution which makes it slightly more affected by single bin
fluctuations. No mapping for the combination of both channels has been calculated,
as the mapping will be similar to the electron channel due to the better electron
energy resolution. Hence, the electron channel mapping was used for the combined
channel.

10.3.4 Results

Figure 10.5 shows the observed p-values for the electron channel (top left), muon
channel (top right) and the combination of both (bottom). The local significance
is shown as a gray dashed line and the global significance as red dashed line. The
p-values were obtained using the procedure described in Sect. 10.3.1 with the back-
ground estimation as discussed in Sect. 9.3 and the systematic uncertainties described
in Sect. 9.5. Signal templates have been generated, following the procedure discussed
in Sect. 9.1.1, in steps of 50GeVfor pole masses ranging from 150GeV to 3.5 TeV,
thus leading to 67 signal templates in total.

The largest excesses in the electron channel are about 1.4σ local at mW ′ =
600GeV and mW ′ = 2TeV. They correspond to about three bins around 600GeV
which are above the background expectation and two events which are observed near
2TeV. The largest excess in the muon channel is about 1.8σ local atmW ′ = 350GeV.
It corresponds to a single bin which is above the background expectation by about
three times its statistical uncertainty. A broad excess of about 1σ is observed for
masses above 1.5TeV. It corresponds to the region mT > 1TeV where several bins
are above the background expectation. Especially one bin at about 1.5TeV in mT in
which four events are found. The excess does not disappear for higher mW ′ , like in
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Fig. 10.5 The local significance derived from ideal W ′
SSM signals between 0.15 and 3.5TeV.

Accompanying local significance levels are shown as gray dashed lines and global significance
levels as red dashed lines. Shown are results for the electron (upper left), muon (upper right), and
the combined channel (lower)

the electron channel, due to the worse mT resolution in the muon channel. Signals
with higher masses will due to the resolution also contribute to the lowermT regions.
The excesses at 350 and 600GeV are reduced in the combination as they only appear
in one of the channels. The excess at higher masses gets slightly stronger, rising up
to 1.6σ local, since an excess in that region in both channels is observed. The global
significance never exceeds one sigma. The observed data are therefore consistent
with the Standard Model hypothesis.

10.4 Exclusion Limits

The statistical analysis performed showed no significant excess of data with respect
to the expected SM background. Therefore exclusion limits will be calculated for
the SSM W ′ model.
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10.4.1 Exclusion Limits Following Bayes Theorem

The exclusion limits are calculated using Bayes theorem [6]:

P(A|B) = P(B|A)P(A)

P(B)
. (10.12)

It states that the probability for A given B can be calculated using the probability for
B given A and the single probabilities for A and B. Applied to this analysis, Bayes
theorem leads to

P(σB, �θ|�n) = P(�n|σB, �θ)P(σB, �θ)
P(�n)

= L(σB, �θ)P(σB, �θ)
P(�n)

. (10.13)

Here P(σB, �θ) denotes the probability density for σB and �θ and is called prior.
P(�n) is the probability for the observed data which will only act as a normalization
constant. The nuisance parameters θi are assumed to follow a Gaussian distribution
�. Hence, the prior can be written as

P(σB, �θ) = P(σB)

Nsys∏

i=1

�(θi ) , (10.14)

where� denotes the probability density function for the standard normal distribution
and P(σB) is the prior for the signal cross section times branching ratio. The choice
of a proper prior P(σB) for the signal can be very controversial. In principle the prior
knowledge from earlier W ′ searches can be used to strengthen the resulting limits.
However, a conservative choice is made by assuming a “flat” prior, i.e. zero for
σB < 0 and constant for σB ≥ 0. This is a common choice in high-energy physics
experiments and makes the results comparable between experiments. The prior is
absorbed into a normalization constant together with P(�n). The explicit expression
for the probability for σB takes the form (for σB ≥ 0)

P(σB|�n) =
∫

P(σB, �θ|�n) d �θ = N
∫ Nchan∏

k=1

Nbin∏

l=1

λkl(σ, �θ)nkl e−λkl (σ,�θ)

nkl !
Nsys∏

i=1

�(θi ) d �θ,
(10.15)

where N is the normalization constant which absorbs the prior P(σB) and the prob-
ability for the data P(�n). It is determined by the condition

∫ ∞

0
P(σB|�n) dσ = 1 . (10.16)

The integral over the nuisance parameters (called marginalization integral) is per-
formed in BAT using Markov Chain MC. The number of channels Nchan is equal
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to 1 when the electron and muon channels are analyzed individually and 2 for their
combination.

The upper limit σBlimit on the cross section times branching ratio can be
computed by ∫ ∞

σBlimit

P(σB|�n) dσ = δ , (10.17)

i.e. it is the signal cross section times branching ratio for which the probability that
the true value ofσB is equal or larger thanσBlimit given the data �n is δ. The confidence
level2 is defined as 1 − δ. Exclusions at 95% CL are commonly used in high energy
physics experiments.

The observed limit σBlimit, given the data, is calculated using the procedure
described above. The expected limit σBlimit, given the background-only hypothesis,
is calculated using a sample of background-only pseudo-experiments. One pseudo-
experiment is performed by generating sample values for all nuisance parameters
θi according to their Gaussian priors. Thereafter the number of events in a bin l of
channel k are sampled following a Poisson probability with the expectation value
bkl(�θ) for the generated sample values of the nuisance parameters �θ. The resulting
mT distribution is treated as actual data and a limit σBlimit is calculated following the
above procedure. After a suitable number of pseudo-experiments, the expected limit
is extracted by taking the median of the limit distribution. One and two sigma bands
are extracted by taking the 68 and 95%quantiles of the limit distribution. These bands
do not have any specific meaning in the Bayesian paradigm. They visualize how the
limit could change by a one or two sigma fluctuation of the nuisance parameters
and data.

10.4.2 Results

Figure 10.6 shows the resulting 95% CL limits on the cross section times branching
ratio σBlimit for the electron channel (top left), muon channel (top right) and the
combination of both (bottom). The limits were obtained using the SSM W ′ signal
shapes with the background estimation as discussed in Sect. 9.3 and the systematic
uncertainties described in Sect. 9.5. Signal templates have been generated, following
the procedure discussed in Sect. 9.1.1, every 50GeV in the pole mass range from
150GeV to 6TeV, leading to 118 signal templates in total. For each pole mass, a
total of 1000 pseudo-experiments have been carried out to estimate the expected
limit and the 68% and 95% uncertainty at each point. Tables with the observed and
expected limits can be found in Appendix F. The expected limit is indicated as a
dashed black line, which is surrounded by the 68% (95%) uncertainty band drawn
in green (yellow). The observed limit is shown as a solid black line. For a given pole

2The confidence level is in the Bayesian paradigm often also called credibility level. To avoid
confusion throughout this thesis the more common term confidence level is used.
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Fig. 10.6 The calculated 95% CL limits on the cross section times branching ratio are shown as
a function of the pole mass of the SSM W ′. The results are shown for the electron channel (top),
the muon channel (middle) and the combination of both (bottom). The expected limit is indicated
as a dashed black line, which is surrounded by the 68% (95%) uncertainty band drawn in green
(yellow). The observed limit is shown as a solid black line. For a given pole mass, all values of σB
which are above the value of the observed limit are excluded with 95% CL. The theory prediction
for the SSM W ′ model is shown at NNLO in QCD as a red solid line surrounded by its uncertainty.
Masses for the SSMW ′ boson below the intersection between observed limit and theory prediction
are excluded with 95% CL

mass, all values of σB which are above the value of the observed limit are excluded
with 95% CL. The curve of the expected limit is strongly falling over about three
orders of magnitude up to pole masses of 3.5TeV. The expected limit then bends
up again due to the lower acceptance times efficiency for the higher pole masses (as
shown in Fig. 9.4). The curve of the observed limit for the electron channel and muon
channel agrees well with the expected limit and always lies within the 2σ uncertainty
band. Slight excesses are observed in the electron channel at mW ′ = 600GeV and in
themuon channel atmW ′ = 350GeVwhichwere already discussed in Sect. 10.3.4. A
deficit is observed in both channels around1TeV.Thedeficit is stronger in the electron
channel where it is almost outside of the 2σ band. The deficits correspond to deficits
in data in the region mT ≈ 1TeV in Fig. 10.1. For higher pole masses the observed
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Table 10.1 Expected and
observed 95% CL lower
limits on the W ′

SSM mass in
the electron and muon
channel and their
combination

Decay mW ′ limit [TeV]

Expected Observed

W ′ → eν 3.99 3.96

W ′ → μν 3.72 3.56

W ′ → �ν 4.18 4.07

limit is again above the expected limit due to the slight excess observed at high
mT. Whereas the excesses atmW ′ = 600GeV andmW ′ = 350GeV are smaller in the
combined limit, the latter described deficits/excesses are becomingmore pronounced
as they appear in both channels in a similar range. The deficit at 1 TeV is slightly
beyond the 2σ band. The limit in the electron channel is in general stronger than the
limit in the muon channel due to its superior signal efficiency and resolution.

The theory prediction for the SSM W ′ model is shown as a red solid line. The
cross section for each pole mass was obtained with Pythia at LO. A NNLO QCD
theory correction is applied to the theory prediction. It was obtained by calculating
the yield in the range 110GeV < mT < 7TeV for each signal template at LO and
after applying the QCD theory correction described in Sect. 9.1.1. The ratio of these
two yields defines the theory correction and fully takes the shape and normalization
differences between LO and NNLO into account. Uncertainties on σB from the PDF,
αs and scale are shown as a red-dashed line. They were determined as described in
Sect. 9.5. Masses for the SSM W ′ boson below the intersection between observed
limit and theory prediction are excluded with 95% CL. Table 10.1 lists the observed
and expected mass limits on the SSM W ′ for the electron, muon and combined
channel. The expected mass limit in the electron channel is 3.99TeV and therefore
well in agreement with the observed limit of 3.96TeV. The expected mass limit in the
muonchannel is 3.72TeV,which is slightly higher than theobserved limit of 3.56TeV.
The difference in expected and observed limit is caused by the excess at high mT.
This excess does affect the muon channel in a stronger way as, due to the worse
resolution compared to the electron channel, also signals at higher masses contribute
significantly at lowermT values. The expected muon channel limit is 270GeV lower
than the expected electron channel limit due to the lower signal efficiency and worse
resolution. The expected combined limit is with 4.18TeV about 200GeV stronger
than the electron channel limit. The observed combined limit is 4.07 TeV. These
limits on mW ′ are about 800GeV stronger than all previous published results using
data taken at

√
s = 8TeV [7, 8].

10.4.3 Comparison to Other Analyses

Exclusion limits with 95% CL obtained by other analyses are summarized in Table
10.2 and discussed in the following.
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Table 10.2 Expected and observed 95%CL lower limits on theW ′
SSM mass in the electron channel,

the muon channel, and their combination

Analysis
by

√
s [TeV] Lint [fb−1] W ′ → eν limit [TeV] W ′ → μν limit [TeV] W ′ → �ν limit [TeV]

Expected Observed Expected Observed Expected Observed

ATLAS
[7]

8 20.3 3.13 3.13 2.97 2.97 3.17 3.24

CMS [8] 8 19.7 3.18 3.22 3.09 2.99 3.26 3.28

ATLAS
[9]

13 3.2 3.99 3.96 3.72 3.56 4.18 4.07

CMS [10] 13 2.2 3.8 3.8 3.8 4.0 4.2 4.4

ATLAS
[11]

13 13.3 4.59 4.64 4.33 4.19 4.77 4.74

As already discussed in Sect. 2.3.3, the analyses performed by ATLAS and CMS
at

√
s = 8TeV, using the full 2012 data set, excluded SSM W ′ masses below 3.24

and 3.28TeV, respectively. The obtained combined exclusion limit by the analysis
of the 2015 data set is 4.07TeV, i.e., about 800GeV stronger. Figure 7.1 shows
the ratio of the exclusion limit on the cross section and the predicted SSM cross
section as a function of the W ′ pole mass. Exclusion limits from this analysis and
the ATLAS analysis using 8 TeV data are shown. It can be seen that the presented
analysis substantially improves the cross section limits also at low masses up to
500GeV. This is due to the shape-based limit setting in this analysis which is more
sensitive in this region than the single-bin approach used in the previous analysis. In
addition triggers with a lower pT threshold were used in the electron channel. In the
intermediate mass range between 500GeV and 2.5TeV both limits are comparable
due to the higher integrated luminosity of the data set used for the 8 TeV analysis.
From 2.5TeV onwards, this analysis provides more stringent limits due to the higher
center of mass energy (Fig. 10.7).

Fig. 10.7 Normalised
cross-section limits
(σlimit/σSSM) for W ′ bosons
as a function of mass for the
measurement of a previous
ATLAS analysis [7], for this
measurement, and the
expected exclusion limit for
30 and 100 fb−1. The
cross-section calculations
assume the W ′ has the same
couplings as the SM W
boson. The region above
each curve is excluded at
95% CL
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CMS has also performed an preliminary analysis of the 2015 data set studying
W ′ masses above 1 TeV. Due to a problem with the solenoid magnet they only
collected 2.2 fb−1 of data. Nevertheless, they derived a stronger exclusion limit of
4.4 TeV. Comparing the results of the individual channels shows that the expected
and observed limits in the electron channel are with 3.8TeV about 200GeV weaker
than the result of this analysis. They obtain an efficiency times acceptance of 75%
for a W ′ boson with a mass of 3 TeV which is comparable but slightly lower than
the efficiency times acceptance obtained by this analysis (80%). Hence, the lower
CMS limit in the electron channel results from the slightly lower acceptance times
efficiency and the smaller amount of integrated luminosity collected. However, in the
muon channel, despite the smaller data set, CMS obtains an expected limit of 3.8TeV
and an observed limit of 4.0 TeV. Their expected exclusion limit in the muon channel
is therefore equal to the electron channel. For this analysis the expected exclusion
limit is about 300GeV weaker in the muon channel. The difference is coming from
the muon efficiency of both detectors. While CMS obtains for mW ′ = 3TeV the
same acceptance times efficiency of 75% as in the electron channel, this analysis
only reaches about 51%. The difference is directly coming from the differences of
the detectors. While the CMS muon spectrometer has a very high trigger efficiency
(above 90% inmost regions), theATLASmuon spectrometer has only about 70−80%
trigger efficiency. The very stringent quality criteria in the ATLAS analysis and
the veto on some muon chambers reduces further the efficiency and leads to the
observed differences. Regardless of these differences, the expected muon limits of
both experiments arewith 3.72TeVand 3.8TeVvery similar butwhileCMSobserves
a small deficit which is resulting in a stronger limit of 4.0TeV, in this analysis a small
excess is observed resulting in a weaker limit of 3.56TeV. This difference translates
also to the combined limit. The expected limits are again very similar with 4.17TeV
and 4.2TeV, while the observed limits differ with 4.07 and 4.4TeV, respectively.

Very recently, the ATLAS collaboration published a preliminary result for the
ICHEP summer conference using 13.3 fb−1 of data collected in the year 2015 and
2016 at

√
s = 13TeV. With the larger integrated luminosity, masses below 4.74TeV

are excluded.

10.4.4 Impact on Other BSM Models

In the following the obtained results shall be briefly discussed in the light of other
BSM models.

In the ATLAS and CMS analysis of the 2012 data also dark matter models have
been considered (see Sect. 2.3.3). It was found that the signal models which gave the
strongest limits were assuming constructive interference which was, as later pointed
out, violating the electroweak gauge invariance [12]. Therefore thesemodels have not
been considered any longer. The effective field theory models have been replaced by
simplifiedmodels inwhich the darkmatter production ismediated by a Z ′ boson [13].
The sensitivity of this analysis for models in which a W is produced by initial state
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radiation and models in which theW is produced in association with the dark matter
pair has been studied and was found to be very small. These models where as a
consequence not considered. Limits have been set on these models in an analyses
where the W decays hadronically [14]. The limits this analysis would yield are
expected to be similar but most likely would be a bit worse.

TheW ∗ model which is also discussed in Sect. 2.3.3 has a slightly different signal
shape than the SSMW ′. In the analysis of the 8 TeV data it lead nevertheless to very
similar limits ofmW ∗ > 3.21TeV. The limits on this model for this analysis are hence
expected to be also in the 4TeV range.

The right handed W ′
R should have the same signal shape as the SSM W ′. The

limits on cross section times branching ratio should therefore be directly translatable
into limits on the cross section of these bosons as long as the handedness of the
couplings to quarks and leptons are equal [15].

The SUSY model which was introduced in Sect. 2.3.3 was only brought up
recently by the authors and has so far never been considered in any of theW ′ searches.
It is thus not possible to make any claim about the sensitivity.
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Chapter 11
Conclusion and Outlook

A search for a new heavy charged gauge boson, a so-calledW ′, has been performed in
the final state of an electron or muon and missing transverse momentum. Those new
gauge bosons are predicted by some theories extending the Standard Model gauge
group to solve some of its conceptual and experimental problems. The analyzed
data set was recorded by the ATLAS experiment during proton-proton collisions at a
center of mass energy of

√
s = 13 TeV and corresponds to an integrated luminosity

of 3.2 fb−1.
The electron and muon transverse mass spectrum has been measured and trans-

verse masses up to about 2 TeV have been observed. The expected amount of Stan-
dard Model background has been estimated using Monte Carlo simulations and
data-driven methods. The main contribution to the background is arising from high-
pT electrons and muons produced by the decay of an off-shell W boson. Further
backgrounds are arising from processes including a top- or antitop-quark, from jets
misidentified as leptons, and from diboson processes, where pairs of W and/or Z
bosons were produced.

The Standard Model expectation has been compared to data. Possible deviations
have been quantified in terms of local and global significances with a likelihood ratio
test. The largest excesses observed are around 1.4 and 1.8σ local in the electron
and muon channel, respectively. When combining both channels, an excess of 1.6σ
at around mW ′ = 2 TeV is observed. The global significance of these excesses is
well below 1σ and hence the data are compatible with the Standard Model only
hypothesis.

As a consequence, exclusion limits have been set on the mass of a Sequential
Standard Model W ′ and masses below 3.56 and 3.96 TeV are excluded with 95%
confidence level (CL) in the electron and muon channel, respectively. A combina-
tion of both channels leads to an improved exclusion limit of mW ′ > 4.07 TeV. The
obtained exclusion limit is about 800 GeV stronger than the exclusion limit obtained
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from ATLAS and CMS analyses using the 2012 data set at
√
s = 8 TeV. Also the

cross section limit at low masses improved partially by about an order of magnitude.
Future analyses could be improved by trying to recover some of the efficiency

losses in the muon channel. In the presented analysis, muons which fall into regions
in which the alignment of the muon chambers is not well enough understood have
been vetoed. These regions will be further studied and are expected to be included
in future analyses. It could be furthermore studied if the very stringent requirements
on the muon quality could be relaxed without increasing the risk of fake muons
imitating a signal event and without worsening the momentum resolution too much.
In general a cut on the balance between the transverse momentum of the lepton
and the missing transverse momentum could be introduced as events coming from a
decay of a heavy resonance are expected to be well balanced. This has briefly been
studied while developing the analysis methods, but was not applied as no improve-
ment at high transverse masses was observed. However, this cut could be revisited
to test if intermediate transverse mass ranges could profit. The backgrounds arising
from top- and/or anti-top quarks and diboson production had to be extrapolated due
to limited statistics in the simulated Monte Carlo samples. A fit was performed to
obtain an estimate at very high transverse masses. A more robust estimation can be
achieved by producing the simulated samples of these processes in bins of transverse
mass. A first test using the Sherpa generator led to promising results. Besides the
systematic uncertainties arising from the background extrapolation, theory uncer-
tainties arising from the knowledge of the parton distribution functions (PDFs) are
the dominating uncertainties at high transverse masses. The presented analysis is
relatively insensitive to systematic uncertainties. If more data are collected the tail at
high transverse masses will be further populated and the knowledge of these PDFs
will become important. An improved understanding can be obtained by precisely
measuring Standard Model processes at very high masses.

Figure10.7 in the previous section shows the ratio of the exclusion limit on the
cross section and the predicted SSM cross section as a function of theW ′ pole mass.
Exclusion limits (95% CL) from this analysis and an earlier ATLAS analysis are
shown. In addition, also expected limits are shown for data sets of 30 (expected until
end of 2016) and 100 fb−1 (expected until end of 2017). The expected limits have
been calculated by using the StandardModel background calculated for this analysis
as pseudo-data and scaling it according to the luminosity. For 30 fb−1 W ′ masses
are expected to be excluded around 5.15 TeV and for 100 fb−1 around 5.6 TeV.1 It
can already be seen that the exclusion limit between the data set expected for 2016
and 2017 shows a smaller increase in mass limit than the expected 2016 result with
respect to the 2015 result. The exclusion limits will hence increase only slowly with
more data. The total expected luminosity delivered by the LHC in its lifetime is
3000 fb−1. For this amount of data W ′ masses are expected to be excluded up to

1Author’s comment: When preparing this thesis for the Springer publication (July 2018), the men-
tioned searches have been performed by the ATLAS collaboration, giving unfortunately as well no
sign for a signal. A search using 36 fb−1 of data excluded with 95% C.L.W ′ masses below 5.1 TeV
[1] and a search using 80 fb−1, masses below 5.6 TeV [2]. These results are in good agreement with
the expected exclusion limits when writing this thesis.
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around 7 TeV. Plans are being made for a proton-proton collider located at CERN,
operated at a center of mass energy of 100 TeV. This collider would significantly
increase the reach in W ′ masses. With 1000 fb−1 of collected data at such a collider
SSM W ′ bosons with masses up to 31.6 TeV [3] could be discovered and excluded
up to masses of 35 TeV [4].
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Part IV
High-Mass Drell-Yan Cross Section

Measurement at
√
s = 8 TeV



Chapter 12
Motivation

For tests of the Standard Model and measurements of its parameters, precise pre-
dictions of the processes at the LHC are needed. To obtain a high level of accuracy
for these predictions, a very good understanding of the structure of the proton is
essential. In this context, the knowledge of the parton distribution functions of the
proton plays a key role. For example, the PDF uncertainties can be one of the largest
uncertainties on the predictions of the Higgs production cross sections [1]. It was
already seen in the analysis discussed in the previous chapters that at very high
transverse masses the PDF uncertainties are the dominating theoretical uncertain-
ties. This is also true for searches for new heavy neutral gauge bosons (commonly
called Z ′). These uncertainties are due to the not well constrained high-x region in
the PDFs. The measurement of the high-mass Drell–Yan cross section gives access
to the high-x quark and antiquark information. Measuring at high invariant masses
and high dilepton rapidities y�� gives access to even higher values of x , as discussed
in Sect. 2.2.3 and visible in Fig. 2.8. The measurement of this process at high invari-
ant mass can furthermore be sensitive to electroweak corrections which have not yet
been constrained [2].

The γγ initiated dilepton pair production via the photon induced process, intro-
duced in Sect. 2.2.4, has a significant contribution at high invariant masses. The
photon PDF of the proton is only weakly constrained. It is an important background
for example to searches in the dilepton invariant mass spectrum and a measurement
of this process is therefore of importance. A measurement of the pseudorapidity
separation of the two leptons �η�� gives a possibility to separate the photon induced
contribution from the Drell–Yan production. The Drell–Yan process dominates due
to its large s-channel contribution at low values of absolute pseudorapidity separa-
tion while the photon induced process especially contributes at high values due to
the t-channel contribution.
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In the following chapters an analysis is presented measuring the Drell–Yan cross
section pp → Z/γ∗ + X → �+�− + X (� = e,μ) and photon induced cross section
in the range 116 GeV < m�� < 1500 GeV. Three cross section measurements are
performed, one single-differential measurement as a function of invariant mass m��,
and twodouble-differentialmeasurements. Thefirst double-differentialmeasurement
is performed as a function of invariant mass m�� and absolute dilepton rapidity |y��|
and a second measurement as a function of invariant mass m�� and absolute pseu-
dorapidity separation |�η��|. The data used for this measurement was collected by
the ATLAS experiment during 2012 at

√
s = 8 TeV and corresponds to an integrated

luminosity of 20.3 fb−1.
The measurement as a function of absolute rapidity will measure the rapidity

spectrum up to |y��| = 2.4. This measurement will therefore probe x values as low
as about x ≈ 10−3 going up to x ≈ 1. The dominant part of the data is distributed in
the region x = 10−2 to x = 10−1 (see Appendix G).

Figure12.1 shows the measured cross section in the final state of an electron and
positron performed by the ATLAS collaboration [3] using data with an integrated
luminosity of 4.9 fb−1, collected at a center of mass energy of 7 TeV. The mea-
surement was performed single-differential as a function of invariant mass and only
in the e+e−-channel. A comparison to various PDFs is shown in the lower panels
and shows a systematic offset for all PDFs. Additional measurements, especially of
the muon channel, will give further insight whether these differences are originating
from a systematic effect or not. A measurement of both channels is an important
cross check and the uncertainty on the measurement can be reduced by combining
these.

The following chapters will concentrate on the measurement of the electron chan-
nel cross sectionwhich I already started towork on inmymaster thesis [5]. Since then
several improvements have been made in the context of this thesis. Besides adding
the measurement as a function of |�η��| also the uncertainties of the measurement
have been significantly reduced. The cuts of the analysis have partially been refined
to further reduce background processes, a lot of systematic checks have been per-
formed, and additional sources of systematic uncertainties have been studied. In the
meantime also a cross section measurement of the muon channel has been performed
in the context of another thesis [6]. It will be used in this work to calculate combined
cross sections with reduced uncertainties. These combined cross sections have been
compared to different theory predictions and interpreted in terms of sensitivity to
PDFs. The results are published in JHEP [7].

The analysis is structured as follows. In Chap.13 first briefly the analysis strategy
is introduced. Chapter14 describes the analysis of the electron channel. In Sect. 14.1
the Monte Carlo samples are discussed, followed by the description of the event and
object selection in Sect. 14.2. Section14.3 describes the estimation of the multijet
and W+jets background which is arising from jets faking the electron signature.
The chapter closes with a comparison of the selected data with the expected signal
and background in Sect. 14.4. In Chap.15 the methodology of the cross section
measurement is explained. In Sect. 15.1 first the resolution of the observables and
thereafter the chosen binning and its purity is discussed. The unfolding method is
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Fig. 12.1 Fiducial Drell–Yan cross section at
√
s = 7TeV, binned in invariant mass of the electron

pair in the range 116 to 1500 GeV. Shown is the measured fiducial cross section with its statis-
tical uncertainty. The green bands show the systematic and total uncertainty, excluding the 1.8%
luminosity uncertainty. Different theory predictions, calculated at NNLO with FEWZ [4] using
different PDFs are shown. The predictions include corrections for photon induced processes and
W /Z radiation. Figure taken from Ref. [3]

discussed inSect. 15.2.The systematic uncertainties on the cross section are studied in
Sect. 15.3 and the unfolded cross sectionwith their uncertainties are afterwards shown
in Sect. 15.4. Following is Chap.16 with a brief discussion of the muon channel cross
section measurement which is needed as an input for the following Chap.17. Here
first the combination of the electron and muon channel is described in Sect. 17.1. The
combined cross sections are afterwards compared to theory predictions in Sect. 17.2.
An interpretation of the obtained results in terms of sensitivity to PDFs is discussed
in Sect. 17.3. The analysis discussion closes with a conclusion and an outlook in
Chap.18.
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Chapter 13
Analysis Strategy

Aim of the analysis is to measure the cross section of �+�−-pairs (� = e, μ) from
neutral current Drell-Yan production and photon induced production and to mea-
sure the invariant mass m�� dependence, the absolute rapidity |y��| dependence, and
dependence on the absolute pseudorapidity separation of the two leptons |�η��|.
The Drell-Yan process typically leaves a very clean signature of two leptons with
high transverse momenta which give a high invariant mass. Figure13.1 shows an
event display of the Drell-Yan dielectron event with the highest invariant mass. The
event contains two electron candidates originating from the same vertex with very
high transverse momenta of pT = 588 GeV and pT = 584 GeV. The green towers
depict the energy deposits in the EM calorimeter. The two electron candidates are
back-to-back in the transverse plane and have an invariant mass ofmee = 1526 GeV.
Given this signature, the general strategy of the analysis is to select events with two
high-pT lepton candidates giving a high invariant mass.

The background for this processes is typically very low. The leading background
originates from t t̄ production. The top- and antitop-quarks dominantly decay via
t → Wb, therefore leading to twoW bosons plus additional b-quarks. TheW bosons
can further decay into leptons leading to a final state containing two leptons. A
further background originates from multijet and W+jets events where either at least
two jets (multijet) or one jet (W+jets) is misidentified as lepton. This background
has a much higher contribution in the electron channel, since the probability for
a jet to fake a muon signature is very low. The multijet background is, like the
photon induced process, dominantly a t-channel process. It is therefore more forward
and the jets are measured at higher |η|. A precise estimation of this background
in the electron channel is therefore crucial since both processes have very similar
kinematics. Finally, a background arises from the diboson processes WW , WZ and
Z Z which can also lead to two or more leptons. MC simulation reliably predicts all
backgrounds containing at least two real leptons and will be used to estimate these.
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Fig. 13.1 Event with the electron pair that has the highest invariant mass in the 2012 data set is
shown (mee = 1526 GeV). On the upper left, the r -φ-plane and on the lower left, the r -η-plane of
the detector is shown. On the upper right, the energy deposition in the electromagnetic calorimeter
is shown in the φ-η-plane. Tracks with pT > 0.5 GeV are shown and colored depending on the
vertex they originate from. The event display was made using ATLANTIS [1]

Backgrounds containing one or more misidentified jets need to be estimated from
data as MC simulation in general fails to accurately describe the probability that a
lepton signature is faked.

The backgrounds are subtracted from the data to obtain the pure Drell-Yan and
photon induced spectrum. The sum of the Drell-Yan and photon induced event yields
are then corrected for detector effects using a MC based unfolding technique. The
electron and muon channel are measured in slightly different phase spaces due to
the different coverage of the calorimeters and the muon spectrometer. Both event
yields are therefore further extrapolated to a common fiducial phase space with an
acceptance correction. The corrected yield in the common fiducial phase space is
finally divided by the integrated luminosity of the data to obtain the sum of the Drell-
Yan and photon induced cross section. The estimation of the systematic uncertainties
is of special importance for this analysis as they are, especially at lower invariant
mass, a limiting factor for the precision of the extracted cross sections. At higher
invariant mass, the cross section measurement is limited by the available statistics
in data. Finally, the cross section for both channels is combined using a statistical
procedure to further reduce the statistical and systematic uncertainties by exploiting
the fact that some systematic uncertainties are correlated between both channels.
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The combined measured cross section can then be compared to state of the art
theory predictions and sensitivity studies can be performed to show the impact of the
measurement on the uncertainties of modern PDFs.
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Chapter 14
Analysis of the Electron Channel

The following chapter describes the analysis of the electron channel. First, all MC
samples used for the analysis are discussed in Sect. 14.1. The data used and the
event and electron selection criteria are discussed in Sect. 14.2. The determination
and validation of the multijet and W+jets background is discussed in Sect. 14.3 and
selected data are compared to the background and signal expectation in Sect. 14.4.

14.1 Monte Carlo Simulations

The following section contains a description of the Monte Carlo samples used in
this analysis. The first part describes the signal simulations and a second part the
simulations for background processes. All MC samples used in this analysis have
been centrally provided by the ATLAS collaboration [1].

14.1.1 Simulation of Signal Processes

14.1.1.1 Drell-Yan Process

The matrix element of the hard scattering process for the Drell-Yan process (pp →
Z/γ∗ + X → ee + X ) is generated with the CT10 PDF set [2] at NLO in QCD
using Powheg [3]. Pythia 8.170 [4] is used for the modeling of the parton shower,
hadronization and particle decays and QED FSR is simulated using Photos [5]. The
cross section for Z/γ∗ production is strongly falling with higher invariant masses.
Very large statistics would be needed to sufficiently populate the tail at high invariant
masses. Therefore, the signal is produced in 15 slices in invariant mass mee to save
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188 14 Analysis of the Electron Channel

computing time. The slices start from 120 GeV < mee < 180 GeV and reach up to
mee > 3000 GeV. The number of generated events for each sample reaches from
5, 000, 000 down to 100, 000 corresponding to an integrated luminosity of 508 fb−1

to 1.9 × 108 fb−1. Additionally, three inclusive samples are generated over the whole
mass range using the sameMC setup. The three samples are filtered at the generation
stage for events containing exactly two, one or no electron with pT > 10 GeV and
|η| < 2.8. The efficiency for the filters is 55.65%, 31.47%, 12.89% for the two, one
or no electron sample, respectively. The three inclusive samples have been generated
with 50million, 10million and 3million events, corresponding to an integrated lumi-
nosity of 81 fb−1, 29 fb−1 and 21 fb−1. The cross section times branching ratio σB
predicted by Powheg for the sum of the three inclusive samples is 1.109 nb. Events
generated with an invariant mass of mee > 120 GeV are rejected to avoid overlap
between the inclusive samples and the mass-binned samples. Detailed information
about the MC samples can be found in the appendix in Table H.1.

Figure14.1 shows the resulting invariant mass spectrum for the Powheg Z/γ∗
process. The colored lines show the individual mass bins and the black line shows
the resulting sum of all samples scaled up by a factor of two for easier visibility.
The inclusive samples filtered for exactly two, one, and no electrons in the required
phase space are respectively shown in blue, red, and yellow. At around 91 GeV the
Breit-Wigner resonance of the Z -boson is visible. The cross section is steeply falling
towards higher masses. The samples provide sufficient statistics up to several TeV.

For systematic checks an alternative Drell-Yan MC sample is simulated using the
same PDF with theMC@NLO 4.09 [6, 7] generator interfaced with Herwig++ [8].
Here MC@NLO is used to generate the matrix element and Herwig++ to model
the parton shower, hadronization, particle decays and QED FSR. The samples are
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again generated in slices of invariant mass to have sufficient statistics up to several
TeV. Detailed information about the MC samples can be found in the appendix in
Table H.2.

The calculation of the matrix element of the hard scattering process is done in the
defaultPowheg sample atNLO inQCD.Theory correction factors are derived to cor-
rect for differences between the NLO calculation and calculations at higher order in
QCD.These correction factors are obtained by a polynomial fit to the ratio of the Z/γ∗
cross section as a function of mee predicted by Powheg and at NNLO, calculated
using FEWZ 3.1 [9–11]. The FEWZ calculation also includes NLO EW corrections
beyond QED FSR. For the NNLO cross section calculation the MSTW2008NNLO
PDF set [12] is used. The renormalization (μR) and factorization scales (μF ) are set
equal to the mee at which the cross section is calculated. An additional small cor-
rection arises from single boson production in which the final-state charged lepton
radiates a real W or Z boson. This was estimated using Madgraph 5 [13], following
the prescription outlined in reference [14]. The corrections are given as a function of
mee and were provided by the ATLAS collaboration [15]. The resulting correction
factors are 1.025, 1.023 and 1.018 at 200 GeV, 1 TeV and 1.5 TeV, respectively.

14.1.1.2 Photon Induced Process

The photon induced process (γγ → ee) has been generated at LO using Pythia
8.170 and theMRST2004qed PDF set [16]. Pythia also modeled the parton shower,
hadronization and particle decays and QED FSR is simulated using Photos. The
cross section of the photon induced process is steeply falling towards higher invariant
masses. Hence, the same strategy as for the Drell-Yan samples has been used and sev-
eralmass-binned samples havebeenproduced. In total fivemass-binned samples have
been used starting from 60 GeV < mee < 200 GeV reaching up tomee > 2500 GeV.
The number of events generated for each sample reaches from 500, 000 down to
100, 000 corresponding to an integrated luminosity of 185 fb−1 to 4.4 × 107 fb−1.
The cross section predicted by Pythia for the first mass-binned sample is 2.69 pb and
therefore about three orders of magnitude smaller than the Drell-Yan process. How-
ever, away from the Z -resonance, the relative contribution from the photon induced
process becomes sizable compared to Drell-Yan. The cross section of the photon
induced process predicted by Pythia in the region 600 GeV < mee < 1500 GeV is
3.5 × 10−3 pb and therefore about 16% of the cross section of the Drell-Yan process
in the same region (21.5 × 10−3 pb). Detailed information about the MC samples
can be found in the appendix in Table H.3.

Figure14.2 shows the resulting invariant mass spectrum for the photon induced
process generated by Pythia. The colored lines show the individual mass bins and
the black line shows the resulting sum of all samples scaled up by a factor of two
for easier visibility. The cross section is steeply falling towards higher masses. The
drop of the cross section is lower than the drop observed for the Drell-Yan process.
MRST2004qed was the only available photons PDF by the time the MC sample was
produced. The PDF does not contain a full set of eigenvectors representing the PDF
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uncertainty. Only two possible options were provided, a PDF using constituent quark
masses in the proton and a PDF using current quark masses. For the production of
the MC samples the latter was used. This leads to a higher cross section since lighter
quarks are more likely to radiate photons. The cross section of the MC sample is
therefore scaled down by a factor of 0.7 in order to match NLO calculations from
the SANC group [17, 18].

14.1.2 Simulation of Background Processes

14.1.2.1 Top-Quark Processes

Top- and antitop-quarks dominantly decay into b- and b̄-quarks under emission of
a W boson. These W bosons can then further decay into leptons. Two different
processes of top- and antitop-quark production are considered. The dominant process
is the production of top-antitop pairs (pp → t t̄ + X → W+bW−b̄ + X ). The sub-
dominant process is the production of a single top- or antitop-quark in association
with a W boson.

The matrix element of the hard scattering process has been generated at NLO in
QCD using Powheg with the CT10 PDF set. Pythia 6.427.2 [19] is used for the
modeling of the parton shower, hadronization and particle decays and QED FSR is
simulated using Photos. For systematic checks a second sample has been generated
with MC@NLO 4.06 using the same PDF and interfaced with Herwig 6.520 [20]
for the modeling of the parton shower, hadronization, particle decays and QED FSR.
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TheMCsamples are normalized to a cross sectionofσt t̄ = 253+13
−15 pb as calculated

with theTop++2.0 program [21] atNNLO inQCD, including soft-gluon resummation
to next-to-next-to-leading-log order, and assuming a top-quark mass of 172.5 GeV.
PDF and αs uncertainties on the t t̄ cross section are calculated using the PDF4LHC
[22] prescription1 and are added in quadrature to the scale uncertainty. Varying the
top-quark mass by ±1 GeV leads to an additional systematic uncertainty of +8 pb
and −7 pb, which is also added in quadrature. The produced samples are all filtered
at the generation stage for events in which at least one of the W bosons decays into
an electron, muon or tau. The predicted cross section agrees within the assigned
uncertainties with the measured cross section [23].

Single top production in association with a W boson can also lead up to two
leptons. The MC sample is generated using the same configuration as the default
t t̄-sample and is normalized to a cross section of σtW = 22.4 ± 1.5 pb [24]. All
cross sections have been calculated by the ATLAS top group [25] or are taken from
the given references. Detailed information about the samples can be found in the
appendix in Table H.4.

14.1.2.2 Diboson Processes

Further important backgrounds are due to diboson production (WW ,WZ , and Z Z ).
These W - and Z -bosons can then decay into electrons leading to two or more elec-
trons. The diboson processes are generated at LO with Herwig 6.520, using the
CTEQ6L1 PDF [26]. The samples were filtered for decays with at least one charged
lepton. Since the diboson spectrum is strongly falling with invariant mass, two addi-
tional mass binned samples were produced. Here only events were generated in
which the decay leads to at least two electrons with an invariant mass in a certain
window. If there were more than two electrons, the pair with the highest invariant
mass is chosen. The inclusive sample is used up to an invariant mass of 400 GeV,
a second sample from 400 GeV to 1000 GeV and a third sample above 1000 GeV.
The diboson cross sections for pp collisions are known up to NLO. The WZ and
ZZ cross section values used are 20.3 ± 0.8 pb and 7.2 ± 0.3 pb respectively, as
calculated at NLO with MCFM [27, 28] and the CT10 PDF. The WW cross section
is assumed to be 70.4 ± 7 pb, derived by scaling the MCFM value of 58.7 pb by a
factor of 1.20 ± 0.12. This scale factor and its uncertainty correspond to an approx-
imate mean of the two scale factors for WW production with zero and one extra
jet, as discussed in reference [29]. The cross section is in agreement with the recent
ATLAS measurement of theWW cross section at

√
s = 8 TeV, which yields a value

of 71.1 ± 1.1 (stat) +5.7
−5.0 (sys)±1.4 pb [30]. These cross sections were used to nor-

malize the samples to get a better description of the processes. All cross section

1The PDF4LHC prescription for calculating the PDF uncertainties is to take the envelope of the
uncertainties from the MSTW2008 68% CL NNLO, CT10 NNLO and NNPDF2.3 5f FFN PDF
sets.
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calculations have been provided by the ATLAS collaboration [1]. Detailed informa-
tion about the samples used can be found in the appendix in Table H.5.

14.1.2.3 Z/γ∗ → ττ Process

The Drell-Yan process can also lead to a pair of τ -leptons which can further decay
into electrons via τ → ντνee. Both τ -leptons have to decay in this way to produce
a pair of electrons. This reduces the contribution from the process by 97%, as only
about 3% of the τ -pairs decay into two electrons. Due to the three-body decay of
the τ lepton, the resulting electron has a much lower transverse momentum and
the resulting invariant mass of the two electrons is therefore much smaller than the
invariant mass of the initial τ -pair. The contribution from this process has been
studied using the expectation from aMC sample and found to be negligible (<0.1%)
at the high invariant masses which are studied in this analysis.

14.1.2.4 W Process

The decay of aW boson can lead only to one electron. The background will therefore
not be estimated with MC. However, MC samples for this process are needed for
studies of the multijet and W+jets background. The process was generated with
Powheg using theCT10 PDF. Themodeling of the parton showers and hadronization
is done afterwards byPythia. Two samples are used, one for the processW+ → e+νe
and the other one for W− → e−ν̄e. The W cross section for pp collisions is known
up to NNLO [31]. These cross sections were used to normalize the samples to get a
better description of the process. Details about the samples and NNLO cross section
values used can be found in the appendix in Table H.6.

14.2 Data and Selection Criteria

The following section contains a description of the data set which is used in the
analysis and all selection criteria applied to the events and electrons.

14.2.1 Data

The data used in this analysis was delivered by the LHC at
√
s = 8 TeV and recorded

by the ATLAS experiment. The data taking period was from April 2012 to Decem-
ber 2012 and the recorded data set corresponds to a total integrated luminosity of
21.3 fb−1. The collisions were performed with a 50 ns spacing of the proton bunches
in the LHC. Figure14.3 shows the sum of the integrated luminosity delivered by the
LHC (green), recorded by ATLAS (yellow) and ready for physics analyses (blue) for
the data taking period in the year 2012.
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Fig. 14.3 Sum of integrated
luminosity delivered by the
LHC by day is shown in
green for data taking in
2012. The sum of the from
ATLAS recorded integrated
luminosity is shown in
yellow. Figure taken from
reference [32]
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14.2.2 Event Selection

The data has been preselected in order to reduce the amount of data to be analyzed
and the required amount of disk space. Only events which contain at least two recon-
structed electron candidates with pT > 18 GeV are used. The 2012 data set is divided
into the periods A to L (see Sect. 5.7.1 for more details on the structure of the data).
All events used for this analysis have to be in a luminosity block which is listed
in the Good Runs List.2 The events have to fulfill a trigger3 which requires at least
two energy depositions in the electromagnetic calorimeter which have ET > 35 GeV
and ET > 25 GeV. For these energy depositions, requirements on the shape of the
shower and the leakage into the hadronic calorimeter are imposed. No cuts on the
track of the electron candidates are imposed by this trigger. This is the trigger with
the lowest available pT thresholds which has simultaneously the least requirements
on the energy deposition. The efficiency of the trigger is about 99% for electron can-
didates with a transversemomentum 5 GeV above the threshold. It rises to 99.8% and
higher for electrons with pT > 60 GeV. In addition, events are discarded in which
a noise burst was observed in the electromagnetic or hadronic calorimeter. Such a
noise burst could fake energy depositions and would make an accurate energy mea-
surement impossible. It might be sometimes necessary to restart the trigger system
during data taking. During such a restart events might not have the complete detector
information and are therefore also rejected. Table14.1 shows the number of events
remaining after each of these cleaning cuts. The requirement of the trigger reduces
the number of events strongly to a subset of events. Events with incomplete detector

2The Good Runs List used in this analysis is: data12_8TeV.periodAllYear_DetStatus-v61-pro14-
02_DQDefects-00-01-00_PHYS_StandardGRL_All_Good.xml.
3EF_g35_loose_g25_loose.
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Table 14.1 Number of events which remain after each selection cut. Preselected data were used,
where two electron candidates with pT > 18 GeV were required

Selection cut Number of events

Event passes Good Runs List 368,648,710

Trigger for two energy depositions in the electromagnetic calorimeter 40,873,695

Events with incomplete detector information 40,873,669

Veto on noise burst in the electromagnetic calorimeter 40,783,645

Veto on noise burst in the hadronic calorimeter 40,783,644

information or noise bursts in the calorimeter make up only a very small fraction of
the total events.

The integrated luminosity after requiring the events to pass all quality require-
ments is 20.3 fb−1. Hence, this is the number quoted as the integrated luminosity
for the data set. The sum of the integrated luminosity ready for physics analysis is
shown in blue in Fig. 14.3.

14.2.3 Electron Selection

In the selected events, pairs of electron candidates have to be found. Therefore sev-
eral selection criteria are applied to the single electrons and the pairs. These selection
criteria are chosen in such a way that they reduce background from other physics
processes by obtaining at the same time a high signal efficiency. Each pair of elec-
tron candidates consists of a leading and a subleading candidate, where the leading
candidate is the one with higher pT and the subleading the one with lower pT.

All electrons are considered which are reconstructed by a reconstruction algo-
rithm which first searches for an energy deposition in the electromagnetic calorime-
ter and then searches for a track matching this energy deposition. A more detailed
description of the electron reconstruction is given in Sect. 6.2.1. The electron can-
didates have to be detected in the central detector region of |η| < 2.47, in order to
have tracking information available. The tracking detectors have a coverage up to
|η| = 2.5, the region of |η| < 2.47 is chosen to ensure that the shower is contained
in the region |η| < 2.5. In addition, electron candidates which are in the transition
region 1.37 < |η| < 1.52 between the barrel and endcap electromagnetic calorimeter
are rejected, as these candidates have a worse energy resolution. The η information
for the restriction of the electron candidates is chosen to be the η information from
the electromagnetic shower, as energy resolution is the motivation for these restric-
tions. With an object-quality check it is ensured, that the electron is measured in a
regionwhere the electromagnetic calorimeter wasworking properly at that time. This
excludes electron candidates in regions where for instance some electronic device
was broken or problems with the high-voltage supply occurred. The pT threshold for
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the electron candidates is chosen to be 5 GeV above the threshold of the trigger, i.e.,
pT > 40 GeV for the leading electron candidate and pT > 30 GeV for the sublead-
ing electron candidate. The cut is chosen to ensure that no threshold effects affect
the trigger efficiency and that the trigger is fully efficient. To reduce background
from misidentified objects, both electron candidates are first required to fulfill the
cut-based medium electron identification, described in Sect. 6.2.2. Electrons from
Drell-Yan production are expected to be well isolated from other energy deposi-
tions not associated with the lepton. The requirement of calorimeter isolation is
a very efficient way to reduce background from jets. The leading electron candi-
date is therefore required to fulfill

∑
ET(�R = 0.4) < 0.007 · ET + 5 GeV and the

subleading electron candidate
∑

ET(�R = 0.4) < 0.022 · ET + 6 GeV [33]. The
quantity

∑
ET(�R = 0.4) is the sum of the energy deposition in a cone with size

�R = 0.4 around the electron candidate. The cut value on the isolation is less strict
for the subleading candidate, since it has most likely less pT because it radiated
Bremsstrahlung, which leads to a worse calorimeter isolation. The functions are
chosen in such a way that the cut has an efficiency of 99%. Finally, a requirement
of |�ηee| < 3.5 is imposed on the absolute pseudorapidity separation of the leptons.
Fully hadronic processes, like multijet production, are dominating at large opening
angles and the imposed cut reduces the background contribution from these pro-
cesses. No further requirements are made on the charge of the electron candidates,
since for very high transverse momentum the charge identification efficiency gets
worse mainly due to Bremsstrahlung and due to the limited momentum resolution of
the electron in the tracking detector. For example, for an electron with pT = 1 TeV,
the efficiency to reconstruct the correct charge decreases to 95% [34]. It is also very
difficult to measure the charge identification efficiency for high pT, and thus derived
efficiency corrections would come with large systematic uncertainties. The pairs are
required to have an invariant mass of mee > 66 GeV. If there is more than one pair
in one event, all combinations are considered. This is the case only in less than one
per mille of the events. Table14.2 shows the number of events with at least two
electrons remaining after each selection cut. A detailed table with all event yields
for all backgrounds can be found in Appendix I.

The left plot in Fig. 14.4 shows the selection efficiency times acceptance (fraction
of all generated events which pass the selection) of the signal selection for the Drell-
Yan and photon induced process. The acceptance times efficiency was calculated
using the corresponding MC samples and is binned in the invariant mass of the
electron pair. In the range of the Z-resonance from 66 GeV to 116 GeV, the selection
efficiency times acceptance for the Drell-Yan process is only on the order of 19%.
This is due to the large pT thresholds for the two electrons. The measurement of this
analysis starts at 116 GeV, where the selection efficiency times acceptance is about
30% and then rises with invariant mass up to 65%. The selection efficiency times
acceptance for the photon induced process is lower throughout the wholemass range.
It is only about 9% at 116 GeV and then rises up to about 20%. The photon induced
process is mainly a t-channel process and therefore yields more forward leptons than
Drell-Yan which are at the same time distributed at lower values of pT. Imposing the
high pT cuts has therefore a much larger impact on the acceptance. On the right side
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Table 14.2 Number of events with at least two electrons remaining after each selection cut

Selection cut Number of events

After event selection 40,783,644

At least two objects reconstructed as electron candidates by a specific
algorithm

39,328,689

At least two electrons with |η| < 2.47, which are not in the transition
region 1.37 < |η| < 1.52

37,796,480

At least two electrons fulfilling the object quality check 37,717,667

Leading electron pT > 40 GeV, subleading electron pT > 30 GeV 19,647,642

At least two electrons fulfilling the medium identification 4,619,892

At least two electrons fulfilling the isolation requirements 4,573,716

At least one electron pair has |�ηee| < 3.5 4,573,047

At least one electron pair has mee > 66 GeV 4,551,899

At least one electron pair has mee > 116 GeV 124,648
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Fig. 14.4 The selection efficiency times acceptance of the signal selection for the Drell-Yan and
photon induced process is shown on the left side. The efficiency was calculated using the corre-
sponding MC samples. The right plot shows in the upper half the amount of integrated luminosity
for each period. The yield of Z-candidates per pb−1 over the different periods of data taking is
shown in the lower half

of Fig. 14.4, the yield of the selected candidates per pb−1 is shown, as well as the
integrated luminosity for different data taking periods. The yield is constant over all
data periods, as expected if there are no time dependent efficiency losses.

14.3 Background Determination

This section describes how the background for the analysis is estimated. For most
background processes the MC samples which are introduced in Sect. 14.1 are used.
An additional background arises from falsely identified leptons. This background is
not well described in MC and has to be measured in data. This background is mainly
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arising from multijet events in which two jets are misidentified and are passing the
electron selection. Another important contribution is theW+jets background, where
one real electron is originating from the decay of theW and an additionally produced
jet is misidentified and passing the electron selection. The same method to estimate
this background as for the℘ searchwas used (see Sect. 9.3). It is first briefly discussed
again and extended to the two-lepton final state. The groundwork for the results of
the following background estimation has been performed in my master thesis [35].
The results have been partially further refined and validated in the context of the
presented thesis. The main results are in the following repeated to be able to present
the analysis in a coherent way.

14.3.1 Matrix Method

The multijet and W+jets background in this analysis is estimated using the same
method as in Sect. 9.3. The idea of the method is to loosen some of the identification
criteria for electrons and to measure the efficiency for these looser objects to pass the
signal selection (also denoted as “tight” selection). The efficiency gives a handle on
the contribution from misidentified electrons in the signal selection. It is defined for
real electrons (r = N real

tight/N
real
loose) and fake electrons ( f = N fake

tight/N
fake
loose) separately.

The same definitions for r and f as in Eq.9.1 are used. Equation 9.2 can be extended
by two additional dimensions to describe the background for a two-electron selection:

⎛

⎜
⎜
⎝

NTT

NT L

NLT

NLL

⎞

⎟
⎟
⎠ = M

⎛

⎜
⎜
⎝

NRR

NRF

NFR

NFF

⎞

⎟
⎟
⎠ (14.1)

M =

⎛

⎜
⎜
⎝

r1r2 r1 f2 f1r2 f1 f2
r1(1 − r2) r1(1 − f2) f1(1 − r2) f1(1 − f2)
(1 − r1)r2 (1 − r1) f2 (1 − f1)r2 (1 − f1) f2

(1 − r1)(1 − r2) (1 − r1)(1 − f2) (1 − f1)(1 − r2) (1 − f1)(1 − f2)

⎞

⎟
⎟
⎠ . (14.2)

The indices R and F refer again to real and fake electrons, while the indices T
and L denote whether an object in the loosened selection passes the signal selection
or not. The first index of the number of events in a given bin Nxy refers always
to the leading candidate while the second index refers to the subleading candidate.
Similarly f1 and r1 denote the efficiencies for the leading object while f2 and r2 those
for the subleading object. The isolation criteria for leading and subleading electron
candidates differ and therefore also r and f . The number of events in the signal
selection NTT consists of the following contributions:

NTT = r1r2NRR + r1 f2NRF + f1r2NFR + f1 f2NFF . (14.3)
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Interesting is here only the part originating from events containing at least one fake
object:

Ne+ jet
T T = r1 f2NRF + f1r2NFR

Nmulti jet
T T = f1 f2NFF

N f ake
T T = Ne+ jet&multi jet

T T = r1 f2NRF + f1r2NFR + f1 f2NFF .

(14.4)

The truth quantities NRF , NFR and NFF can again be replaced by calculating M−1.
The number of events in the signal selection containing one or two fake objects is
then given by:

Ne+ jet&multi jet
T T =α[r1 f2( f1 − 1)(1 − r2) + f1r2(r1 − 1)(1 − f2) + f1 f2(1 − r1)(1 − r2)]NTT

+α f2r2[r1(1 − f1) + f1(1 − r1) + f1(r1 − 1)]NT L

+α f1r1[ f2(1 − r2) + r2(1 − f2) + f2(r2 − 1)]NLT

−α f1 f2r1r2NLL
(14.5)

where

α ≡ 1

(r1 − f1)(r2 − f2)
. (14.6)

With this equation the number of background events in any given bin can be calcu-
lated and therefore any distribution of the background can be predicted. The fake
efficiencies and real efficiencies depend in general on kinematic properties like pT
or η of the electron. They can therefore be binned in these variables to take these
dependencies into account. The background will in this case be calculated on an
event by event basis. In this analysis the loosened selection is given by the loose cut-
based identification level (see Sect. 6.2.2). The cut on the difference in η of the track
measured in the inner detector and the energy deposition measured in the electro-
magnetic calorimeter has been removed from the loose identification level to further
increase the fake contribution. This loosened selection is slightly stricter than the
requirement imposed by the trigger. The signal selection (tight selection) is given by
the medium cut-based identification level plus the respective isolation requirements
for the leading and subleading object. All other requirements which are imposed in
the signal selection are also imposed on the loosened selection (|η| restriction, object
quality etc.).

14.3.1.1 Systematic Variations of the Matrix Method

Variation 1

The efficiency for real electrons in the loosened selection to pass the signal selection
is usually very high. Hence, to simplify Eq.14.5, the approximation r1 = r2 = 1 can
be made. This assumes that every real electron in the loosened selection passes also
the signal selection. Equation14.5 then simplifies to
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Ne+ jet&multi jet
T T = F2NT L + F1NLT − F1F2NLL , (14.7)

where

Fi ≡ fi
1 − fi

= N fake
tight/N

fake
loose

1 − N fake
tight/N

fake
loose

= N fake
tight

N fake
loose − N fake

tight

. (14.8)

The quantity Fi is called fake factor. The following expression is valid, since the
signal (tight) selection is a subset of the loosened selection:

N fake
loose − N fake

tight = N fake
fail tight. (14.9)

The fake factor then simplifies to

FFT
i = N fake

tight

N fake
fail tight

. (14.10)

The events falling into the category N fake
fail tight passed the loosened selection but fail

the signal selection (medium identification or isolation requirement).When assuming
r1 = r2 = 1, entries which accounted for real electron contributions in the selection
L (pass loosened selection but fail signal selection), simplify to zero. Real electrons
contributing to the multijet and W+jets background still have to be accounted for.
The calculation of the background will therefore be performed on MC samples of
the dielectron processes instead of using data. The obtained contribution to the back-
ground from these real electron processes can then be subtracted from the background
obtained from data.

Variation 2

The selection N fake
fail tight contains contamination from real electrons since it is possible

for a real electron to fail themedium identification or the isolation requirement. Some
cuts of themedium identification are particularly able to separate real electrons from
jet events. Jets faking electrons contain often neutral pions, decaying to collimated
photons which lead to an electromagnetic energy deposition, and accompanying
charged pions which leave a track in the detector. The tracks and the electromagnetic
energy deposition are therefore not perfectly aligned and a cut on the track match
between the η values of the electron track and the electron energy deposition is a very
efficiency way of reducing such backgrounds. However, for the N fake

fail tight category, a
clean fake sample is required. A cleaner set of fake objects, and therefore smaller
corrections fromMC resulting in amore stablemethod, can be obtained bymodifying
the definitions of the fake factor

FFTM
i ≡ N fake

tight

N fake
fail track match

, (14.11)
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where events in the category N fake
fail track match fail the track matching cut of the medium

identification criteria, which is requiring the absolute difference of the track and
cluster η position to be less than 0.005. The definition of L (for NLL , NLT , NT L )
has to also change from “pass loosened selection but fail signal selection” to “pass
loosened selection but fail track matching cut” if the fake factor FFTM

i is applied.

14.3.2 Measurement of the Real Efficiency

The real efficiency r = N real
tight/N

real
loose is measured from MC, since it is usually well

modeled in the simulation and given the higher statistics available. The usual effi-
ciency corrections are applied to account for small differences of the trigger, iden-
tification and isolation efficiencies between data and MC. Hence, the real efficiency
measured fromMC is effectively matched to the real efficiency which would be mea-
sured in data. TheDrell-Yan backgroundMCprovides a large sample of real electrons
which can be used tomeasure ri . The electrons are required to be reconstructedwithin
a cone of �R < 0.2 around the generated electrons to avoid dilution from misiden-
tified jets. Figure14.5 shows the real efficiencies binned in pT for four different
detector regions: |η| < 1.37, 1.52 < |η| < 2.01, 2.01 < |η| < 2.37 and |η| > 2.37.

The left plot shows the real efficiency for the leading electron r1 starting from
pT = 40 GeV and the right plot shows the real efficiency of the subleading electron
r2 starting from pT = 30 GeV. Both efficiencies behave very similar, the leading
efficiency being slightly higher. The real efficiency in the barrel region of the detector
(|η| < 1.37) rises as a function of pT from 93% to 96.5%. In the endcap regions, the
efficiency in general is lower. The real efficiency in the regionwhich is still covered by
the TRT (1.52 < |η| < 2.01) rises from 90% to 96.5%. In region 2.01 < |η| < 2.37,
the real efficiency ranges from 91.5% to 97% and in the region |η| > 2.37 from 96%
to 98%.
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Fig. 14.5 Real electron efficiency with its statistical uncertainty, determined from Drell-Yan MC
and binned in pT separately for the barrel and three endcap regions. For leading electrons the
efficiency is shown on the left side and for subleading electrons on the right side
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14.3.3 Measurement of the Fake Efficiency

The fake efficiency f = N fake
tight/N

fake
loose and fake factor FFTM

i = N fake
tight

N fake
fail track match

cannot be
reliably calculated with simulation and therefore need to be measured from data.
Three different methods are performed which aim to obtain a jet enriched control
region in which the fake efficiencies and fake factors can be calculated. Two of
the methods implement a tag and probe like procedure. The idea is to tag di-jet
events by requiring one object to fail a certain identification level and to probe a
second object which is assumed to be also a jet. The method is performed with two
different types of triggers, with single jet triggers and with the signal trigger. The
methods slightly differ due to requirements on the tag object imposed by the trigger
choice. A second method is studying single objects in a data sample collected with
single jet triggers. All methods reduce dilution from real electrons (mainly from
the Drell-Yan and W process) by imposing additional requirements. This results
overall in three different measured fake efficiencies. The methods to measure these
fake efficiencies have been developed and studied in detail during my master thesis
[35]. They are therefore not discussed again in detail here. Appendix J contains
a detailed description of the methods. Figure14.6 shows the fake efficiencies for
the leading electron on the left side and the subleading electron on the right side.
The fake efficiencies are separated into the same detector regions in η as the real
efficiencies. The results from all three methods are shown. The fake efficiencies
vary in the central barrel region (|η| < 1.37) from about 5% to 8% and 6% to 7%
for the leading and subleading electron, respectively. The leading fake efficiency is
slightly falling towards higher pT while the subleading fake efficiency stays flat. The
falling behavior is more pronounced in the endcap regions. The fake efficiencies
become slightly larger towards higher |η| values as it becomes more difficult to
discriminate electrons from jets. The three methods are generally in good agreement.
Some differences can be observed in the last two endcap bins. The fake efficiencies
from the reverse tag and probe method with the electron trigger predicts higher fake
efficiencies for higher pT. The fake factors FFTM

i compare in a similar way and are
shown in the appendix in Fig. J.1.

14.3.4 Comparison of All Methods

Three different fake efficiencies have been presented. Each of the methods comes
with its own advantages and disadvantages. While the default method (single object
method using single jet triggers) provides statistics up to very high pT, it does not
correct for real electron dilution4 which enters the fake enriched control region.
The reverse tag and probe method aims to measure the fake efficiencies in a di-jet

4The dilution is here, due to the lower identification requirement, much lower than in the previous
analysis in part III.
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Fig. 14.6 Comparison of the fake efficiencies fi with their statistical uncertainties, calculated with
the three different methods (reverse tag and probe with signal trigger, reverse tag and probe with
single jet triggers and single object method with single jet triggers). The upper row shows the fake
efficiencies for the barrel region (|η| < 1.37). The corresponding fake efficiencies for the endcap
regions (1.52 < |η| < 2.01, 2.01 < |η| < 2.37 and 2.37 < |η| < 2.47) are shown from the second
to the fourth row. The fake efficiencies for the leading object are shown on the left side and for the
subleading object on the right side

enriched control region and provides further possibilities to suppress real electron
dilution (i.e. same charge of tag and probe). However, also this method does not
correct the remaining real electron dilution in the fake enriched control region. The
samemethod has therefore been repeatedwith the signal triggerwhichmakes it easier
to correct for the dilution while having a slightly less stringent requirement on the tag
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Fig. 14.7 Nine fake background estimates using the three different methods for the background
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marker color represents themethod used for the determination of the fake efficiencies or fake factors
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object due to the trigger identification requirements. All methods have advantages
and disadvantages and they are therefore all considered to study the impact of the
systematic uncertainty from the fake efficiencies on the background yield.

Also three different variations of the matrix method have been performed. The
originalmethod relies onmeasuring the real efficiency r .Adifferentwayof correcting
for the contribution has been studied by setting r equal to one and using direct MC
predictions to correct for electrons failing the signal selection. These corrections are
further reduced when restricting the loosened selection to a subset of events in which
the track matching cut of the medium identification is failed. All three methods to
measure the fake efficiencies have been used with all three variations of the matrix
method leading to in total nine different background predictions. Figure14.7 shows
the multijet and W+jets background prediction for the invariant mass spectrum of
all nine different variations.

Large differences between the predictions can be observed in the region mee <

116 GeV, where all methods show a maximum at around 91 GeV. The Z -resonance
leads in this region to a very large dilution from real electrons. The NTT selection
is therefore dominating the selection, leading to very large corrections to the total
background. The method in which the loosened selection is required to fail the
track/cluster matching is assumed to be least sensitive to these corrections. This
assumption is confirmed by the observed background shape. All three methods using
this variation are predicting a yield which is about one order of magnitude smaller
than the other methods. However, also these methods predict a small peak at around
91 GeV.Allmethods agreewell in the region inwhich thismeasurement is performed
(mee > 116 GeV). The background is smoothly falling over four orders of magnitude
towards an invariant mass of 1.5 TeV.
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14.3.5 Validation of the Multijet & W+jets Background

Thevalidity of the estimatedmultijet andW+jets backgroundhas been further studied
for this thesis. For this a background enhanced control region is defined by first
releasing the |�ηee| < 3.5 cut. This significantly increases the contribution from the
multijet and W+jets background. The probability of a jet being misidentified as an
electron is the same for positively and negatively charged electron candidates. The
multijet and W+jets background is therefore expected to have an equal amount of
events inwhich the two electron candidates have the same charge and opposite charge
while theDrell-Yan process only produces oppositely charged pairs. The requirement
of having a pair with the same charge therefore greatly enhances the multijet and
W+jets background contribution with respect to the other backgrounds. Only Drell-
Yan pairs in which one of the charges has been mis-reconstructed pass the selection.
Figure14.8 shows the distributions of the leading and subleading electron pT in this
fake enriched selection for pairs withmee > 116 GeV andmee > 300 GeV. The data
are compared to the sum of the expected background and signal.

The multijet andW+jets background is dominating at low pT. The contribution is
here in the regionmee > 300 GeV close to 100%. The Z/γ∗ from the Drell-Yan pro-
cess is produced mainly at rest with its pT being close to zero. The Z/γ∗ is therefore
mainly decaying with a back-to-back topology in the transverse plane. The momen-
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Fig. 14.8 Leading and subleading electron pT distributions in the regions mee > 116 GeV and
mee > 300 GeV for events satisfying all selection criteria for the electron multijet &W+jets control
region (same charge selection, |�ηee| < 3.5 cut released). The distributions are compared to the
stacked sum of all expected contributions
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tum of both electrons is in this case about mee/2 due to momentum conservation.
This leads to the observed pT spectra of electron candidates from the Drell-Yan pro-
cess which starts to contribute from about 60 GeV on for mee > 116 GeV and from
about 150 GeV on for mee > 300 GeV. The data are in good agreement with the
expected background and signal yield. Figure14.9 shows the measured observables
|yee| and |�ηee| in the multijet and W+jets background enriched selection for the
regions mee > 116 GeV and the region mee > 300 GeV.

The total relative contribution of the multijet and W+jets background for both
observables is 44% in the region mee > 116 GeV and 61% in the region mee >

300 GeV, i.e., the relative contribution is rising with invariant mass. The reason
for this rise is that the multijet invariant mass spectrum reaches up to much higher
invariant masses than the Drell-Yan spectrum. It becomes therefore more and more
important at higher invariant masses. This is still true when considering that in the
same charge selection, the contribution from Drell-Yan is also amplified by the
rising charge misidentification rate at higher masses due to the straighter tracks from
high-pT electrons. The multijet and W+jets background has the largest contribution
at low values of |yee| and is slowly falling towards higher values of rapidity. The
same kinematic behavior is expected for the Drell-Yan process. However, the charge
misidentification rate is larger at large values of electron |η| due to the lowermagnetic
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Fig. 14.9 Distributions of the absolute rapidity |yee| and of the absolute pseudorapidity separation
|�ηee| in the regionmee > 116 GeV (left side) andmee > 300 GeV (right side) for events satisfying
all selection criteria for the electron multijet & W+jets control region (same charge selection,
|�ηee| < 3.5 cut released). The distributions are compared to the stacked sum of all expected
contributions



206 14 Analysis of the Electron Channel

field strength at high |η| and a worse track reconstruction due to the coverage of the
TRT until |η| = 2.0, which leads to a different behavior of the Drell-Yan process
in the same charge selection. Both electron candidates are therefore expected to be
more at higher values of |η| which leads to a shift of the Drell-Yan contribution to
higher values of rapidity. Both processes are nicely separated due to this different
kinematic behavior. The general agreement between data and expected yield is very
good for the |yee| distributions.

TheDrell-Yan contribution in the |�ηee| spectrum is slowly falling towards higher
values of |�ηee|. The multijet and W+jets background is reaching its maximum at
higher values of |�ηee|. The multijet production is dominantly a t-channel process
and therefore leading to a higher contribution in the forward direction, i.e., leading
to larger values of |�ηee|. When comparing the distributions formee > 116 GeV and
mee > 300 GeV it can be seen that for higher invariantmasses themultijet andW+jets
contribution moves to higher values of |�ηee|. A high invariant mass can either be
reached by high pT of the objects or by a large opening angle |�ηee|. Figure14.8
shows that the multijet and W+jets background is dominantly distributed at low
values of pT. A high invariant mass can therefore only be reached if both objects
have a large opening angle |�ηee|. The background from fake electrons starts to
be close to 100% of the total expected events for |�ηee| > 3.5. This a posteriori
motivates the cut of |�ηee| < 3.5 for the signal selection. All expected features of
the distribution are well described when comparing the expectation to data.

14.3.6 Systematic Uncertainty of the Multijet & W+jets
Background

The choice of the default method is to a large extend arbitrary. Hence, the differences
between all ninemethods are used to asses a systematic uncertainty on the background
yield. Figure14.10 shows the ratio of all methods to the default method as a function
of invariant mass. It can be seen that all methods agree at low invariant mass within
about 20%. While the methods requiring the failure of the track/cluster matching in
the medium identification lead in general to a lower prediction, methods using the
fake efficiencies from the tag and probe like method with the signal trigger lead to
a higher prediction. The lower prediction from the former can be explained by less
dilution from real electrons while the latter leads to a higher prediction due to higher
measured fake efficiencies and fake factors. The differences become slightly smaller
at higher invariant masses. An exception is the last bin, where statistical fluctuations
can lead to larger differences.

Figure14.11 shows the same ratios for the measured observables |�ηee| and |yee|
exemplarily in the invariant mass region 150 GeV < mee < 200 GeV. The same
trends as in the invariant mass spectrum are here observed concerning the predic-
tion of the different methods. The methods agree within about 15% at low values of
|yee|. The agreement gets worse when going towards higher rapidities, where also
the background is smaller (as discussed in the previous Sect. 14.3.5). At low val-
ues of |�ηee|, where again the background is smaller, differences of about 35% are
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Fig. 14.11 Ratio of the final background estimate of all method variations to the default method
as a function of |yee| (left plot) and |�ηee| (right plot) in an invariant mass window of 150 GeV <

mee < 200 GeV

observedwhile the agreement is getting better towards higher values of |�ηee|, where
the background becomes large. Hence, the variations are smaller and therefore the
methods more predictive in regions where the background yield is large. All other
invariant mass regions of the measurement are shown in AppendixK. The systematic
uncertainty coming from the different variations of the method is calculated in each
bin by taking the difference between the maximum and minimum prediction and
dividing it by two. These results represent an improved uncertainty estimation when
compared to [35], where a flat 20% uncertainty was assessed.

As for the default method to measure the fake efficiencies (single object method
using single jet triggers) no real electron dilution is corrected, the impact of the
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remaining dilution has been further studied. This has been done by varying the
cuts which are applied to reduce the real electron dilution. In addition, the effect of
varying the fake efficiencies up and down by their statistical uncertainty has been
studied. An additional 5% uncertainty is based on these studies added in quadrature
to the systematic uncertainty obtained by comparing the nine different methods. It
has been further studied that no uncertainty results from the flavor composition of
the fake background. The fake efficiencies and the background have therefore been
divided into three different selections which enrich heavy flavor jets, electrons from
converted photons and light flavor jets. The sum of the separated backgrounds was
found to be well in agreement with the default method and therefore no uncertainty
is added. These studies have been performed in the context of my master thesis and
are documented in detail in reference [35].

14.4 Comparison of Signal and Background with Data

In the following section, the kinematic properties of the events passing the signal
selection are discussed. Figure14.12 shows the η distributions (upper plots) and the
pT distributions (lower plots) of the electron candidates passing the signal selection
for invariant masses mee > 116 GeV (left plots) and mee > 300 GeV (right plots).
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Fig. 14.12 Distribution of electron pseudorapidity η (upper plots) and transverse energy pT (lower
plots) for invariant masses mee > 116 GeV (left plots), and mee > 300 GeV (right plots), shown
for data (solid points) and expectation (stacked histogram) after the complete selection. The lower
panels show the ratio of data to the expectation



14.4 Comparison of Signal and Background with Data 209

 [GeV]eem
100 200 300 1000 2000D

at
a/

Ex
p.

0.5

1

1.5

En
tri

es

1

10

210

310

410

510

610

710
Data

*γZ/
t tW&t

Multijet & W+Jets
Diboson
Photon induced

-1 8 TeV, 20.3 fbs =

Fig. 14.13 The invariant mass (mee) distribution after event selection for the electron selection,
shown for data (solid points) compared to the expectation (stacked histogram). The lower panels
show the ratio of data to the expectation. The binning is chosen to be constant in log(mee)

|eey|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4D

at
a/

Ex
p.

0.8
1

1.2

En
tri

es

0
2
4
6
8

10
12
14
16
18
20
22
24

310×
Data

*γZ/
 & Wttt

Multijet & W+Jets
Diboson
Photon induced

-1 8 TeV, 20.3 fb =s
 116 GeV >eem

|eey|
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4D

at
a/

Ex
p.

0.8
1

1.2

En
tri

es

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
310×

Data
*γZ/

 & Wttt
Multijet & W+Jets
Diboson
Photon induced

-1 8 TeV, 20.3 fb =s
 300 GeV >eem

|eeηΔ|
0 0.5 1 1.5 2 2.5 3 3.5D

at
a/

Ex
p.

0.8
1

1.2

En
tri

es

0

5

10

15

20

25
310×

Data
*γZ/

 & Wttt
Multijet & W+Jets
Diboson
Photon induced

-1 8 TeV, 20.3 fb =s
 116 GeV >eem

|eeηΔ|
0 0.5 1 1.5 2 2.5 3 3.5D

at
a/

Ex
p.

0.8
1

1.2

En
tri

es

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

310×
Data

*γZ/
 & Wttt

Multijet & W+Jets
Diboson
Photon induced

-1 8 TeV, 20.3 fb =s
 300 GeV >eem

Fig. 14.14 Distribution of absolute dielectron rapidity |yee| (upper plots) and absolute dielectron
pseudorapidity separation |�ηee| (lower plots) for invariant mass mee > 116 GeV (left plots), and
mee > 300 GeV (right plots), shown for data (solid points) and expectation (stacked histogram)
after the complete selection. The lower panels show the ratio of data to the expectation
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The background and signal processes are stacked on top of each other and the ratio
between data and expectation is shown in the lower panel. The η distribution of the
selected electron candidates has its maximum at η = 0 and is slightly falling towards
higher values of |η|. The region 1.37 < |η| < 1.52 corresponds to the transition
region between the calorimeter central region and the calorimeter endcap region. A
few events are still falling into this region, since the cut is placed on the η posi-
tion of the energy deposition and here the best estimate for η is shown, which also
includes track information. The dominant contribution is coming from the Drell-Yan
signal process. The second largest background is the top background followed by the
multijet and W+jets background. The contribution from the photon induced process
is very small and hardly visible in these distributions. The contribution from back-
ground processes is about 15% in the region mee > 116 GeV rising to about 25%
in the region mee > 300 GeV. The shape of the expectation agrees for both mass
regions very well with the shape observed in data. Data are about 4% larger than the
expectation in the region mee > 116 GeV while it is in general the opposite in the
regionmee > 300 GeV. In the pT distributions, the data have amaximum around half
of the invariant mass threshold. The pT spectra of the selected electrons is strongly
falling over five orders of magnitude for the region mee > 116 GeV and three orders
of magnitude for the region mee > 300 GeV. Both distributions show candidates
up to a pT of around 800 GeV. No candidates are observed above the values shown.
Data and expectation are in good agreement over the whole range in pT. Figure14.13
shows the invariantmass spectrum in the range 80 GeV to 2 TeV. In the region around
91 GeV the Z -resonance is clearly visible and Z -production is by far the dominat-
ing process in that region. The background is here about two orders of magnitude
smaller than the signal process. This measurement concentrates on the region above
the Z -resonance (mee > 116 GeV) where the spectrum is strongly falling. The data
span over four orders of magnitude from 116 GeV to 2 TeV. In this region off-shell
Z -production is only a subleading contribution and the γ∗-production is dominating.
The background becomes important when going to higher invariant masses. In the
region around 300 GeV, the t t̄ andWt background reaches its maximum and is only
one order of magnitude smaller than the Drell-Yan process. Its relative contribution
is getting smaller again towards higher invariant masses. The contribution of the pho-
ton induced process is becoming more important towards higher masses, but always
stays about two orders of magnitude below the contribution from Drell-Yan and is
therefore a contribution at percent level. The event with the highest invariant mass
is reconstructed at an invariant mass of mee = 1526 GeV (see also Fig. 13.1). The
data are about 4% above the expectation at lower invariant masses. Starting from
about 300 GeV, the ratio of data and expectation starts to slightly decrease and from
350 GeV on, data are below the expectation by about 4%. Figure14.14 shows the
observables of this measurement, the absolute dielectron rapidity |yee| and the abso-
lute dielectron pseudorapidity separation |�ηee| for invariantmassesmee > 116 GeV
(left plots) and mee > 300 GeV (right plots). The data are slowly falling towards
higher values of |yee| and |�ηee|. The dominant background is, as already seen in all
other distributions, the t t̄ and tW background, followed by the multijet and W+jets
background. The backgrounds contribute largest at low rapidities, where also the
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Drell-Yan process has its largest contribution. The opposite behavior can be seen in
the pseudorapidity separation, where the backgrounds have their highest contribu-
tion towards higher values, especially at higher masses, while the Drell-Yan process
mainly contributes at low values of |�ηee|. When comparing data and expectation,
the same features can be observed as for all other distributions. The shape generally
agrees very well. In the region mee > 116 GeV, data are slightly above expectation
while the opposite behavior is observed in the region mee > 300 GeV. It seems that
the difference at higher masses is most prominent in the first rapidity bin. Only the
absolute rapidity and pseudorapidity separation is shown. It has been checked that
the distributions are symmetric for positive and negative values.
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Chapter 15
Electron Channel Cross Section
Measurement

The following chapter describes the methodology of the cross section measurement.
First the binnings of the measurement are discussed in Sect. 15.1 and the unfolding
procedure is described in Sect. 15.2. The systematic uncertainties on the cross section
are afterwards discussed in Sect. 15.3 and finally the results of the electron channel
cross section measurement are presented and briefly discussed in Sect. 15.4.

15.1 Resolution and Binning

A sensible binning has to be chosen for the measurement of the differential cross
section. It is important to choose a binning which is coarse enough to have sufficient
statistics in every bin. The binning has in addition to be coarser than the detector
resolution of the measured observable. Bin migration effects become otherwise large
and it becomes difficult to extract the cross section without having large uncertain-
ties from the unfolding procedure. If on the other hand the binning is too coarse,
then information about the shape of the measured spectra is lost and therefore the
physics value of themeasurement is decreased. Hence, the resolution of themeasured
quantities is studied to define a lower range for the bin width.

Figure15.1 shows the resolution of the invariant mass mee, the absolute rapidity
|yee|, and the absolute pseudorapidity separation |�ηee|. The resolution was deter-
mined by taking the difference between the measured quantity and the generated
Born level truth quantity. In case of the invariant mass, the relative resolution is
shown. The Born level truth definition does not include losses due to the QED final
state radiation and Bremsstrahlung. It was chosen since the main result will be cross
sections at Born level and it is therefore the relevant definition to study the lower
range for the bin width. The resulting distribution of the difference between the mea-
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Fig. 15.1 Resolution of the invariant mass mee (top), absolute rapidity |yee| (bottom left) and
absolute pseudorapidity separation |�ηee| (bottom right). The resolution was determined with
respect to the Born level using the Drell-Yan simulation

sured value and the Born level value is therefore non-Gaussian as it has tails from
large radiation. The RMS of the distribution is taken as resolution.

The invariant mass resolution at mee = 116 GeV is about 3.5%. The pseudora-
pidity of the electron candidates can be measured very precisely. Therefore only
the energy resolution of the calorimeter is a limiting factor for the invariant mass
resolution. The relative energy resolution at high energies gets better (see Eq. 5.6)
and consequently also the invariant mass resolution is expected to get better towards
higher masses. However, the invariant mass resolution is getting worse up to 7% at
1.5 TeV. The reason is the definition of the resolution with respect to the invariant
mass at Born level. Radiation at large angles is not included in the measurement of
the electron energy. The radiation of Bremsstrahlung is getting more likely towards
higher energies and therefore the improving energy resolution is canceled by the
higher probability of Bremsstrahlung, leading to the observed increasing resolution.
As an example is for the invariant mass also shown the resolution when taking the
Gaussian core of the relative resolution (red dots). In a single bin the resolution is not
expected to follow a Gaussian distribution, as the effect of radiation will lead to a tail
at the side where a lower invariant mass was reconstructed. To extract the width of
the distribution, a Gaussian fit was performed to the side in which a higher invariant
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mass was measured. This side is nearly not affected by QED final state radiation.1

Here the expected behavior coming from the calorimeter energy resolution can be
observed. The resolution is 1.8% at 116 GeV and slightly falling towards 0.8% at
1.5 TeV.

The resolution of the absolute rapidity is about 0.02 at |yee| = 0.0, staying flat
except for the last bin where the resolution jumps to 0.085. One of the electrons has
to have |η| > 2.2 to build a pair which has an absolute rapidity above |yee| = 2.2
and therefore to fall into the last bin. This is close to the cut value of |η| < 2.47.
The resolution is only studied for events which pass the signal selection. This leads
to a bias of the resolution, as less events are considered in which the electron was
reconstructed with a higher absolute rapidity. These events will most likely not enter
as they are not passing the |η| < 2.47 requirement. This leads in the last bin to a bias
for events which are generated with a higher absolute rapidity then reconstructed.
The resolution therefore jumps up.

The η resolution is in general very good, since the inner tracking detector has
a good performance and the η of the electromagnetic energy deposition and track
are required to match well by the identification criteria. This translates also to a
good |�ηee| resolution which can be seen in the lower right plot. The resolution was
determined inclusively for all invariant masses and is therefore dominated by the low
invariant masses. Here the cross section for very high |�ηee| is very low. Therefore
more events which were mismeasured enter the bins at large |�ηee|. This effect leads
to the observed increase in resolution.

The resolution of all measured quantities is very good and not a limiting factor
on the bin width. The binning was therefore chosen in a way to have a reasonable
statistical uncertainty in data. The binning for the one dimensional invariant mass
measurement was chosen to be:

mee = [116, 130, 150, 175, 200, 230, 260, 300, 380, 500, 700, 1000, 1500] GeV.

Figure15.2 shows in the top plot the purity of the one dimensional binning. The
purity is defined as the fraction of simulated events which are reconstructed in a
givenmee bin and the simulated events generated in the samemee bin. The generated
invariant mass is taken at Born level. The purity in the first bin is about 84%, rising to
89% in the third bin. The purity then varies around 88% as the increasing bin width
roughly cancels with the improving resolution. The resolution jumps at 300 GeV to
about 94% due to the wider bin width and then increases constantly to about 98% in
the last bin.

The two dimensional binning for the |yee| measurement was chosen in the same
way, i.e., to have a reasonable amount of statistics in each bin:

mee = [116, 150, 200, 300, 500, 1500] GeV × |yee|
mee < 300 GeV : |yee| = [0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4]
mee ≥ 300 GeV : |yee| = [0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4].

1The side of higher measured invariant mass is only affected if a larger invariant mass was measured
and at the same time QED final state radiation and Bremsstrahlung leads to a lower invariant mass.
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In the first three invariant mass bins a constant bin width of �|yee| = 0.2 is chosen
which is doubled for the last two invariant mass bins. The top plot in Fig. 15.2 also
shows the purity of the two dimensional invariant mass binning. The mass bins are
quite wide to have enough statistics for a two dimensional distribution, the purity is
therefore quite high. It rises from 93% up to 98.5%. The bottom left plot in Fig. 15.2
shows the purity binned in |yee|. The purity ranges from about 88% at low invariant
masses to about 98% in the last invariant mass bin. The purity starts high and is
slightly lower for values around ≈ 1 before it rises again.

The two dimensional binning for the |�ηee| measurement is chosen to be:

mee = [116, 150, 200, 300, 500, 1500] GeV × |�ηee|
mee < 300 GeV : |�ηee| = [0.0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75, 3.0]
mee ≥ 300 GeV : |�ηee| = [0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0].

In the first three invariant mass bins a constant bin width of �|�ηee| = 0.25 is
chosen which is doubled for the last two invariant mass bins. The bottom right plot
in Fig. 15.2 shows the purity binned in |�ηee|. Except for the first invariant mass
bin, the purity always lies above 89% and no strong dependency is observed. In the
first invariant mass bin, the purity drops in the last two bins down to 48–74%. The
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drop here is expected as the resolution is getting worse in this region. The observed
purities confirm again that the resolution at large |�ηee| was rising mainly due to
mismeasured events at low mass.

15.2 Unfolding

15.2.1 Differential Cross Section

To determine a differential cross section, the measured signal spectra have to be
unfolded. In this analysis, the single-differential cross section as a function of the
invariant massmee, the double-differential cross section as a function of the invariant
mass mee and the absolute rapidity |yee|, and the double-differential cross section as
a function of the invariant mass mee and absolute pseudorapidity separation |�ηee|
are calculated by a simple bin-by-bin unfolding technique. A bin-by-bin unfolding
technique is assumed to be sufficient since the chosen binning has a high purity (see
previous section) and thus bin-migration effects are small. The double-differential
cross section as a function of dilepton mass and rapidity in a fiducial phase space is
calculated as: (

dσ

dmee d|yee|
)
i

= Ndata,i − Nbkg,i

Lint Ai Ei �mee,i �|yee|i . (15.1)

Ndata,i is the number of selected events and Nbkg,i the number of estimated back-
ground events in a given bin i . To unfold the cross section for efficiency and accep-
tance effects, bin-by-bin correction factors Ei andAi are used, respectively. Finally,
to get the cross section, the unfolded number of signal events have to be divided
by the integrated luminosity of the dataset Lint and the width of the bins �mee,i

and �|yee|i . The double-differential cross section as a function of mass and |�ηee|
and the single-differential measurement as a function of invariant mass are defined
accordingly.

15.2.2 Efficiency and Acceptance

The number of selected events has to be corrected, since due to inefficiencies of the
detector, not every inside the acceptance produced Drell-Yan and photon induced
event is measured. This efficiency correction can be determined from the signal
simulation and can, for a bin i , be derived with the following formula:

Ei = N sim
sel,i

N sim
gen,�,i

. (15.2)
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Nsim
sel,i is the number of selected signal events simulated on detector level. This number

has been derived in a phase space � which is defined by the signal selection:

|η| < 2.47 excl. 1.37 < |η| < 1.52, pleadingT > 40 GeV, psubleadingT > 30 GeV, |�ηee| < 3.5.

Nsim
gen,�,i is the number of generated events in the phase space�. The efficiency covers

also the effect of bin migration, since for the numerator, the event is not required
to be generated and reconstructed in the same bin. Figure15.3 shows on the left
side the efficiency of the one dimensional mee binning for the Drell-Yan process, the
photon induced process and the combined efficiency. The latter was determined by
using the photon induced and Drell-Yan simulation and weighting them to their cross
section accordingly. The combined efficiency starts atmee = 116GeV at around 70%
and then rises up to 82%. The rising behavior is due to the medium identification
efficiency.At higher invariantmass both electrons have on average higher energy. The
cut values of the cut-based medium identification are only binned up to a transverse
energy of 80 GeV. They afterwards stay constant while the electromagnetic showers
becomemore andmore narrow for higher energies. This leads to a rising identification
efficiency for higher invariant massesmee. The combined efficiency is dominated due
to the high cross section by the Drell-Yan process. Hence, the efficiency for the Drell-
Yan process only closely follows the combined efficiency. Also the efficiency of the
photon induced process follows closely the combined efficiency, despite at lower
masses where its efficiency is up to about 7% higher. In Fig. 15.4, the combined
efficiency binned in absolute dielectron rapidity is shown on the left side for all five
invariant mass bins. In all bins the efficiency is higher at low rapidity values and then
slightly drops towards higher values. At higher rapidities, the two electrons are more
likely to be at higher |η| and thereforemeasured in the endcaps of the electromagnetic
calorimeter. This leads to a falling behavior with |yee|, since in the endcaps there
is more material between beam axis and electromagnetic calorimeter and thus the
identification becomesmore problematic. Figure15.5 shows the combined efficiency
for the dielectron pseudorapidity separation in all five invariant mass bins. The same
behavior as for the rapidity can be observed due to the same reason. At higher
pseudorapidity separation, the electrons are more likely to be in the endcaps of the
electromagnetic calorimeter which leads to the falling behavior. In the last bin of the
first invariant mass bin, the efficiency jumps from about 65% to about 86%. This
is assumed to be due to a statistical fluctuation in the MC since the Drell-Yan and
photon induced MC do have poor statistics in that region.

The efficiency correction, as already discussed, is defined for a given phase space
�. The calculated cross section is thereby only valid in this phase space. To give a
more convenient result, which is more independent from the detector geometry, a
phase space extrapolation can be made via an acceptance correction. The acceptance
correction can also be determined from the Drell-Yan and photon induced simulation
and is given by:

Ai = N sim
gen,�,i

N sim
gen,�,i

, (15.3)
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Fig. 15.3 Efficiency E (left) and the acceptance correction A (right) for the one dimensional mee
binning. Efficiency and acceptance correction were determined on Born level using the Drell-Yan
and photon induced simulation

where Nsim
gen,�,i is the number of generated events in a fiducial phase space� to which

the cross section shall be extrapolated. For this analysis � is chosen to be:

|η| < 2.5, pleadingT > 40 GeV, psubleadingT > 30 GeV.

This includes the extrapolations from |�ηee| < 3.5 to infinity, over the transition
region 1.37 < |η| < 1.52 to have a continuous interval, and the extrapolation from
|η| < 2.47 up to |η| < 2.5 due to simplicity. A correction up to higher |η| and smaller
pT would have, mainly due to the chosen PDF, a stronger model dependency and
thus would introduce larger theoretical uncertainties. The phase space�will be later
also used for the muon cross section which makes it possible to compare both cross
sections and to perform a combination. The acceptance correction binned in invariant
mass can be seen for the separate processed and their combination on the right side
in Fig. 15.3. The combined acceptance correction is rather constant at around 86–
87.5%. The slight drop at higher invariant masses is caused by the extrapolation
from |�ηee| < 3.5 to infinity since at higher mass, the electrons are more likely
to have a larger pseudorapidity separation. The acceptance correction of the Drell-
Yan process is, like for the efficiency, closely following the combined acceptance
correction. The acceptance correction for the photon induced process slightly drops
towards higher invariant masses. This is due to the t-channel contributionwhich leads
to more forward electrons with low pT values. The high invariant mass is therefore
mainly generated via a large pseudorapidity separation and therefore higher invariant
masses are more affected by the extrapolation from |�ηee| < 3.5 to infinity.

Figure15.4 shows on the right side the acceptance correction for the five invariant
mass bins binned in rapidity of the dielectron system. For low rapidities, and there-
fore low boosts along the z-axis, both electrons decay mainly into the central region
of the detector and are thus not so much affected by the acceptance extrapolations.
The acceptance correction ranges therefore from 86% to 99%, getting lower towards
higher invariant masses, as here the extrapolation from |�ηee| < 3.5 to infinity play
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Fig. 15.4 Efficiency E (left) and the acceptance correctionA (right) in the five invariant mass bins
for the |yee| binning. Efficiency and acceptance correction were determined on Born level using the
Drell-Yan and photon induced simulation

a bigger role. When going to higher |yee|, it is more and more likely for one of the
two electrons to be in the transition region. This results in a minimum acceptance
correction of about 77% for all invariant mass bins at around |yee| = 1.8. For abso-
lute rapidities above 2.0, both electrons are dominantly above the transition region
between central region and the endcap of the electromagnetic calorimeter. Hence,
they are mainly affected by the extrapolation up to |η| = 2.5 and |�ηee| to infin-
ity. The acceptance correction is in the last bin slightly dropping again due to the
extrapolation to |η| = 2.5.

Figure15.5 shows on the right side the acceptance correction for the five invari-
ant mass bins binned in the absolute pseudorapidity separation of the two electrons.
Here the extrapolation from |�ηee| < 3.5 to infinity does not play a role. The accep-
tance correction in |�ηee| does therefore not show any strong mass dependency. The
acceptance correction is slightly dropping up to |�ηee| = 1.0. In this region both
electrons are mainly in the central region of the detector and it becomes more likely
for one to be inside of the transition region of the electromagnetic calorimeter. Above
|�ηee| = 1.0, the more forward electron is most likely above the transition region
while it becomes with rising pseudorapidity separation more likely that the second
lepton is in the transition region or the first lepton above |η| = 2.47. The acceptance
correction is therefore slightly dropping again.

15.2.3 Correction Factor CDY

The efficiency and acceptance corrections can be combined to a common correction
factor:

CDY,i = AiEi = N sim
sel,i

N sim
gen,�,i

. (15.4)
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Fig. 15.5 Efficiency E (left) and the acceptance correctionA (right) in the five invariant mass bins
for the |�ηee| binning. Efficiency and acceptance correction were determined on Born level using
the Drell-Yan and photon induced simulation

The correction factor CDY is affected by the limited statistics of the signal sample
used to calculate it. For a perfect detector resolution, the statistical uncertainty of
CDY would be the uncertainty of a binomial distribution, since in one bin N sim

sel is a
subset of N sim

gen,�. Due to finite resolution, migration between bins occurs and thus
N sim
gen,� does not any longer completely contain N sim

sel . Assuming an uncertainty of
a Gaussian distribution would however be too conservative and would lead to a
too large uncertainty. Due to the rather small amount of migration there is still a
large correlation between numerator and denominator. To get the correct statistical
uncertainty, the calculation of CDY can be split into uncorrelated samples:

CDY = N sim
sel

N sim
gen,�

= Nstay + Ncome

Nstay + Nleave
, (15.5)

where Nstay is the number of events generated and reconstructed in a certain bin,
Ncome = N sim

sel − Nstay are the events reconstructed in a certain bin, but generated
elsewhere, and Nleave = N sim

gen,� − Nstay are the events generated in a certain bin, but
migrating out or failing the selection cuts. Following reference [1], the uncertainty
on CDY can then be expressed as:

(�CDY )2 = (N sim
gen,� − N sim

sel )2

(N sim
gen,�)4

(�Nstay)
2 + 1

(N sim
gen,�)2

(�Ncome)
2

+ (N sim
sel )2

(N sim
gen,�)4

(�Nleave)
2.

(15.6)

The correction factor CDY is shown binned in invariant mass in Fig. 15.6. The CDY

corrections are given at Born level and dressed level. For the results at dressed level,
the leptons after QED FSR are recombined with radiated photons within a cone
of �R = 0.1. The cross section results will be provided for both definitions. The
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Fig. 15.7 Central values for CDY from Drell-Yan and photon induced MC binned in absolute
dielectron rapidity at Born (left) and dressed level (right) with statistical uncertainties

Born level cross sections are the cleaner theoretical definition while the dressed level
cross sections are closer to what is measured in the experiment, as photons radiated
with a small angle to the electron cannot be resolved by the calorimeter. The correc-
tions for the dressed level are therefore in general smaller. The difference between
both definitions gets larger towards higher invariant masses, as the probability for
Bremsstrahlung is getting larger. The CDY factor combines the effects of both, the
acceptance extrapolation and the efficiency correction. The dependencies are there-
fore the same as discussed before. Figures15.7 and 15.8 show theCDY factors binned
in absolute dielectron rapidity and absolute pseudorapidity separation for the born
(left) and dressed (right) level.
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Fig. 15.8 Central values for CDY from Drell-Yan and photon induced MC binned in absolute
pseudorapidity separation at Born (left) and dressed level (right) with statistical uncertainties

15.3 Systematic Uncertainties

Several systematic uncertainties have to be considered for this measurement. They
are in the following discussed and summarized in Figs. 15.13, 15.14, and 15.15.

Trigger and isolation efficiency The pT dependent trigger and isolation efficiency
corrections provided by the ATLAS group [2] come with systematic and statistical
uncertainties. They are correcting for differences of the trigger and isolation effi-
ciency in data and simulation. Efficiency corrections enter only the numerator ofCDY

and therefore propagate directly to the cross section measurement. The systematic
uncertainties are obtained by varying the tag and probe selection, e.g., identifica-
tion of the tag electron or window of the Z -peak or varying the background model.
These uncertainties are propagated to the cross section by recomputing CDY with
the efficiency corrections varied coherently up and down by their full systematic
and statistical uncertainty. The statistical and systematic component are varied sep-
arately. The up and down variations are symmetrized by taking the larger of the two
variations.

Electron reconstruction and identification efficiency The pT and η dependent
reconstruction and identification efficiency corrections provided by the ATLAS elec-
tron performance group [3] come with systematic uncertainties. The uncertainties
were determined in a similar way as for the trigger and isolation efficiency correc-
tions. The statistical uncertainty of the efficiency corrections is uncorrelated between
all bins in pT and η, as they are measured on orthogonal data sets. Varying the effi-
ciency correction by the statistical uncertainty in all bins simultaneously up and
down and propagating the effect to the cross section gives a result which is still par-
tially correlated between the measurement bins as the same η/pT bin can contribute
to several measurement bins. This procedure in general overestimates the statisti-
cal uncertainty. It was performed for the trigger and isolation efficiency where these
effects are small. However, the identification and reconstruction efficiency uncertain-
ties were one of the largest uncertainties on the measurement described in mymaster
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thesis [4]. A more proper treatment is therefore performed in this thesis for the elec-
tron reconstruction and identification efficiency corrections. Here 1000 efficiency
corrections were sampled where the Gaussian statistical uncertainty was fluctuated
in each pT and η bin independently. The 1000 variations were propagated to the
cross section and the RMS of the efficiency corrections was calculated in each mea-
surement bin to obtain an uncertainty which is fully correlated between all measured
bins. The systematic part which is fully correlated between all bins was added in
quadrature to the resulting uncertainty leading to a single uncertainty for the electron
reconstruction and identification efficiency corrections. The up and down variations
of the uncertainties were symmetrized in the sameway as for the trigger and isolation
efficiency corrections.

Electron energy scale Corrections for the energy scale of the electrons are applied
to data [5]. The effect of varying all their respective uncertainties up and down is
checked in order to determine the systematic uncertainty. This can in principle be
done on data or on MC, given the higher statistics available it is preferable to check
the effect of the up/down variation onCDY inMC. The reconstructed energy is varied
in the simulation, according to the systematic uncertainties which are given for the
energy corrections. Correcting the energy of the electrons leads to different invariant
masses and thereby to bin migration in invariant mass or rapidity. This can distort the
shape of the reconstructed spectra and thus lead to differences inCDY. The uncertainty
of the energy scale is subdivided into 14 systematic uncertainty components and a
statistical uncertainty. The statistical and a systematic component are arising from
the method with which the energy scale corrections are extracted (Zee). The position
of the Z -resonance in the invariant mass distribution of the electron pairs in data is
calibrated by matching it to the position inMC. The uncertainty is dominantly driven
by uncertainties on the background estimation in the electron selection, which is used
to select candidates in the Z -region. The statistical uncertainty was found to be below
the per mille level and as such is neglected. Three of the systematic uncertainties
are due to the limited knowledge of the material in the inner detector (MatID), the
cryostat of the liquid argon calorimeter (MatCryo), and the passive material of the
calorimeter itself (MatCalo). Another four additional sources of uncertainties arise
from the limited knowledge of the internal liquid argon calorimeter geometry itself
(LArCalib, LARUnconvCalib, LArElecUnconv, LArElecCalib). The energy scale is
reevaluated using aMonte Carlo sample where the amount of material in the detector
partwas varied according to its systematic uncertainty.Differences in the energy scale
are then quoted as systematic uncertainty of the material. Additionally, there is an
uncertainty due to the knowledge of the energy scale in the presampler detector
(PS), which is used to correct for energy lost upstream of the active electromagnetic
calorimeter. A similar uncertainty arises from the energy scale in the first and second
layer of the calorimeter (S12). Two sources of uncertainty are assigned to the intrinsic
accuracy of the electromagnetic shower development simulation (G4, Pedestal), by
varying physics modeling options in Geant4. Finally, two uncertainties arise from
the electronic gain of the signals in the first and second layer of the calorimeter
(L1Gain, L2Gain). The uncertainty from the gain in the second layer is typically the
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largest at high masses, followed by the uncertainty from the material knowledge of
the liquid argon calorimeter and the method to extract the energy scale corrections.
All uncertainties are symmetric but do not lead to symmetric effects in CDY, since
varying the energy scale up has a larger effect on a strongly falling spectrum, due
to larger bin migrations. Because of this asymmetry, not the maximum deviation
from the up and down variations is used as systematic uncertainty on CDY, but the
average of the up and down variation. This is not the most conservative treatment,
but the asymmetries of the uncertainties are small and this approach is less affected
by statistical fluctuations. For simplicity sometimes a single uncertainty is quoted
which is calculated by adding all up and down variations in quadrature and taking
the larger uncertainty in each bin.

Energy smearingThe smearing of the energy in the simulation, to correct for a better
energy resolution modeled inMC than observed in data, has a systematic uncertainty
[5]. Varying the smearingwithin its uncertainties can, like for the energy scale, distort
the reconstructed invariant mass spectrum and thus cause differences in CDY. The
uncertainty of the energy resolution is subdivided into seven systematic uncertainty
components. A single source of uncertainty arises from the method with which the
corrections are obtained (ZSmearing). After correcting the energy scale, the MC is
corrected in such a way that the width of the Z -resonance is corresponding to the
width in data. Four of the systematic uncertainties are due to the limited knowl-
edge of the material in the inner detector (MaterialID), the cryostat of the liquid
argon calorimeter (MaterialCryo), the inner detector support material in the transi-
tion region between barrel and endcap (MaterialGap), and the passive material of the
calorimeter itself (MaterialCalo). Finally, additional uncertainties arise from deriv-
ing the resolution corrections for different pile-up conditions (PileUp) and from test
beammeasurements of the sampling term of the energy resolution parameterization2

(SamplingTerm). The uncertainties are symmetrized in the same way as the electron
energy scale uncertainties. The uncertainties are typically much smaller. Also here
sometimes a single uncertainty is quoted for simplicity. It is obtained in the same
way as for the electron energy scale.

Electroweak background An uncertainty is arising from the normalization of the
electroweak backgrounds (t t̄ & Wt and diboson). The t t̄ MC sample is normalized
to a cross section of σt t̄ = 253+15

−17 pb for a top-quark mass of 175.5 GeV. The single-
top background in association with a W boson has a cross section of σWt = 22.4 ±
1.5 pb. Given that theWt contribution is about 10% compared to the t t̄ cross section,
an overall normalization uncertainty of 6% is estimated on the background including
top-quarks. A more detailed description of the systematic uncertainties can be found
in Sect. 14.1.2. The top background is the largest background in most of the phase
space. Therefore further studies have been added for this thesis to check whether the
top background agrees within the assigned normalization uncertainties. The number
of b-jets and the Emiss

T distributions, which are dominated by the top background

2 σ
E = a√

E

⊕ b
E

⊕
c, where a, b and c are η-dependent parameters; a is the sampling term, b is the

noise term, and c is the constant term.
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Fig. 15.9 Distributions of the number of b-jets and Emiss
T in the region 200 GeV < mee < 300 GeV

after the final high-mass Drell-Yan signal selection. Shown for data (solid points) and expectation
(stacked histogram). The lower panels show the ratio of data to the expectation. The first bin for the
number of b-jets distribution corresponds to 0 observed b-jets whereas the second bin corresponds
to one observed b-jet (and so on)
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Fig. 15.10 Ratio between the t t̄ background simulated by Powheg andMC@NLO binned in |yee|
(left) and |�ηee| (right) for the range 200 GeV < mee < 300 GeV. A linear fit has been performed
to the ratio (red line)

for Nb− jet > 0 and large Emiss
T , are shown in Fig. 15.9 for the region 200 GeV <

mee < 300 GeV. Good agreement of the top background within the normalization
uncertainty is observed. The distributions for all other invariant mass bins of the
measurement are shown in Appendix L.

The default Powheg t t̄ MC sample has been compared to a MC sample gener-
ated with MC@NLO to check for uncertainties on the modeling of the measured
observables. The ratios of the two MC samples for the two dimensional observ-
ables in the range 200 GeV < mee < 300 GeV is shown in Fig. 15.10. No systematic
uncertainty is added since the differences are within the statistical fluctuations which
are propagated to the measurement. The ratios of the two MC samples for the two
dimensional observables for all other invariant mass bins of the measurement are
shown in Appendix L.

Finally, a further check has been performed [6] by selecting oppositely charged
electron-muon pairs and comparing expectations for the invariant mass spectrum
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and distributions of the measured observables with data. This selection strongly sup-
presses the Drell-Yan process and leads to a sample with an about 80% contribution
from top-quark production. The remaining events are mainly due to diboson produc-
tion. No systematic differences are found and therefore no further uncertainties are
assigned. The normalization uncertainties on the diboson background are listed in
Sect. 14.1.2.2. They are 4, 4.2 and 10% on the WZ , Z Z and WW process, respec-
tively. The uncertainties of the backgrounds are combined to a single uncertainty by
adding them in quadrature. The statistical and systematic part are given separately.

Multijet &W+jets background The determination of the systematic uncertainty of
the multijet and W+jets background is described in Sect. 14.3.6. The dominant con-
tribution is coming from the differences in the nine performed methods to calculate
the background. Systematic and statistical uncertainty are quoted separately.

Drell-Yan and photon induced MC statistic The uncertainty is arising from the
limited number of simulated events for the signalMCwhen determining theCDY fac-
tor. This uncertainty is calculated following Eq.15.6 and treated as fully uncorrelated
between all measurement bins.

Drell-Yan theory uncertainty Varying the Drell-Yan NNLO theory corrections for
the CDY calculation within their uncertainties affects both, numerator and denom-
inator. Thus the variation cancels in large parts. The resulting uncertainty is below
the per mille level and will not be considered in the following.

Photon induced uncertainty As the photon induced processes has not been studied
at length, any MC simulation attempting to describe these will have a high level
of uncertainty. A 40% MC cross section uncertainty is calculated as the difference
between photon induced calculations using a current quark model and a constituent
quark model [7]. As the photon induced contribution is small and the uncertainties
affect again both, numerator and denominator, the effect this uncertainty has on the
cross section is found to be below the per mille level and as such is neglected.

Monte Carlo modeling uncertainty To account for any MC model dependences
when calculating the CDY factor used for the unfolding, an additional Drell-Yan MC
is compared to the nominal Drell-Yan sample. The alternative MC@NLO sample
used has a differentmatrix element calculation, parton showermodel and FSRmodel.
This uncertainty was not studied for the measurement described in my master thesis
as the alternative MC was not available at that time. The ratio of CDY at Born level
between using Powheg orMC@NLO is shown in Fig. 15.11 for two invariant mass
bins of the measurement as a function of absolute rapidity. A linear fit to the ratio
has been performed and is also shown (red line). No systematic uncertainty is added
since the differences are within the statistical fluctuations which are propagated to
the measurement. The same ratios for all other measurement bins are shown in
Appendix M for born and dressed level separately.

Unfolding uncertaintyAn uncertainty can arise from the chosen unfolding method.
This uncertainty was not studied for the measurement described in my master thesis.
For this thesis, the difference between bin-by-bin unfolding via CDY and using an
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Fig. 15.11 Ratio between CDY calculated with MC@NLO and CDY calculated with Powheg
interfaced with Pythia at Born level. A linear fit has been performed to the ratio (red line)
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Fig. 15.12 Ratio between the final cross section unfolded with the standard bin-by-bin unfolding
method and a Bayesian unfolding method

Bayesian unfolding method [8], implemented in the RooUnfold package [9], has
been investigated. Figure15.12 shows the ratio between the Born level cross section
unfolded with bin-by-bin unfolding to the unfolded cross section unfolded with
Bayesian unfolding. Shown is the difference for 3, 4 and 5 iterations of the Bayesian
unfolding. No uncertainty is added as the observed differences between bothmethods
are negligible when compared to the statistical uncertainty of the cross section and
no systematic trends are observed. The same ratios for all other measurement bins
are shown in Appendix M.

15.3.1 Summary

Figure15.13 shows the resulting statistical and systematic uncertainties on the
unfolded single-differential cross section. Also the total correlated systematic (total
syst.) and total systematic uncertainty (total syst.+stat.) is shown and calculated
by adding all correlated and uncorrelated systematic sources in quadrature. At low
invariant mass the cross section measurement is dominated by the systematic uncer-
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Fig. 15.13 The relative size
of the systematic and
statistical uncertainties on
the single-differential cross
section measurement. Points
that are drawn at the
maximum are off-scale
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tainty which is below 1%. The largest contributions are coming from the multijet &
W+jets background, the electroweak backgrounds and the electron energy scale. The
uncertainties on the electron energy scale and energy resolution are combined into
a single uncertainty each. A detailed breakdown of all uncertainty sources can be
found in the tables in Appendix O. The electroweak background uncertainty and the
multijet & W+jets background uncertainty is each rising up to about 1.5% between
300 GeV and 400 GeV as the relative contribution of the background becomes larger.
The total systematic uncertainty in this region is about 2.5% and therefore similar
to the statistical uncertainty on data. For higher invariant masses, the measurement
uncertainties are dominated by the statistical uncertainty on data. Besides the last bin,
the systematic uncertainty is only slowly rising. The total systematic uncertainty in
the last bin is about 6%. Here, the uncorrelated component of the systematic uncer-
tainty has a sizable contribution, mainly coming form the uncorrelated statistical
uncertainty on the isolation efficiency correction.

Figure15.14 shows the uncertainties in all five invariant mass bins for the mea-
surement as a function of absolute rapidity. The same dependency of the systematic
uncertainties as for the invariant mass is observed across the invariant mass bins.
Here, the statistical uncertainty of the data is dominating in all measurement bins.
The total systematic uncertainty is 0.8% in the first invariant mass bin at low abso-
lute rapidities while the statistical uncertainty on data is already about 1.2%. For
low values of absolute rapidity, the dominating source of systematic uncertainty is
coming from the electroweak background uncertainty, it is falling towards higher
values since the relative contribution of the background becomes smaller. At high
values of absolute rapidity, themultijet &W+jets background is leading to the largest
uncertainty.

Figure15.15 shows the uncertainty in all five invariant mass bins for the measure-
ment as a function of absolute pseudorapidity separation. The same dependency of
the systematic uncertainties as for the invariant mass is observed across the invariant
mass bins. Also here, the statistical uncertainty on data is larger or equal to the total
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Fig. 15.14 The relative size of the systematic and statistical uncertainties on the double-differential
cross section measurement as a function of mee and |yee|. Points that are drawn at the maximum
are off-scale
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Fig. 15.15 The relative size of the systematic and statistical uncertainties on the double-differential
cross section measurement as a function of mee and |�ηee|. Points that are drawn at the maximum
are off-scale
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systematic uncertainty across all bins of the measurement. At low values of abso-
lute pseudorapidity separation, the largest systematic uncertainty is coming from the
electron energy scale. At large values of absolute pseudorapidity separation, both
the electroweak and the multijet & W+jets uncertainty are the dominating system-
atic uncertainties. At low invariant masses and high values of |�ηee|, the statistical
uncertainty of both, data and MC, is large and the uncertainties are therefore also
getting large.

The systematic uncertainties reached are for the two dimensional measurements
smaller or equal to the statistical uncertainty of the data. Systematic uncertainties
as low as 0.8% have been achieved in some bins. This is a substantial improvement
when compared to the cross section measurement described in my master thesis [4],
where the lowest uncertainties were on the order of 3%.

15.4 Results

The measured electron cross sections are briefly discussed in the following. A more
comprehensive discussion and a comparison with theory predictions will follow in
Sect. 17.2.

Figure15.16 shows the single-differential cross section as a function of invari-
ant mass mee at Born level within the fiducial phase space region with statistical,
systematic and total uncertainties. The 1.9% luminosity uncertainty is not included.
The cross section is falling over five orders of magnitude from 2.31 × 10−1 pb to
3.23 × 10−6 pb.

Figures15.17 and 15.18 show the double-differential cross sections as a function
of invariant mass mee and absolute dielectron rapidity |yee| and as a function of mee

and absolute dielectron pseudorapidity separation |�ηee| at Born level within the
fiducial region with statistical, systematic and total uncertainties, excluding the 1.9%
uncertainty on the luminosity. The absolute rapidity cross section is strongly falling

Fig. 15.16 Electron
single-differential cross
section as a function of
invariant mass mee at Born
level within the fiducial
region with statistical,
systematic and total
uncertainties, excluding the
1.9% uncertainty on the
luminosity
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Fig. 15.17 Electron
double-differential cross
section as a function of
invariant mass mee and
absolute dielectron rapidity
|yee| at Born level within the
fiducial region with
statistical, systematic and
total uncertainties, excluding
the 1.9% uncertainty on the
luminosity
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Fig. 15.18 Electron
double-differential cross
section as a function of
invariant mass mee and
absolute dielectron
pseudorapidity separation
|�ηee| at Born level within
the fiducial region with
statistical, systematic and
total uncertainties, excluding
the 1.9% uncertainty on the
luminosity
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with invariant mass and slowly falling towards higher values of absolute rapidity. It is
spanning five orders ofmagnitude from4.15 × 10−2 pb to 2.51 × 10−7 pb. The same
behavior is observed for the cross section as a function of |�ηee| which is ranging
from 4.99 × 10−2 pb to 1.90 × 10−6 pb. Detailed tables of the single-differential
and double-differential cross sections with all systematic uncertainties can be found
in Appendix P. Also given for each bin is a factor kdressed which is the ratio of
CDY at Born level to the CDY at dressed level. The dressed level cross section can
be obtained by multiplying the Born level cross section with this factor. To use all
three measurements at the same time, the statistical correlations between them need
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to be known, as the data sets are not orthogonal. The statistical correlations across
all measured bins were extracted for this thesis using the bootstrap method and are
documented in Appendix Q.
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Chapter 16
Muon Channel Cross Section

The measurement of the muon channel cross section was not performed by myself
andwas added after the time ofmymaster thesis. The analysis is documented in detail
in the following thesis [1] and in the publication [2]. Nonetheless, the measurement
of the cross section will be briefly discussed in the following, since the muon channel
cross section is used as input in the following chapters.

The analysis strategy is very similar to the strategy of the electron channel analysis.
Drell–Yan and photon induced signal MC samples have been generated in slices of
invariant mass, using the sameMC setup as in Sect. 14.1. The same higher order cor-
rections are applied to the Drell–Yan sample. Also the MC setup for the background
processes is identical to the setup used in the electron channel analysis.

The analysis is performed using the same 2012 data set. Events are required to
pass the same quality requirements as described in Sect. 14.2.2. The largest fraction
of the data sample is collected by a trigger which requires a muon with a trans-
verse momentum above 36GeV. A supplementary trigger requires a muon with
a transverse momentum above 24GeV but also imposes a track isolation require-
ment. The track isolation for muons is defined by building the scalar sum of the
transverse momenta

∑
pT of tracks surrounding the muon candidate and dividing

it by the transverse momentum of the muon. Isolation criteria provide a good dis-
criminant against multijet background arising from semileptonic decays of heavy-
flavor quarks. The muons trigged by the low-threshold trigger are required to satisfy∑

pT(�R = 0.2)/pT < 0.12.
The muon candidates are reconstructed by matching tracks measured in the muon

spectrometer to tracks reconstructed in the inner detector. All candidates have to
satisfy |η| < 2.4 and must pass in addition the medium identification criteria which
is documented in reference [3]. It is based on the number of hits in the inner detector
and muon spectrometer as well as on the significance of the charge/momentum ratio
imbalance between themuon spectrometer and inner detector measurements. An iso-
lation cut of

∑
pT(�R = 0.2)/pT < 0.1 is applied. This cut is slightly tighter than
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the requirement imposed by the low-threshold trigger. Background from cosmic-
ray muons is removed by requiring the longitudinal impact parameter to the primary
interaction vertex, z0, to be less than 10mm. The primary interaction vertex is defined
as the vertex with the largest

∑
p2T of all tracks associated to it. Events which contain

two oppositely charged muons, where the leading muon fulfills pT > 40GeV and
the subleading muon pT > 30GeV are selected. The transverse momentum require-
ments are imposed in order to be in the same phase space as in the electron channel
measurement.

The multijet and W+jets background, which is largely arising from heavy-flavor
b- and c-quark decays, is estimated using a data-driven technique. The, so called,
ABCD method is based on four orthogonal control regions. The region A is the
standard signal selection in which the background needs to be known. The regions
B, C are background enriched by inverting the isolation requirement (B) or inverting
the muon-pair charge requirement (C). For the region D, both requirements are
inverted at the same time. In each control region contaminations from signal, top-
quark, and diboson background is subtracted using MC simulations. The |yμμ| and
|�ημμ| shape of the background in each mμμ region is obtained from region D. The
shape of the multijet background is normalized to the yield of multijet events in the
signal region. It is obtained using the constraint that the yield ratio of opposite-charge
to same-charge muon pairs is identical in the isolated and non-isolated regions. The
contribution from the multijet background ranges from 0.1 to 1% and is therefore
much smaller than in the electron channel.

Figure 16.1 shows the invariantmass distributionmμμ after the finalmuon channel
event selection. The distribution looks very similar to the electron channel distribu-
tion. The data are, like in the electron channel, at lower invariant masses about 4%
above the expectation, while good agreement is seen at higher invariant masses.

The muon channel spectra are unfolded using the same bin-by-bin unfolding
method and the same binning as for the electron channel. The unfolding includes the
acceptance extrapolation to the same phase space region as the electron channel cross

Fig. 16.1 The invariant
mass (mμμ) distribution after
event selection, shown for
data (solid points) compared
to the expectation (stacked
histogram). The lower panels
show the ratio of data to the
expectation. Figure taken
from reference [2]
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section was measured in. This extrapolation includes in case of the muon channel
just the extrapolation from |η| < 2.4 to |η| < 2.5. The unfolding factor CDY, which
combines efficiency and acceptance effects, is for the muon channel about 80% and
constant in invariant mass.

The systematic uncertainties on the cross section related to the muon are coming
from the trigger, reconstruction, isolation and impact parameter efficiencies, as well
as the muon momentum scale and resolution. They are all studied using the Z →
μ+μ− process and a tag and probe method. Of these muon related uncertainties, the
largest uncertainty is coming from the reconstruction efficiency corrections and the
muonmomentum scale calibration. However, the top-quark and diboson background
are the dominant sources of uncertainty. The uncertainty is estimated in the same
way as for the electron channel and is discussed in Sect. 15.3.

Figure 16.2 shows the single-differential muon channel cross section as a function
of invariantmass. The cross section is compared to aNNLOFEZWtheory calculation
using the CT10 PDF including the contribution from the photon induced process.
Theory and cross section agree well within their uncertainties.

Detailed tables with the single- and double-differential muon channel cross sec-
tions and with a breakdown of all uncertainties can be found in reference [2].

Fig. 16.2 The single-differential Drell–Yan cross section in the muon channel compared to NNLO
theory, which includes NLO electroweak corrections (�HOEW ) and the photon induced contribution
(�PI ). The shaded errors on the data show the systematic uncertainty and the error bars show the total
uncertainty. The lower plot shows the ratio of theory to data. The shown experimental uncertainties
do not include an overall 1.9% normalisation uncertainty due to the luminosity determination.
Figure taken from reference [1]
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Chapter 17
Results and Interpretation

17.1 Combination

The electron andmuon cross sectionmeasurements can be combined to further reduce
the statistical and systematic uncertainties on the measurement. The combination
is performed using the HERAverager tool [1]. In the following the combination
method is briefly introduced and afterwards the obtained results are discussed.

17.1.1 The Combination Method

The combination method is based on a method developed at HERA for the combi-
nation of DIS cross section data [2] and is explained in the following. In the simplest
case, where no systematic uncertainties affect the measurement, the averaged cross
section σi and the absolute uncertainty δi are given for a specific bin i by the formula

σi = 1

δi
2

Nchan∑

k

σi,k

δ2i,k
, δi

2 =
Nchan∑

k

1

δ2i,k
. (17.1)

Here σi,k is the measured cross section in channel k and δ2i,k is the absolute statistical
uncertainty squared.

Including systematic uncertainties complicates the averaging procedure. Themea-
sured cross section value σi,k has then an uncorrelated uncertainty and a systematic
uncertainty which is correlated between bins. The former is related to the relative
statistical uncertainty on the data δi,stat , and the relative uncorrelated systematic
uncertainty δi,unc as δ2i = δ2i,stat + δ2i,unc. A χ2 function, taking into account the sys-
tematic uncertainties, can be defined for a single measurement by
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χ2
tot (σ, θ) =

Nbin∑

i

(σi − ∑Nsys

j γi, j σi θ j − σi )
2

(δi,stat σi )2 + (δi,unc σi )2
+

Nsys∑

j

θ2j . (17.2)

Here γi, j is the relative uncertainty in bin i of a correlated systematic source j and
θ j the shift of the correlated systematic uncertainty source j . The quantities σ and
θ, without an index i correspond to the set of all bins. A shift of θ = 1 corresponds
hereby to a shift of the source by 1σ. The last term accounts for a contribution
from the systematic uncertainties to the χ2

tot . If large shifts are introduced, also the
contribution to the χ2

tot gets large. The shifts θ j and the averaged cross section σ are
determined by minimizing the χ2 function. The minimum is given by the following
extremum conditions

∂χ2
tot (σ, θ)

∂σ
= 0,

∂χ2
tot (σ, θ)

∂θ
= 0. (17.3)

A trivial solutionwithσ = σ and θ = �0 is found if only a single channel is considered.
The solution is non-trivial when considering both, the electron channel and the muon
channel measurement. The χ2 function is in this case given by

χ2
tot (σ, θ) =

Nbin∑

i

Nchan∑

k

(σi − ∑Nsys

j γi, j,kσiθ j − σi,k)
2

(δi,k,statσi,k)2 + (δi,k,uncσi )2
+

Nsys∑

j

θ2j . (17.4)

The relative systematic uncertainty γi, j,k is equal to zero if the systematic source j
does not apply to the channel k. The minimization is based on an iterative procedure
and is described in more detail in reference [1] and in the appendix of reference [2].
TheminimizationofEq.17.4 determines the average cross sectionsσi and shifts of the
systematic nuisance parameters θ j together with their uncertainties. The minimiza-
tion introduces correlations among parameters θ j . The corresponding covariance
matrix is diagonalized and re-normalized, such that the average cross sections are
represented using independent nuisance parameters with expectation values of zero
and standard deviations of unity. The resulting uncertainty on the combined cross
section can therefore not directly be related to the input sources. Table 17.1 lists all
nuisance parameters for the combination. Each number represents a nuisance param-
eter. Columns which share a nuisance parameter are treated as correlated between
channels. This only applies to the correlated top-quark and diboson background
uncertainty. Columns which contain a u are treated as uncorrelated between all bins
of the measurement.

17.1.2 Combination Cross Section Results

The combination is performed with the HERAverager tool which uses the proce-
dure mentioned above. It would in principle be possible to combine all measured
cross sections at the same time in a single combination. However, the bins between
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Table 17.1 Summary of the correlations for the uncertainties. Each number represents a nuisance
parameter. Columns with a shared nuisance parameter are treated as correlated between channels,
whereas columns containing u are treated as uncorrelated between bins

Uncertainty source Channel

ee μμ

Lepton energy (momentum) scale 1–14 15

Lepton energy (momentum) scale (stat.) u –

Electron energy resolution 16–22 –

Muon momentum resolution (ID) – 23

Muon momentum resolution (MS) – 24

Lepton trigger efficiency 25 26

Lepton trigger efficiency (stat.) u –

Lepton reconstruction efficiency 27 28

Lepton reconstruction efficiency (stat.) – –

Electron identification efficiency 29 –

Lepton isolation efficiency 30 31

Lepton isolation efficiency (stat.) u u

Top-quark background 32 32

Diboson background 33 33

Top-quark and diboson background (stat.) u u

Multijet and W+jets background 34 35

Multijet and W+jets background (stat.) u u

CDY (stat.) u u

the measurements are statistically correlated. Such a combination needs therefore
knowledge about the statistical correlations between all measurement. For the elec-
tron measurement, this information is provided in Appendix Q but it is not available
for the muon measurement. The three measurements are therefore treated separately.

Figure 17.1 shows in the top panel the electron channel (red triangles), the muon
channel (blue triangles), and the combined Born level cross section (black dots) as
a function of invariant mass m��. The middle panel shows the ratio of the individual
channels to the combination. The error bars on the data points represent the pure
statistical uncertainty on data. The systematic uncertainty of the combined cross
section is shown as a dark green band and the total uncertainty as a light green band.
The luminosity uncertainty of 1.9% is excluded as it affects both measurements in
the same way. The lower panel shows the pull for the two individual measurements,
which is defined as the single-channel measurement subtracted from the combined
result in units of the total uncertainty. Both individual measurements are in good
agreement with one another. The single-differential cross section falls rapidly over
five orders of magnitude as m�� increases by about a factor of ten. The minimum
χ2 per degree of freedom, χ2/dof is found to be 14.2/12 = 1.19 for the single-
differential cross section. This corresponds to a probability of 0.29. The χ2 value
includes the second term in Eq.17.4, which is coming from the shifts of the correlated
systematic uncertainties which had to be applied. The χ2/dof excluding this term is
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Fig. 17.1 Comparison of the electron (red points), muon (blue points) and combined (black points)
single-differential fiducial Born level cross sections as a function of invariant mass m��. The error
bars represent the statistical uncertainty. The inner shaded band represents the systematic uncer-
tainty on the combined cross sections, and the outer shaded band represents the total measurement
uncertainty (excluding the luminosity uncertainty). The central panel shows the ratio of each mea-
surement channel to the combined data, and the lower panel shows the pull of the electron (red)
and muon (blue) channel measurements with respect to the combined data

found to be 11.9/12 = 0.99. Theχ2 excluding the systematic contribution represents
the pure statistical agreement of both measurements after applying the systematic
shifts. No pulls above 2σ are observed in the individual bins. Figure 17.2 shows the
systematic shifts θ j for the different nuisance parameters. The red error bar shows
the original uncertainty while the black error bar shows the reduced uncertainty after
the combination. The largest shifts for the single-differential are observed for the
uncertainty on themethod of the electron energy scale extraction (+0.83σ) and on the
muon momentum scale (−0.71σ). All nuisance parameters which are shifted receive
an uncertainty reduction. None of the uncertainties is neither drastically pulled nor
is its uncertainty drastically reduced. This indicates that none of the uncertainties
is either too small or too conservative. The resulting combined cross section has a
statistical precision of 0.34% in the first and of 17.05% in the last bin. The systematic
uncertainty in the corresponding bins is 0.53 and 2.95%. At low m�� the combined
measurement is dominated by the experimental systematic uncertainties. For m�� �
400 GeV the statistical uncertainty of the data dominates the measurement precision.
Detailed information on the cross section with a breakdown of all statistical and
correlated systematic uncertainties can be found in the Appendix in Table R.1.

Figure 17.3 shows themeasured double-differential cross section of the individual
channels and their combination as a function of invariant mass m�� and the absolute
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Fig. 17.2 Shifts and uncertainties of the correlated systematic uncertainties from the combination
of the cross section measurements. The red error bars show the original uncertainty while the black
error bars show the uncertainty after the combination

dilepton rapidity |y��|. Both individualmeasurements are in good agreementwith one
another. The cross sections show a marked narrowing of the rapidity plateau width
as m�� increases. The minimum χ2 per degree of freedom, χ2/dof is found to be
53.1/48 = 1.11 including the contribution from the correlated systematic uncertain-
ties. This corresponds to a probability of 0.28. The χ2/dof when excluding the sys-
tematic part is found to be 48.9/48 = 1.02. The largest pull of 2.4σ is observed in the
first absolute rapidity bin in the range 300 GeV < m�� < 500 GeV. The largest shifts
are observed for the uncertainty on the muon reconstruction efficiency (−1.27σ)
and on the electron identification efficiency (+0.96σ). The shifts go into the same
direction as for the single-differential cross section combination, but they are more
pronounced. The largest uncertainty reduction is observed for the electron multijet
and W+jets background uncertainty, which is reduced by 26% after the combina-
tion. The resulting combined cross section has a statistical precision of 0.81% in
the first bin of the measurement (116 GeV < m�� < 150 GeV, 0.0 < |y��| < 0.2)
and of 35.7% in the last bin (500 GeV < m�� < 1500 GeV, 2.0 < |y��| < 2.4). The
systematic uncertainty in the corresponding bins is 0.62 and 7.63%. The combined
measurement is therefore in each bin dominated by the statistical uncertainty of the
data. Detailed information on the cross section with a breakdown of all statistical
and correlated systematic uncertainties can be found in the Appendix in Table R.2.

Figure 17.4 shows themeasured double-differential cross section of the individual
channels and their combination as a function of invariant mass m�� and the absolute
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Fig. 17.3 Comparison of the electron (red points), muon (blue points) and combined (black points)
fiducial Born level cross sections, differential in invariant mass m�� and absolute dilepton rapidity
|y��|. The error bars represent the statistical uncertainty. The inner shaded band represents the
systematic uncertainty on the combined cross sections, and the outer shaded band represents the
total measurement uncertainty (excluding the luminosity uncertainty). The central panel shows the
ratio of each measurement channel to the combined data, and the lower panel shows the pull of the
electron (red) and muon (blue) channel measurements with respect to the combined data



17.1 Combination 245

C
om

bi
na

tio
n

C
ha

nn
el

0.9

1

1.1

|
ll

ηΔ|
0 0.5 1 1.5 2 2.5

Pu
ll

-2
0
2

 [p
b/

G
eV

]
| llηΔ

d| ll
md

σ2 d

0

10

20

30

40

50

-310×

w/o luminosity uncer.

Combination

Electron channel

Muon channel

Stat. uncertainty

Syst. uncertainty

Total uncertainty

-1= 8 TeV, 20.3 fbs
 < 150 GeVllm116 GeV < 

C
om

bi
na

tio
n

C
ha

nn
el

0.9

1

1.1

|
ll

ηΔ|
0 0.5 1 1.5 2 2.5 3

Pu
ll

-2
0
2

 [p
b/

G
eV

]
| llηΔ

d| ll
md

σ2 d

0

2

4

6

8

10

12
-310×

w/o luminosity uncer.

Combination

Electron channel

Muon channel

Stat. uncertainty

Syst. uncertainty

Total uncertainty

-1= 8 TeV, 20.3 fbs
 < 200 GeVllm150 GeV < 

C
om

bi
na

tio
n

C
ha

nn
el

0.9

1

1.1

|
ll

ηΔ|
0 0.5 1 1.5 2 2.5 3

Pu
ll

-2
0
2

 [p
b/

G
eV

]
| llηΔ

d| ll
md

σ2 d

0

0.5

1

1.5

2

2.5
-310×

w/o luminosity uncer.

Combination

Electron channel

Muon channel

Stat. uncertainty

Syst. uncertainty

Total uncertainty

-1= 8 TeV, 20.3 fbs
 < 300 GeVllm200 GeV < 

C
om

bi
na

tio
n

C
ha

nn
el

0.9

1

1.1

|
ll

ηΔ|
0 0.5 1 1.5 2 2.5 3

Pu
ll

-2
0
2

 [p
b/

G
eV

]
| llηΔ

d| ll
md

σ2 d

0

0.05

0.1

0.15

0.2

0.25

0.3
-310×

w/o luminosity uncer.

Combination

Electron channel

Muon channel

Stat. uncertainty

Syst. uncertainty

Total uncertainty

-1= 8 TeV, 20.3 fbs
 < 500 GeVllm300 GeV < 

C
om

bi
na

tio
n

C
ha

nn
el

0.6
0.8

1
1.2
1.4

|
ll

ηΔ|
0 0.5 1 1.5 2 2.5 3

Pu
ll

-2
0
2

 [p
b/

G
eV

]
| llηΔ

d| ll
md

σ2 d

0

2

4

6

8

10

-610×

w/o luminosity uncer.

Combination

Electron channel

Muon channel

Stat. uncertainty

Syst. uncertainty

Total uncertainty

-1= 8 TeV, 20.3 fbs
 < 1500 GeVllm500 GeV < 

Fig. 17.4 Comparison of the electron (red points), muon (blue points) and combined (black points)
fiducial Born level cross sections, differential in invariant massm�� and absolute dilepton pseudora-
pidity separation |�η��|. The error bars represent the statistical uncertainty. The inner shaded band
represents the systematic uncertainty on the combined cross sections, and the outer shaded band
represents the total measurement uncertainty (excluding the luminosity uncertainty). The central
panel shows the ratio of eachmeasurement channel to the combined data, and the lower panel shows
the pull of the electron (red) and muon (blue) channel measurements with respect to the combined
data
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dilepton pseudorapidity separation |�η��|. Both individualmeasurements are in good
agreement with one another. For all m��, the cross sections are largest where the
absolute magnitude of the lepton pseudorapidity separation is close to zero, and are
observed to fall as the separation increases. It was not possible in themuon channel to
measure a cross section in the last |�η��| bin of the first invariant mass bin. This is the
bin with the highest statistical uncertainty and the resulting number of signal events
after background subtraction was found to be negative due to a statistical fluctuation.
This bin is therefore excluded from the combination. The minimum χ2 per degree
of freedom, χ2/dof is found to be 59.3/47 = 1.26 including the contribution from
the correlated systematic uncertainties. This corresponds to a probability of 0.11.
The χ2/dof when excluding the systematic part is found to be 54.0/47 = 1.15. The
largest pull of 2.6σ is observed in the second bin in the range 300 GeV < m�� <

500 GeV. This bin has a statistical correlation of 19% with the bin in which for the
absolute rapidity measurement the largest pull is observed. The largest shifts (see
Fig. 17.2) are observed for the electron multijet and W+jets background uncertainty
(+1.3σ) and for the electron energy scale uncertainty arising from the electronic
gain in the second layer of the electromagnetic calorimeter (+1.18σ). The pull on
the electron background is in the opposite direction as observed for the absolute
rapidity measurement. The largest uncertainty reduction is also here observed for
the electron multijet and W+jets background uncertainty, which is reduced by 29%
after the combination. The |�η��| measurement is more likely to be sensitive to the
multijet andW+jets background, as this background has a large contribution at large
pseudorapidity separations. The resulting combined cross section has a statistical
precision of 0.66% in the first bin of the measurement (116 GeV < m�� < 150 GeV,
0.0 < |�η��| < 0.25) and of 14.59% in the last bin (500 GeV < m�� < 1500 GeV,
2.5 < |�η��| < 3.0). The systematic uncertainty in the corresponding bins is 0.56%
and 3.74%. The combined measurement is therefore in each bin dominated by the
statistical uncertainty of the data. Detailed information on the cross section with a
breakdown of all statistical and correlated systematic uncertainties can be found in
the Appendix in Table R.3.

17.2 Comparison to Theoretical Predictions

The combined cross sections are in the following first qualitatively and then quanti-
tatively compared to theoretical predictions.

17.2.1 Theoretical Predictions

The combined fiducial cross sections at Born level are compared to NNLO per-
turbative QCD calculations using various PDFs. All calculations have been per-
formed using the FEWZ 3.1 framework. They include NLO electroweak corrections



17.2 Comparison to Theoretical Predictions 247

using the Gμ scheme [3]. The renormalization and factorization scales are set to
μR = μF = m��. The calculations also include the contribution form the photon
induced process, γγ → ��. It is estimated at LO using the photon PDF from the
NNPDF2.3qedPDFset [4]. This is amore recent photonPDF than theMRST2004qed
PDF which was used for the signal MC. In the extraction of the PDF already LHC
measurements have been used, for example also the measurement of the high-mass
Drell–Yan cross section at

√
s = 7 TeV, which is shown in Fig. 12.1. Uncertainties

have been assigned to the theoretical predictions. They take into account the PDF
uncertainties at 68% confidence level and the αs uncertainty, which is determined
by varying αs by 0.001 with respect to its default value of 0.118. The scale uncer-
tainty is calculated by changing μR and μF by a factor of two simultaneously and
independently.1 The envelope of all variations is taken as uncertainty. The NNPDF
collaboration provides, instead of eigenvectors, a large number of MC replicas for
their PDFs. The central value of the PDF is calculated by the mean of all replicas
and the uncertainty is defined as the region covering 68% of all MC replicas. The
uncertainty on the photon induced contribution is calculated in the same way using
the NNPDF2.3qed replicas. The latter uncertainty is rather large, ranging from 62 to
92%. All theoretical predictions and their uncertainties have been provided by the
ATLAS collaboration and are listed in detail in the auxiliarymaterial of reference [5].

17.2.2 Comparison to Theoretical Predictions

Theoretical predictions using theMMHT2014NNLOPDFset [6] are compared to the
single-differential cross section at Born level as a function ofm�� in Fig. 17.5. The left
plot shows thewholemeasurement rangewhile the right plot shows a zoomed version
in the region 116 GeV < m�� < 380 GeV. The middle panel shows the ratio of the
measured cross section to theMMHT2014 prediction. The red dashed line shows the
ratio excluding the contribution from the photon induced process. The MMHT2014
prediction is about 2–3%below themeasured cross section untilm�� = 200 GeV.The
prediction is above the measurement in the region m�� > 300 GeV. The uncertainty
of the measurement is in all bins larger than the uncertainty on the measurement.
Hence, the measurement should be able to further constrain the theory prediction.
The expected contribution from the photon induced process is small at low m��, ris-
ing up to 20% in the last bin. In the regions where the photon induced contribution is
large the uncertainty on the photon induced process dominates the total uncertainty
band, otherwise the PDF uncertainty is dominant. The change when replacing the
MMHTPDF by other NNLOPDFs such as HERAPDF2.0 [7], CT14 [8], ABM12 [9]
or NNPDF3.0 [10] is shown in the lower panel. The uncertainty band of the various
PDFs is not shown for easier visibility. However, they have been calculated at 68%
confidence level and are found to be smaller (ABM12), larger (CT14, NNPDF3.0)

1The case in which μR is scaled up by two and μF at the same time divided by two is by convention
not included. The reverse case is also not included.
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Fig. 17.5 The combined (electron andmuon channel) single-differential cross section as a function
of invariant mass m�� at Born level within the fiducial region with statistical, systematic and total
uncertainties, excluding the 1.9% uncertainty on the luminosity. Data are compared to combined
NNLO QCD and NLO electroweak calculations using the MMHT2014 PDF, where the uncertainty
band displays the combined 68% confidence level PDF and αs variation, the renormalization and
factorization scale uncertainties and the uncertainty on the photon induced process. The two ratio
panels show the ratio of the calculation with and w/o the photon induced contribution w.r.t. to data
(middle panel), as well as the ratio for calculations using different PDFs (bottom panel). On the
right, the results are shown for a restricted range of m��

or even much larger (HERAPDF2.0) than the ones from the MMHT2014 PDF. All
PDFs in general agree with the measurement. Some normalization uncertainties are
observed for the different predictions, while no large shape differences are observed.
NNPDF3.0 shows the least agreement at lowmass, while it gets better towards higher
mass. The opposite behavior is observed for HERAPDF2.0, where the best agree-
ment is observed at lower masses, getting worse towards higher masses. The spread
between all PDF sets is at low mass larger than the uncertainty on the measurement,
indicating the sensitivity of the data to the PDFs, and the potential to constrain them.

Figure 17.6 shows the same comparison to theoretical predictions for the double-
differential cross section at Born level as a function of m�� and |y��|. The same
general features can be observed when comparing to the single-differential measure-
ment. The predictions tend to be below the measured cross section at lower masses
while at medium and higher masses the agreement gets better. In the central region,
the uncertainty on the measurement is always smaller than the uncertainty on the
prediction. At high |y��|, the measurement is partially statistically limited, leading
to larger uncertainty when compared to the prediction. All predictions describe the
measured cross section across all invariant mass bins reasonably well. The largest
differences between the various PDFs can be observed at large dilepton rapidities
where HERAPDF2.0 predicts a higher cross section than all other PDFs. The photon
induced process contributes up to 15% at low rapidities and high invariant mass.
Figure 17.7 shows the same comparison to theoretical predictions for the double-
differential cross section at Born level as a function of m�� and |�η��|. The same
general features are observed when comparing to the two other measurements. Some
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shape differences are observed for the first invariant mass bin at high |�η��|. At low
|�η��|, the uncertainty on the measurement is always smaller than the uncertainty on
the prediction. At high |�η��|, the measurement is partially statistically limited, lead-
ing to larger uncertainty when compared to the prediction. All predictions describe
themeasured cross section across all invariant mass bins reasonably well. The largest
differences between the various PDFs can be observed at small lepton pseudorapidity
separation, where HERAPDF2.0 predicts a higher cross section than all other PDFs.

A χ2 minimization procedure is used to quantify the agreement between the mea-
surement and the various PDFs. The minimization procedure is implemented in the
xFitter package [11] and is similar to the procedure described in Sect. 17.1.1. All
correlated and uncorrelated experimental uncertainties, the luminosity uncertainty
and the theoretical uncertainties are included in the χ2 minimization. The correlated
theoretical uncertainties include the uncertainties on the respective PDF, the photon
induced contribution, αs , and the factorization and renormalization scale. The PDF
uncertainties for all the PDF sets except for the photon PDF are further decomposed
into the full set of eigenvectors. In case of NNPDF3.0, the replica have been trans-
formed into an eigenvector representation. This has been done by calculating the
covariance matrix from the replica and performing a Cholesky decomposition [12]
into an eigenvector representation. A single nuisance parameter is used for the photon
induced contribution. Also the statistical uncertainties of the theoretical predictions
are taken into account. They are at the level of 0.1% for the Drell–Yan calcula-
tions and 0.2% for the photon induced calculations. All correlated uncertainties are
included as nuisance parameters. Table 17.2 gives the resulting χ2 values after the
minimization.

Theχ2/dof values range from 14.1/12 (ABM12) to 20.0/12 (NNPDF3.0) for the
single-differential measurement. For the double-differential measurements, the χ2

values reach from 51.0/48 for CT14 to 59.3/48 for MMHT2014 (|y��|) and 53.5/47
for ABM12 to 62.8/47 forMMHT2014 (|�η��|). These values indicate general com-
patibility between the data and the theory. The overall best agreement is found for
ABM12, especially when taking into account the smaller PDF uncertainties when
compared to all other PDF sets. The largest χ2 values are observed for NNPDF3.0
and MMHT2014. The central values of the nuisance parameters may, after the min-
imization procedure, be shifted from unity and their uncertainties may be reduced.

Table 17.2 The χ2/dof values for the compatibility of data and theory after the minimization
procedure

m�� |y��| |�η��|
MMHT2014 18.2/12 59.3/48 62.8/47

CT14 16.0/12 51.0/48 61.3/47

NNPDF3.0 20.0/12 57.6/48 62.1/47

HERAPDF2.0 15.1/12 55.5/48 60.8/47

ABM12 14.1/12 57.9/48 53.5/47
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Fig. 17.6 The combined (electron andmuon channel) double-differential cross section as a function
of invariant mass m�� and absolute rapidity |y��| at the Born level within the fiducial region with
statistical, systematic and total uncertainties, excluding the 1.9%uncertainty on the luminosity. Data
are compared to combined NNLO QCD and NLO electroweak calculations using the MMHT2014
PDF, where the uncertainty band displays the combined 68% confidence level PDF andαs variation,
the renormalization and factorization scale uncertainties and the uncertainty on the photon induced
process. The two ratio panels show the ratio of the calculation with and w/o the photon induced
contribution w.r.t. to data (middle panel), as well as the ratio for calculations using different PDFs
(bottom panel)
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Fig. 17.7 The combined (electron andmuon channel) double-differential cross section as a function
of invariant mass m�� and absolute pseudorapidity separation |�η��| at the Born level within the
fiducial region with statistical, systematic and total uncertainties, excluding the 1.9% uncertainty
on the luminosity. Data are compared to combined NNLO QCD and NLO electroweak calculations
using theMMHT2014PDF,where the uncertainty band displays the combined 68%confidence level
PDF and αs variation, the renormalization and factorization scale uncertainties and the uncertainty
on the photon induced process. The two ratio panels show the ratio of the calculation with and w/o
the photon induced contribution w.r.t. to data (middle panel), as well as the ratio for calculations
using different PDFs (bottom panel)
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A sizable shift and reduction in uncertainty indicates that the measurement can con-
strain the respective nuisance parameter. These constraints will be discussed in the
following section.

17.3 Interpretation of the Measurement

17.3.1 Constraints of the Theoretical Uncertainties

In the following the shifts of the nuisance parameters and the reduction of their
uncertainties will be discussed. The shifts of the nuisance parameters and their uncer-
tainties are a result of the χ2 minimization discussed in the previous section. In the
following only the double-differential measurements will be discussed for simplicity
as the single-differential measurement is expected to have a smaller impact on the
uncertainties.

The luminosity nuisance parameter is for all PDFs shifted up by up to 1.18σ
(MMHT2014) and its uncertainty reduced by up to 40%. Shifting the luminosity
nuisance parameter up leads to a smaller cross section and covers therefore the
normalization differences between the measurement and the theoretical prediction
which are observed especially at low mass. No other large shifts of experimental
uncertainties are observed.

At the same time, the nuisance parameter on the photon induced process is for the
|y��| measurement shifted down by up to −1.38σ (MMHT2014) and its uncertainty
is reduced by up to 54% (ABM12). This indicates that a much smaller contribu-
tion from the photon induced process is needed to describe the data and that the
measurement is able to significantly reduce the uncertainty on this process. For the
|�η��| measurement the nuisance parameter for the photon induced contribution is
not shifted by a large amount but a similar uncertainty reduction by up to also 53%
(ABM12) is observed.

For all PDFs sets some uncertainty reduction of the eigenvectors can be observed.
However, it is not for all PDF sets possible to relate the eigenvectors to physical quan-
tities. Only theMMHT2014 and theHERAPDF2.0 groups provide such information.
The HERAPDF2.0 set contains two sets of uncertainties. In addition to eigenvec-
tors which correspond to the experimental uncertainties on the input data sets, also
uncertainties related to the assumed parameterization of the PDF at the input scale are
provided. A significant uncertainty reduction of up to 44% is observed for the PDF
variations 1 and 2which represent the uncertainty on the parameter rs . The parameter
rs is the ratio of the strange sea quark distribution to the down quark distribution at
the input scale. For MMHT2014 an uncertainty reduction of up to 28% is observed
for the eigenvector 21. Also this eigenvector is sensitive especially to the sea quark
and strange sea quark distribution [6]. These two observations indicate that the data
are able to significantly constrain these distributions. For these distributions previous
ATLAS data on on-shell W and Z production [13] is already the most constraining
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data set and an analysis using this data suggests that the strange contribution was
underestimated in the past [14]. However, the MMHT2014 PDF set already includes
these measurements. The observed sensitivity should therefore exceed the sensitivity
of previous measurements.

In addition to the sensitivity of the data to the PDF uncertainties, a large constraint
of the scale uncertainty is observed when comparing the theory prediction with the
|�η��| measurements. An uncertainty reduction of up to 62% is achieved for the
scale uncertainty when comparing it to all five PDF sets. At lower masses and large
|�η��|, the uncertainty of the theory calculations due to the choice of μR and μF

can be as large as 4.5% and therefore can be the dominant uncertainty. This is not
observed for the cross sections as a function of absolute rapidity, where the scale
uncertainty is small compared to other sources. The scale uncertainties are arising
from missing corrections due to QCD contributions beyond NNLO. A sensitivity to
this nuisance parameter might be an indication that the measurement is sensitive to
these missing corrections. However, an interpretation of this nuisance parameter is
difficult. The scale uncertainty was obtained by changing μR and μF by and arbitrary
factor of two. There is, in addition, no underlying true value of μR and μF . The scale
uncertainty is therefore not a real uncertainty and the interpretation in terms of a
Gaussian nuisance parameter is not possible, although this was implicitly assumed
in the χ2 minimization. Still, the statement that the uncertainty is, in some regions
of phase space, larger than the uncertainties of the measurement is true.

Figures S.1, S.2, S.3, S.4 and S.5 in the appendix provide additional detailed
information on the nuisance parameter shifts for all five PDF sets using the |y��|
measurement. Figures S.6, S.7, S.8, S.9 and S.10 show the same shifts for the |�η��|
measurement. Only the theoretical nuisance parameters and the luminosity uncer-
tainty are shown, as no other large experimental shifts are observed.

17.3.2 Photon PDF Reweighting

The previous section has shown that themeasured cross section can significantly con-
strain the uncertainty on the photon PDF. However, in theχ2 minimization procedure
a single nuisance parameter was used for the uncertainty. In the following a Bayesian
reweighting method is used to further quantify the constraining power of the data on
the photon PDF. The reweighting method was developed by the NNPDF collabora-
tion and is described in more detail in references [15, 16]. In this approach, the χ2

between each of the original Nrep = 100 Monte Carlo replicas of the NNPDF2.3qed
PDF and the experimental data is used to assign a weight to each replica. The PDF
is then reweighted in a way that a new PDF can be calculated from the weighted
replica, which then estimates the result that would be found in a new NNPDF PDF
fit which includes this measurement. The theory calculations used for this approach
combine the MMHT2014 NNLO PDF set for the quark and gluon PDFs with the
NNPDF2.3qed PDF set for the photon PDF. This approach is justified, given the
substantial uncertainties that currently affect the photon PDF, and very weak sensi-
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tivity of the photon PDF evolution to the DGLAP evolution mixing with quarks and
gluons [17]. However, this approach violates the momentum sum-rule which might
be a problem if the photon PDF is large.

In practice, 100 χ2 values are calculated between the measurement and the the-
oretical predictions using the central value of the MMHT2014 NNLO PDF set and
each of the 100 NNPDF2.3qed replicas. The full MMHT2014 uncertainty, decom-
posed into the eigenvectors is used in the χ2 minimization, but no uncertainty on
the photon PDF. These χ2 values are calculated for both, the measurement as a
function of |y��| and |�η��| with Ndata = 48 and 47 data points, respectively. The
χ2/dof values are ranging from 58.7/48 to 222.8/48 for the |y��| cross section and
from 65.0/47 to 243.3/47 for the |�η��|. These values are showing that some of the
replica are not compatible with the presented measurement. All χ2 values are listed
in the Appendix in Table T.1. No χ2 values for the single-differential measurement
have been calculated as this measurement is expected to have a smaller constraint on
the photon PDF.

The weight associated with each replica i is computed in the following by first
computing

ei = 1

2
((Ndata − 1) logχ2

i − χ2
i ), (17.5)

where χ2
i is the χ2 value for a replica i . The weights are then given by

wi = N exp [ei − 〈ei 〉], N = Nrep/

Nrep∑

i=1

exp [ei − 〈ei 〉]. (17.6)

where 〈ei 〉 = 1
Nrep

∑Nrep

i=1 ei . These formulae can be derived from Bayes’ theorem
using basic principles. A detailed derivation of these formulae is given in reference
[15]. Figure 17.8 shows the resulting weights for the |y��| measurement on the left
and for the |�η��| measurement on the right side. For the |y��| measurement, 39 of
the assigned weights are below 1, 25 below 10−1, and 9 even below 10−7. For the
|�η��| measurement, 28 of the assigned weights are below 1, 19 below 10−1, and 3
below 10−7. The otherweights are clustering around 1 − 2 and are therefore similarly
probable. The weights indicate that the |y��| measurement has a larger constraint on
the photon PDF than the |�η��| measurement. The better constraining power of the
|y��| measurement compared to the |�η��| measurement is counterintuitive given
the expected sensitivity of the measurements. However, in the present case of finite
precision, it does make sense, since the |y��| measurement has smaller experimental
uncertainties than the |�η��| measurement in the region where the photon induced
contribution is large (at central rapidities and large pseudorapidity separation).

From the calculated weights, the effective number of replicas left after the
reweighting can be calculated by using the Shannon entropy:

Nef f = exp

⎧
⎨

⎩
1

Nrep

Nrep∑

i=1

wi ln(Nrep/wi )

⎫
⎬

⎭ (17.7)
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Fig. 17.8 Distribution of the weights wi calculated from the 100 χ2 values from the 100
NNPDF2.3qed replica. The left plot shows the weights for the |y��| measurement and the right
plot shows the weights for the |�η��| measurement

The Shannon entropy is a measure for the loss of accuracy of the representation of
the underlying distribution using the new compared to the old set of replicas. For
the |y��| measurement a Shannon entropy of 71.3 and for the |�η��| measurement a
Shannon entropy of 78.1 is calculated. These values indicate again that there is some
constraining power of the data on the photon PDF, since the number of effective
replica is significantly smaller than the initial number of replicas. At the same time,
these numbers are still reasonably large, indicating that the reweighting procedure
is reliable in the present analysis. If Nef f was considerably smaller, the reweighting
procedure will no longer be reliable, either because the data contain a lot of infor-
mation on the PDFs, necessitating a full refitting with more replicas, or because the
data are inconsistent with the original PDF set and the data already contained in it.
The smaller Nef f for the |y��| measurement again confirms its larger constraining
power.

Once the weights for each replica are calculated, subsequently the resulting PDF
set can be unweighted. In the unweighting procedure again a full PDF set with 100
replicas is constructed by keeping only replicas with a reasonably large weight.
Replicas with a large weight might be kept twice to construct a full PDF set with 100
replicas again. The unweighting procedure is described in detail in reference [16].
Figure 17.9 shows all 100 replicas of the original PDF set at Q2 = 104 GeV2 as a
function ofmomentum fraction x . The replica of thePDFset have beenobtainedusing
LHAPDF6 [18]. Replica which are kept after the unweighting procedure are shown
in blue while discarded replica are shown in red. The left plot shows the remaining
replica if the |y��| measurement is used and the right plot the remaining replica if
the |�η��| measurement is used. These plots show that the NNPDF2.3qed NNLO
PDF set is highly asymmetric with a number of very large outliers. It is visible that
a significant constraint can be put on the PDF set by discarding the large outliers.
All replica which are discarded by the |�η��| measurement are also discarded by
the |y��|measurement. Seven replica are only discarded by the |y��|measurement. A
simultaneous reweighting of bothmeasurements is therefore not expected to increase
the sensitivity.
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Fig. 17.9 Replicas of the NNPDF2.3Qqed NNLO PDF set before (red) and after the reweighting
procedure (blue). The left plot shows the replica after using the |y��| measurement and the right
plot the replica after using the |�η��| measurement

From the newly constructed PDF set, the central value and the uncertainties can be
calculated. The central value is given by themean of all replicawhile the uncertainties
have been computed as 68% confidence level intervals2 around the mean of all
replicas, using the same prescription as in reference [4]. This is important in this case
since the underlying probability distribution associated to the photon PDF is highly
non-gaussian, as seen in Fig. 17.9. Figure 17.10 shows the 68% confidence level
interval of theNNPDF2.3qedNNLOphotonPDFas a function ofmomentum fraction
x at the input scale Q2 = 2 GeV2 (left plot) and at Q2 = 104 GeV2 (right plot) before
(yellow solid area) and after (grey shaded area) inclusion of the double-differential
cross section measurement as a function of m�� and |y��|. A significant constraint on
the photon PDF uncertainty is visible over the whole range in x . The central value of
the reweighted PDF is close to zero at the input scale and on the lower bound of the
original PDF uncertainty for a scale of Q2 = 104 GeV2. This supports the nuisance
parameter shifts which where obtained in the previous section and indicates that
the contribution from the photon induced process is lower than indicated by the
NNPDF2.3qed PDF set. Also shown is the MRST2004qed photon PDF in a current
quark (blue dashed line) and a constituent quark (blue dotted line) mass scheme.
In the current quark mass scheme, the quarks radiate more photons as their mass is
lower. This leads to a higher predicted photon PDF. The CT14qed PDF [19] is shown
in green with its 68% confidence level band. At a scale of Q2 = 104 GeV2, which
is close to the momentum scale at which the measurement is performed, both the
MRST2004qed PDF and the CT14qed PDF show a similar behavior by predicting a
larger photon PDF at lower x values than the NNPDF2.3qed and the reweighted PDF.
Since all PDFs, except MRST2004qed, agree within their uncertainties at the input
scale, these differences must come from a different PDF evolution. No conclusive
statement can be made whether the MRST2004qed and CT14qed PDF sets or the
NNPDF2.3qed set predicts the correct behavior at lower x values. The reweighting

2The difference of all 100 replica to the central value is calculated and the 68% confidence level
interval is given by the envelope of the 68 closest replica.
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Fig. 17.10 The 68% confidence level interval of the NNPDF2.3qed NNLO photon PDF as a
function of momentum fraction x at the input scale Q2 = 2 GeV2 (left plot) and at Q2 = 104 GeV2

(right plot) before (yellow solid area) and after (grey shaded area) inclusion of the double-differential
cross section measurement as a function of invariant mass m�� and absolute dilepton rapidity |y��|.
Also shown is theMRST2004qed photon PDF in a current quark (blue dashed line) and a constituent
quark (blue dotted line) mass scheme, and the 68% confidence level band (green hatched area) for
the CT14qed photon PDF
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Fig. 17.11 The 68% confidence level interval of the NNPDF2.3qed NNLO photon PDF as a
function of momentum fraction x at the input scale Q2 = 2 GeV2 (left plot) and at Q2 = 104 GeV2

(right plot) before (yellow solid area) and after (grey shaded area) inclusion of the double-differential
cross section measurement as a function of invariant mass m�� and absolute lepton pseudorapidity
separation |�η��|. Also shown is the MRST2004qed photon PDF in a current quark (blue dashed
line) and a constituent quark (blue dotted line) mass scheme, and the 68% confidence level band
(green hatched area) for the CT14qed photon PDF

was performed using the available replica of the NNPDF2.3qed set and can only lead
to results which are within the given range of the original PDF set. A full new PDF fit
including the presented data is needed to asses the full potential of the measurement.

Finally, Fig. 17.11 shows the same reweighted PDF when using the cross section
as a function of m�� and |�η��|. The observations are here similar, but the constraint
on the photon PDF uncertainty is smaller due to the reasons discussed earlier.
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Chapter 18
Conclusion and Outlook

A measurements of the double-differential Drell–Yan cross sections for the decay
into an electron-positron pair, at a center of mass energy of

√
s = 8 TeV of the

colliding protons was performed. The cross section measurements are expected to
have sensitivity to the PDFs at high values of the Bjorken-x scaling variable. In
particular sensitivity to the PDFs of the antiquarks in the proton is expected, since
these are not well constrained at high values of x . The contribution from γγ initiated
e+e−-pairs is included in the measured cross section and therefore it also provides
sensitivity to the photon part of the PDF. The measurements were performed as a
function of the invariant mass and absolute rapidity of the e+e−-pair and as a function
of invariant mass and absolute pseudorapidity separation of the electron and positron.
The measurement covered an invariant mass range from me+e− = 116 GeV up to
me+e− = 1500 GeV. The analyzed data set was recorded by the ATLAS experiment
in the year 2012 and corresponds to an integrated luminosity of 20.3 fb−1.

The expected amount of e+e−-pairs produced by Standard Model processes has
been estimated usingMonte Carlo simulations and data-driven methods. Amain part
of thiswork addressed the combinationof themeasured electron channel cross section
with the muon channel cross section and its interpretation in terms of sensitivity to
PDFs.

With the combination of the two measurement channels a precision of better than
1% has been achieved in some regions of phase space. The single-differential mea-
surement as a function of invariant mass has systematic uncertainties in the range
0.63–2.95% and a statistical uncertainty of 0.34–17.05%. In the lowest mass bin of
the double-differential rapidity measurement, systematic uncertainties in the range
0.62% − 1.46% have been achieved and the statistical uncertainties are in the range
0.81–2.33%. In the highest invariant mass bin the systematic uncertainties rise to
1.89–7.63% and the statistical uncertainties to 6.15–35.7%. The double-differential
measurement as a function of pseudorapidity separation has a similar level of ac-
curacy. The measured cross section is compared to several theory predictions using
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260 18 Conclusion and Outlook

different PDFs. In general, good agreement is seen for all PDFs, although for most
predictions a small offset between data and theory is seen especially in the low mass
region. A similar difference was already seen in an analysis performed at

√
s = 7

TeV [1]. The uncertainty of the measurement is smaller than the uncertainty on the
theory predictions. The measurement can hence be used to constrain the predictions.
It was shown that themeasurement can constrain the strange part of the PDFs and that
the uncertainty on the photon PDF can be significantly reduced using this measure-
ment.1 The sensitivity to the latter was further studied using a Bayesian reweighting
technique.

No opposite charge requirement had been imposed on the electron channel mea-
surement. The reason is possible charge misidentification mainly due to
Bremsstrahlung and due to the limited momentum resolution of the electron in the
tracking detector. It is difficult to measure the charge misidentification rate precisely
at very high momenta due to limited statistics of data. It would nevertheless be possi-
ble to perform this study and to see if the uncertainties on the cross section imposed
by this are reasonable. An opposite charge requirement would reduce the background
originating from misidentified electrons by a factor of two. This could potentially
make the measurement of the electron channel more precise. In addition, different
triggers, with lower pT thresholds, could be tested to further increase the contribution
of the photon induced process. However, this would at the same time increase the
background from multijet processes and these triggers would have more stringent
identification criteria which would lead to a larger uncertainty on the multijet and
W+jets background.

Since the year 2015, the LHC collides protons at a center of mass energy of
√
s =

13 TeV. A measurement using this data would be at a higher center of mass energy,
the x values covered by the range 116–1500 GeV would therefore be smaller by a
factor of approximately two [4]. Higher values of x could be reached by extending the
measurement to higher invariant masses. The gg-luminosity increasedwith respect to
8 TeV, depending on the mass of the final state, by a factor of about four, whereas the
qq̄-luminosity only increased approximately by a factor of two [4]. Since t t̄ events
are mainly produced via gluon-fusion, the cross section increase of this process is
approximately two times larger than the cross section increase of the Drell–Yan
process. This will double the t t̄ background to an amount of about 30% for some
ranges of the signal selection. To reduce the amount of t t̄ background it might be
necessary to impose additional requirements to reject this background (e.g. small
Emiss
T or b-jet veto). This will lead to further systematic uncertainties.

1Author’s comment: When preparing this thesis for the Springer publication (July 2018), the pre-
sented measurement has already been used in PDF fits to estimate the photon PDF [2, 3]. It has has
been shown that the data is able to constrain the photon PDF and resulted in very good χ2 values
in the PDF fit.
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Chapter 19
Summary

The Large Hadron Collider (LHC) at CERN delivers data from proton-proton colli-
sions at an unprecedented center of mass energy and allows for a first look into a new
energy regime. Precise predictions of the processes at the LHC are essential to do
precise tests of the Standard Model and to search for new physics phenomena in this
energy regime. A key role for the predictions of these processes plays the knowledge
of the parton distribution functions (PDFs) of the proton.

In this thesis two analyses have been presented using data recorded by the ATLAS
experiment. In the first analysis, data recorded at a center of mass energy of proton-
proton collisions at 13 TeV has been used to search for a so-called W ′ boson, a
new heavy charged gauge boson. Final states with a charged lepton (�± = e±,μ±)
and the corresponding (anti-)neutrino have been studied. In the second analysis a
double-differential cross section measurement of the process pp → Z/γ∗ + X →
�+�− + X (� = e,μ) at

√
s = 8 TeV has been performed in the invariant mass range

of 116–1500GeV.
The search for a new heavy charged gauge boson at

√
s = 13 TeV has been carried

out using data with an integrated luminosity of 3.2 fb−1. These new bosons appear
in theories beyond the Standard Model which extend the Standard Model gauge
group. The transverse mass spectrum has been measured, in which such a W ′ boson
would be apparent as an excess. Transverse masses up to about 2 TeV have been
observed. The expected amount of background from Standard Model processes has
been estimated using Monte Carlo simulations and methods based on data. It has
been compared to data and possible deviations have been quantified in terms of local
and global significances using a likelihood ratio test. Local excesses around 1.4σ
and 1.8σ were observed in the electron and muon channel, respectively. Combining
both channels lead to an excess of 1.6σ for aW ′ with a mass of 2 TeV. However, the
observed global significance of these excesses is well below 1σ and thus the data are
compatible with the Standard Model only hypothesis. As a consequence, limits on
the mass of a Sequential StandardModelW ′, a gauge boson with the same couplings
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as the Standard Model W , have been set using a Bayesian approach. Masses below
4.07 TeV have been excluded with 95% confidence level. The obtained exclusion
limit is a substantial improvement of the previous limits by around 800 GeV. Using
data collected by the LHC at 13 TeV until the end of the year 2017 should, if no
excess is observed, improve this limit further to around 5.6 TeV. The complete data
set which is expected to be collected in the lifetime of the LHC would increase this
limit further to around 7 TeV. A 100 TeV collider, which is still in the conceptual
phase, would allow to probe W ′ masses up to about 35 TeV.

The measurement of the double-differential Drell–Yan cross section at
√
s =

8 TeV has been performed using data with an integrated luminosity of 20.3 fb−1. In
the search for aW ′, one of the largest uncertainties at high transverse mass was due to
the limited knowledge of the parton distribution functions (PDFs) at high Bjorken-
x . The cross section measurement is expected to probe exactly this region and to
constrain the uncertainties of the PDFs in that region. The measurement includes
also γγ initiated �+�−-pair production from photons inside the proton.

This process is an important contribution at high invariant masses and has so
far not been studied in detail. The measurement of the cross section for the decay
into an e+e−-pair has been performed in a first part. The expected amount of e+e−-
pairs produced by Standard Model processes has been estimated using Monte Carlo
simulations and methods based on data. The signal processes have afterwards been
unfolded to obtain the cross sections. Two different cross sections are provided, as
a function of invariant mass and absolute rapidity, and as a function of invariant
mass and absolute pseudorapidity separation. An uncertainty reduction of the mea-
surements was achieved by a combination with a measurement of the μ+μ− cross
sections.1 The combined cross section reaches a precision below 1% in the regions
of low invariant mass. At high invariant masses the measurement is limited by the
statistical uncertainty. A comparison to theory calculations showed that this level of
accuracy is higher than the accuracy on the theory predictions. The measurement
will hence be an important input for the extraction of parton density functions. A
first study using a χ2 minimization showed an uncertainty reduction especially for
the part describing the strange-quarks and the photons in the proton. The sensitivity
to the photon part has been further studied using a Bayesian reweighting technique
and it was found that the measurement can strongly reduce the uncertainty on this
part. The data collected at

√
s = 13 TeV is expected to have a significant higher

integrated luminosity and will thus be a valuable data set to perform similar mea-
surements. Since a measurement using this data would take place at a higher center
of mass energy, the x values covered by the range 116–1500GeVwould be smaller
by a factor of approximately two. Higher values of x could be reached by extending
the measurement to higher invariant masses.

1The measurement of the μ+μ− cross section is not part of this thesis.



Appendix A
W ′ Search: Signal Reweighting

In the following appendix, the reweightingmethodology for the flatW ′ signal sample
is briefly discussed. For the signal sample, the Breit-Wigner term has been removed
from the event generation. This leads to the production of a flat falling spectrum,
similar to the off-shell tail of the W process. In addition, the square of the matrix
element has been divided by a function of m�ν [1]

f (mlν) = exp

(−p1mlν√
s

) (
mlν√
s

)p2

(
√
s = 13000 GeV), (A.1)

where p1 and p2 are determined from a fit. This is done to avoid a fast drop in cross
section as a function of m�ν . The resulting samples which are approximately flat in
log(m�ν) can be reweighted to any pole mass mW ′ using the following formula [1]:

w =
⎧⎨
⎩
1012 × 102.77 exp

(−11.5mlν/
√
s
) × WBW mlν < 299 GeV,

1012 × exp
(−16.1mlν/

√
s
) × (mlν/

√
s)1.2 × WBW mlν ≥ 299 GeV,mlν < 3003 GeV,

1016 × 1.8675 exp
(−31.7mlν/

√
s
) × (mlν/

√
s)4.6 × WBW mlν ≥ 3003 GeV,

where mlν is the lepton-neutrino invariant mass in GeV. Three arbitrary fit regions
were chosen which describe the spectra. The quantities WBW and � are determined
as:

WBW = 1
(m2

lν−m2
W ′ )2+m2

W ′�2

mW ′ < mt + mb : � = 10.14861 × 10−2mW ′

mW ′ > mt + mb : � = 3.382870 × 10−2mW ′
(
3 +

(
1 + 1

2

(
mt
mW ′

)2) 1
4

(
1 −

(
mt
mW ′

)2)2
)

,

where mW ′ is the required pole mass in GeV and mt = 172.5 GeV is the mass of the
top quark. The mass of the top quark is needed as the decay W ′ → tb is allowed for
masses mW ′ > mt + mb.
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Appendix B
W ′ Search: Detailed Information About MC
Samples

The following appendix provides detailed tables with information about the Monte
Carlo samples used in the W ′ search. The Monte Carlo samples are described in
detail in Sect. 9.1. Table B.1 list information about theW ′ signal samples. TablesB.2,
B.3, and B.4 list informations about the samples of the leading W background. The
background samples from the Z/γ ∗ process are listed in TablesB.5, B.6, and B.7.
Finally, information about the samples for backgrounds arising from top-quark and
diboson processes is listed in TableB.8.

Table B.1 Monte Carlo W ′ signal samples used for this analysis. For each dataset, the following
is listed: the ATLAS Monte Carlo run number, the physics process (including the pole mass in
TeV when appropriate), the number of generated events, the cross section times branching ratio,
K -factor (K (m) denotes a mass dependent K -factor is used)

Dataset ID Process Nevt [k] Generator σ B
[nb]

K -factor

301533 W ′ → eν (Flat) 1000 0.024960 K (m)

301534 W ′ → μν (Flat) 1000 0.024944 K (m)

301242 W ′ → eν (2 TeV) 20 0.00011010 K (m)

301243 W ′ → eν (3 TeV) 20 0.000011358 K (m)

301244 W ′ → eν (4 TeV) 20 0.0000017915 K (m)

301245 W ′ → eν (5 TeV) 20 0.00000040860 K (m)

301246 W ′ → μν (2 TeV) 20 0.00010993 K (m)

301247 W ′ → μν (3 TeV) 20 0.000011380 K (m)

301248 W ′ → μν (4 TeV) 20 0.000001775 K (m)

301249 W ′ → μν (5 TeV) 20 0.00000040933 K (m)
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Table B.2 Monte Carlo samples for backgrounds that contribute to the electron channel. For each
dataset, the following is listed: the ATLASMonte Carlo run number, the physics process (including
the mass range in GeV when appropriate), the number of generated events, the cross section times
branching ratio times εfilt (the filter efficiency reported by the generator), K -factor (K (m) denotes
a mass dependent K -factor is used), and the equivalent integrated luminosity L int = Nevt/(σ B)

Dataset ID Process Nevt [k] Generator
σ Bεfilt [pb]

K -factor L int [fb−1]

Inclusive and mass binned W → eν

361100 W+ → eν 29979 11306.0 K (m) 2.65e+00

361103 W− → eν 39974 8282.6 K (m) 4.83e+00

301060 W+(120, 180) → eν 500 32.053 K (m) 1.56e+01

301061 W+(180, 250) → eν 250 5.0029 K (m) 5.00e+01

301062 W+(250, 400) → eν 140 1.7543 K (m) 7.98e+01

301063 W+(400, 600) → eν 100 0.31235 K (m) 3.20e+02

301064 W+(600, 800) → eν 50 0.060793 K (m) 8.22e+02

301065 W+(800, 1000) → eν 50 0.017668 K (m) 2.83e+03

301066 W+(1000, 1250) → eν 50 0.0072895 K (m) 6.86e+03

301067 W+(1250, 1500) → eν 50 0.0025071 K (m) 1.99e+04

301068 W+(1500, 1750) → eν 50 0.00098628 K (m) 5.07e+04

301069 W+(1750, 2000) → eν 40 0.0004245 K (m) 9.42e+04

301070 W+(2000, 2250) → eν 50 0.00019463 K (m) 2.57e+05

301071 W+(2250, 2500) → eν 50 9.3349e-05 K (m) 5.36e+05

301072 W+(2500, 2750) → eν 50 4.6259e-05 K (m) 1.08e+06

301073 W+(2750, 3000) → eν 50 2.3476e-05 K (m) 2.13e+06

301074 W+(3000, 3500) → eν 50 1.845e-05 K (m) 2.71e+06

301075 W+(3500, 4000) → eν 50 5.0968e-06 K (m) 9.81e+06

301076 W+(4000, 4500) → eν 50 1.4307e-06 K (m) 3.49e+07

301077 W+(4500, 5000) → eν 50 4.0127e-07 K (m) 1.25e+08

301078 W+(> 5000) → eν 50 1.5346e-07 K (m) 3.26e+08

301080 W−(120, 180) → eν 500 22.198 K (m) 2.25e+01

301081 W−(180, 250) → eν 250 3.2852 K (m) 7.61e+01

301082 W−(250, 400) → eν 150 1.0832 K (m) 1.38e+02

301083 W−(400, 600) → eν 100 0.17541 K (m) 5.70e+02

301084 W−(600, 800) → eν 50 0.03098 K (m) 1.61e+03

301085 W−(800, 1000) → eν 50 0.0082865 K (m) 6.03e+03

301086 W−(1000, 1250) → eν 50 0.0031594 K (m) 1.58e+04

301087 W−(1250, 1500) → eν 50 0.0010029 K (m) 4.99e+04

301088 W−(1500, 1750) → eν 50 0.00036812 K (m) 1.36e+05

301089 W−(1750, 2000) → eν 50 0.00014945 K (m) 3.35e+05

301090 W−(2000, 2250) → eν 50 6.5311e-05 K (m) 7.66e+05

301091 W−(2250, 2500) → eν 50 3.0167e-05 K (m) 1.66e+06

301092 W−(2500, 2750) → eν 50 1.4549e-05 K (m) 3.44e+06

(continued)
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Table B.2 (continued)

Dataset ID Process Nevt [k] Generator
σ Bεfilt [pb]

K -factor L int [fb−1]

Inclusive and mass binned W → eν

301093 W−(2750, 3000) → eν 50 7.2592e-06 K (m) 6.89e+06

301094 W−(3000, 3500) → eν 50 5.6692e-06 K (m) 8.82e+06

301095 W−(3500, 4000) → eν 50 1.5975e-06 K (m) 3.13e+07

301096 W−(4000, 4500) → eν 50 4.721e-07 K (m) 1.06e+08

301097 W−(4500, 5000) → eν 50 1.4279e-07 K (m) 3.50e+08

301098 W−(> 5000) → eν 50 6.1624e-08 K (m) 8.11e+08

Table B.3 Monte Carlo samples for backgrounds that contribute to the muon channel. For each
dataset, the following is listed: the ATLASMonte Carlo run number, the physics process (including
the mass range in GeV when appropriate), the number of generated events, the cross section times
branching ratio, K -factor (K (m) denotes a mass dependent K -factor is used), and the equivalent
integrated luminosity L int = Nevt/(σ B)

Dataset ID Process Nevt [k] Generator
σ B [pb]

K -factor L int [fb−1]

Inclusive and mass binned W → μν

361101 W+ → μν 29972 11306.0 K (m) 2.65e+00

361104 W− → μν 19984 8282.6 K (m) 2.41e+00

301100 W+(120, 180) → μν 500 32.053 K (m) 1.56e+01

301101 W+(180, 250) → μν 250 5.0029 K (m) 5.00e+01

301102 W+(250, 400) → μν 150 1.7543 K (m) 8.55e+01

301103 W+(400, 600) → μν 100 0.31235 K (m) 3.20e+02

301104 W+(600, 800) → μν 50 0.060793 K (m) 8.22e+02

301105 W+(800, 1000) → μν 50 0.017668 K (m) 2.83e+03

301106 W+(1000, 1250) → μν 50 0.0072895 K (m) 6.86e+03

301107 W+(1250, 1500) → μν 50 0.0025071 K (m) 1.99e+04

301108 W+(1500, 1750) → μν 50 0.00098628 K (m) 5.07e+04

301109 W+(1750, 2000) → μν 50 0.00042457 K (m) 1.18e+05

301110 W+(2000, 2250) → μν 50 0.00019463 K (m) 2.57e+05

301111 W+(2250, 2500) → μν 50 9.3349e-05 K (m) 5.36e+05

301112 W+(2500, 2750) → μν 50 4.6259e-05 K (m) 1.08e+06

301113 W+(2750, 3000) → μν 50 2.3476e-05 K (m) 2.13e+06

301114 W+(3000, 3500) → μν 50 1.845e-05 K (m) 2.71e+06

301115 W+(3500, 4000) → μν 50 5.0968e-06 K (m) 9.81e+06

301116 W+(4000, 4500) → μν 50 1.4307e-06 K (m) 3.49e+07

301117 W+(4500, 5000) → μν 50 4.0127e-07 K (m) 1.25e+08

301118 W+(> 5000) → μν 50 1.5346e-07 K (m) 3.26e+08

301120 W−(120, 180) → μν 500 22.198 K (m) 2.25e+01

(continued)
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Table B.3 (continued)

Dataset ID Process Nevt [k] Generator
σ B [pb]

K -factor L int [fb−1]

Inclusive and mass binned W → μν

301121 W−(180, 250) → μν 250 3.2853 K (m) 7.61e+01

301122 W−(250, 400) → μν 150 1.0832 K (m) 1.38e+02

301123 W−(400, 600) → μν 100 0.17541 K (m) 5.70e+02

301124 W−(600, 800) → μν 50 0.03098 K (m) 1.61e+03

301125 W−(800, 1000) → μν 50 0.0082865 K (m) 6.03e+03

301126 W−(1000, 1250) → μν 50 0.0031594 K (m) 1.58e+04

301127 W−(1250, 1500) → μν 50 0.0010029 K (m) 4.99e+04

301128 W−(1500, 1750) → μν 50 0.00036812 K (m) 1.36e+05

301129 W−(1750, 2000) → μν 50 0.00014945 K (m) 3.35e+05

301130 W−(2000, 2250) → μν 50 6.5311e-05 K (m) 7.66e+05

301131 W−(2250, 2500) → μν 50 3.0167e-05 K (m) 1.66e+06

301132 W−(2500, 2750) → μν 50 1.4549e-05 K (m) 3.44e+06

301133 W−(2750, 3000) → μν 50 7.2592e-06 K (m) 6.89e+06

301134 W−(3000, 3500) → μν 50 5.6692e-06 K (m) 8.82e+06

301135 W−(3500, 4000) → μν 50 1.5975e-06 K (m) 3.13e+07

301136 W−(4000, 4500) → μν 50 4.721e-07 K (m) 1.06e+08

301137 W−(4500, 5000) → μν 50 1.4279e-07 K (m) 3.50e+08

301138 W−(> 5000) → μν 50 6.1624e-08 K (m) 8.11e+08
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Table B.4 Monte Carlo samples for backgrounds that contribute to both, the electron and muon
channels. For each dataset, the following is listed: the ATLASMonte Carlo run number, the physics
process (including the mass range in GeV when appropriate), the number of generated events, the
cross section times branching ratio, K -factor (K (m) denotes a mass dependent K -factor is used),
and the equivalent integrated luminosity L int = Nevt/(σ B)

Dataset ID Process Nevt [k] Generator
σ B [pb]

K -factor L int [fb−1]

Inclusive and mass binned W → τν

361102 W+ → τν 29980 11306.0 K (m) 2.65e+00

361105 W− → τν 19961 8282.6 K (m) 2.41e+00

301140 W+(120, 180) → τν 500 32.053 K (m) 1.56e+01

301141 W+(180, 250) → τν 250 5.0029 K (m) 5.00e+01

301142 W+(250, 400) → τν 150 1.7543 K (m) 8.55e+01

301143 W+(400, 600) → τν 100 0.31235 K (m) 3.20e+02

301144 W+(600, 800) → τν 50 0.060793 K (m) 8.22e+02

301145 W+(800, 1000) → τν 50 0.017668 K (m) 2.83e+03

301146 W+(1000, 1250) → τν 50 0.0072895 K (m) 6.86e+03

301147 W+(1250, 1500) → τν 50 0.0025071 K (m) 1.99e+04

301148 W+(1500, 1750) → τν 50 0.00098628 K (m) 5.07e+04

301149 W+(1750, 2000) → τν 50 0.00042457 K (m) 1.18e+05

301150 W+(2000, 2250) → τν 50 0.00019463 K (m) 2.57e+05

301151 W+(2250, 2500) → τν 50 9.3349e-05 K (m) 5.36e+05

301152 W+(2500, 2750) → τν 50 4.6259e-05 K (m) 1.08e+06

301153 W+(2750, 3000) → τν 50 2.3476e-05 K (m) 2.13e+06

301154 W+(3000, 3500) → τν 50 1.845e-05 K (m) 2.71e+06

301155 W+(3500, 4000) → τν 50 5.0968e-06 K (m) 9.81e+06

301156 W+(4000, 4500) → τν 50 1.4307e-06 K (m) 3.49e+07

301157 W+(4500, 5000) → τν 50 4.0127e-07 K (m) 1.25e+08

(continued)
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Table B.4 (continued)

Dataset ID Process Nevt [k] Generator
σ B [pb]

K -factor L int [fb−1]

Inclusive and mass binned W → τν

301158 W+(> 5000) → τν 50 1.5346e-07 K (m) 3.26e+08

301160 W−(120, 180) → τν 500 22.198 K (m) 2.25e+01

301161 W−(180, 250) → τν 250 3.2852 K (m) 7.61e+01

301162 W−(250, 400) → τν 150 1.0832 K (m) 1.38e+02

301163 W−(400, 600) → τν 100 0.17541 K (m) 5.70e+02

301164 W−(600, 800) → τν 50 0.03098 K (m) 1.61e+03

301165 W−(800, 1000) → τν 50 0.0082865 K (m) 6.03e+03

301166 W−(1000, 1250) → τν 50 0.0031594 K (m) 1.58e+04

301167 W−(1250, 1500) → τν 50 0.0010029 K (m) 4.99e+04

301168 W−(1500, 1750) → τν 50 0.00036812 K (m) 1.36e+05

301169 W−(1750, 2000) → τν 50 0.00014945 K (m) 3.35e+05

301170 W−(2000, 2250) → τν 50 6.5311e-05 K (m) 7.66e+05

301171 W−(2250, 2500) → τν 50 3.0167e-05 K (m) 1.66e+06

301172 W−(2500, 2750) → τν 50 1.4549e-05 K (m) 3.44e+06

301173 W−(2750, 3000) → τν 50 7.2592e-06 K (m) 6.89e+06

301174 W−(3000, 3500) → τν 50 5.6692e-06 K (m) 8.82e+06

301175 W−(3500, 4000) → τν 50 1.5975e-06 K (m) 3.13e+07

301176 W−(4000, 4500) → τν 50 4.721e-07 K (m) 1.06e+08

301177 W−(4500, 5000) → τν 50 1.4279e-07 K (m) 3.50e+08

301178 W−(> 5000) → τν 50 6.1624e-08 K (m) 8.11e+08
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Table B.5 Monte Carlo samples for backgrounds that contribute to the electron channel. For each
dataset, the following is listed: the ATLASMonte Carlo run number, the physics process (including
the mass range in GeV when appropriate), the number of generated events, the cross section times
branching ratio, K -factor (K (m) denotes a mass dependent K -factor is used), and the equivalent
integrated luminosity L int = Nevt/(σ B)

Run Process Nevt [k] Generator
σ B [pb]

K -factor L int [fb−1]

Inclusive and mass binned Z → ee

361106 Z → ee 19993 1901.2 K (m) 1.05e+01

301000 Z(120, 180) → ee 500 17.478 K (m) 2.86e+01

301001 Z(180, 250) → ee 250 2.9212 K (m) 8.56e+01

301002 Z(250, 400) → ee 150 1.082 K (m) 1.39e+02

301003 Z(400, 600) → ee 100 0.1955 K (m) 5.12e+02

301004 Z(600, 800) → ee 145 0.037401 K (m) 3.88e+03

301005 Z(800, 1000) → ee 50 0.010607 K (m) 4.71e+03

301006 Z(1000, 1250) → ee 50 0.0042582 K (m) 1.17e+04

301007 Z(1250, 1500) → ee 50 0.0014219 K (m) 3.52e+04

301008 Z(1500, 1750) → ee 50 0.00054521 K (m) 9.17e+04

301009 Z(1750, 2000) → ee 50 0.00022991 K (m) 2.17e+05

301010 Z(2000, 2250) → ee 50 0.00010387 K (m) 4.81e+05

301011 Z(2250, 2500) → ee 50 4.94e-05 K (m) 1.01e+06

301012 Z(2500, 2750) → ee 50 2.4452e-05 K (m) 2.04e+06

301013 Z(2750, 3000) → ee 50 1.2487e-05 K (m) 4.00e+06

301014 Z(3000, 3500) → ee 10 1.0025e-05 K (m) 9.98e+05

301014 Z(3000, 3500) → ee 50 1.0029e-05 K (m) 4.99e+06

301015 Z(3500, 4000) → ee 50 2.9342e-06 K (m) 1.70e+07

301016 Z(4000, 4500) → ee 50 8.9764e-07 K (m) 5.57e+07

301017 Z(4500, 5000) → ee 50 2.8071e-07 K (m) 1.78e+08

301018 Z(> 5000) → ee 50 1.2649e-07 K (m) 3.95e+08
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Table B.6 Monte Carlo samples for backgrounds that contribute to the muon channel. For each
dataset, the following is listed: the ATLASMonte Carlo run number, the physics process (including
the mass range in GeV when appropriate), the number of generated events, the cross section times
branching ratio, K -factor (K (m) denotes a mass dependent K -factor is used), and the equivalent
integrated luminosity L int = Nevt/(σ B)

Run Process Nevt [k] Generator
σ B [pb]

K -factor L int [fb−1]

Inclusive and mass binned Z → μμ

361107 Z → μμ 19981 1901.2 K (m) 1.05e+01

301020 Z(120, 180) → μμ 500 17.478 K (m) 2.86e+01

301021 Z(180, 250) → μμ 250 2.9212 K (m) 8.56e+01

301022 Z(250, 400) → μμ 150 1.082 K (m) 1.39e+02

301023 Z(400, 600) → μμ 100 0.1955 K (m) 5.12e+02

301024 Z(600, 800) → μμ 50 0.037399 K (m) 1.34e+03

301025 Z(800, 1000) → μμ 50 0.010607 K (m) 4.71e+03

301026 Z(1000, 1250) → μμ 50 0.0042582 K (m) 1.17e+04

301027 Z(1250, 1500) → μμ 50 0.0014219 K (m) 3.52e+04

301028 Z(1500, 1750) → μμ 50 0.00054521 K (m) 9.17e+04

301029 Z(1750, 2000) → μμ 50 0.00022991 K (m) 2.17e+05

301030 Z(2000, 2250) → μμ 50 0.00010387 K (m) 4.81e+05

301031 Z(2250, 2500) → μμ 50 4.94e-05 K (m) 1.01e+06

301032 Z(2500, 2750) → μμ 50 2.4452e-05 K (m) 2.04e+06

301033 Z(2750, 3000) → μμ 50 1.2487e-05 K (m) 4.00e+06

301034 Z(3000, 3500) → μμ 50 1.0029e-05 K (m) 4.99e+06

301035 Z(3500, 4000) → μμ 50 2.9342e-06 K (m) 1.70e+07

301036 Z(4000, 4500) → μμ 50 8.9764e-07 K (m) 5.57e+07

301037 Z(4500, 5000) → μμ 50 2.8071e-07 K (m) 1.78e+08

301038 Z(> 5000) → μμ 50 1.2649e-07 K (m) 3.95e+08
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Table B.7 Monte Carlo samples for backgrounds that contribute to both, the electron and muon
channels. For each dataset, the following is listed: the ATLASMonte Carlo run number, the physics
process (including the mass range in GeV when appropriate), the number of generated events, the
cross section times branching ratio times εfilt (the filter efficiency reported by the generator), K -
factor (K (m) denotes a mass dependent K -factor is used), and the equivalent integrated luminosity
L int = Nevt/(σ B)

Run Process Nevt [k] Generator
σ Bεfilt [pb]

K -factor L int [fb−1]

Inclusive and mass binned Z → ττ

361108 Z → ττ 19742 1901.2 K (m) 1.04e+01

301040 Z(120, 180) → ττ 150 17.48 K (m) 8.58e+00

301041 Z(180, 250) → ττ 150 2.9209 K (m) 5.14e+01

301042 Z(250, 400) → ττ 150 1.082 K (m) 1.39e+02

301043 Z(400, 600) → ττ 150 0.1955 K (m) 7.67e+02

301044 Z(600, 800) → ττ 150 0.037401 K (m) 4.01e+03

301045 Z(800, 1000) → ττ 150 0.010607 K (m) 1.41e+04

301046 Z(1000, 1250) → ττ 150 0.0042584 K (m) 3.52e+04

301047 Z(1250, 1500) → ττ 150 0.001422 K (m) 1.05e+05

301048 Z(1500, 1750) → ττ 50 0.00054521 K (m) 9.17e+04

301049 Z(1750, 2000) → ττ 50 0.00022991 K (m) 2.17e+05

301050 Z(2000, 2250) → ττ 50 0.00010387 K (m) 4.81e+05

301051 Z(2250, 2500) → ττ 50 4.94e-05 K (m) 1.01e+06

301052 Z(2500, 2750) → ττ 50 2.4452e-05 K (m) 2.04e+06

301053 Z(2750, 3000) → ττ 50 1.2487e-05 K (m) 4.00e+06

301054 Z(3000, 3500) → ττ 50 1.0029e-05 K (m) 4.99e+06

301055 Z(3500, 4000) → ττ 50 2.9342e-06 K (m) 1.70e+07

301056 Z(4000, 4500) → ττ 50 8.9764e-07 K (m) 5.57e+07

301057 Z(4500, 5000) → ττ 50 2.8071e-07 K (m) 1.78e+08

301058 Z(> 5000) → ττ 50 1.2649e-07 K (m) 3.95e+08
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Table B.8 Monte Carlo samples for backgrounds that contribute to both, the electron and muon
channels. For each dataset, the following is listed: the ATLASMonte Carlo run number, the physics
process (including the mass range in GeV when appropriate), the number of generated events, the
cross section times branching ratio times εfilt (the filter efficiency reported by the generator), K -
factor (K (m) denotes a mass dependent K -factor is used), and the equivalent integrated luminosity
L int = Nevt/(σ B)

Run Process Nevt [k] Generator
σ B × εfilt [pb]

K -factor L int [fb−1]

Diboson

361063 Z Z → ���� 17993 12.849×1.0 K (m) 1.40e+03

361064 WZ → ���ν

(SFMinus)
450 1.8442×1.0 K (m) 2.44e+02

361065 WZ → ���ν

(OFMinus)
900 3.6254×1.0 K (m) 2.48e+02

361066 WZ → ���ν

(SFPlus)
600 2.5618×1.0 K (m) 2.34e+02

361067 WZ → ���ν

(OFPlus)
1200 5.0248×1.0 K (m) 2.39e+02

361068 VV → ��νν 5942 14.0×1.0 K (m) 4.24e+02

361088 WZ → �ννν 2000 3.4001×1.0 K (m) 5.88e+02

361091 W+W− → �νqq 2000 24.885×1.0 K (m) 8.04e+01

361092 W+W− → qq�ν 2000 24.857×1.0 K (m) 8.05e+01

361093 WZ → �νqq 2000 11.494×1.0 K (m) 1.74e+02

361094 WZ → qq�� 500 3.4234×1.0 K (m) 1.46e+02

361096 Z Z → qq�� 500 16.445×0.143 K (m) 3.04e+01

361097 Z Z → qqνν 500 16.432×0.282 K (m) 3.04e+01

Top

410000 t t̄ → �X 49974 696.11×0.543 1.195 7.18e+01

410011 t-channel t → �X 5000 43.739×1.0 1.0 1.14e+02

410012 t-channel t̄ → �X 5000 25.778×1.0 1.0 1.94e+02

410013 s-channel Wt 5000 34.009×1.0 1.0 1.47e+02

410014 s-channel Wt̄ 5000 33.989×1.0 1.0 1.47e+02



Appendix C
W ′ Search: Cut Efficiencies

The following appendix provides detailed tables with information about the cut effi-
ciencies for signals and backgrounds in theW ′ search. The cuts are described in detail
in Sect. 9.2. Tables C.1 and C.2 show the cut efficiencies for the backgrounds which
are determined from Monte Carlo simulation for the electron and muon selection,
respectively. Each line shows the efficiency relative to the previous line. The effi-
ciencies forW ′ bosons with masses of 2, 3, 4, and 5 TeV are shown in Tables C.3 and
C.4 for the electron and muon selection, respectively. The numbers are not including
efficiency corrections accounting for the differences observed between data and sim-
ulation for the lepton trigger, reconstruction, identification, and isolation efficiencies
as these are only defined for the final selection and not for the intermediate selection
steps.

Figure C.1 shows the trigger, identification, and isolation efficiencies for the elec-
tron and muon channel as a function of η, φ, and pT of the lepton. The left hand side
shows the efficiencies in the electron channel and the right hand side the efficiencies
of themuon channel. The efficiencieswere determined using the flatW ′ MCsamples.
The studied lepton candidate is required to match the generated lepton by requiring
�R < 0.2. The isolation efficiency is shown with respect to all previous selection
steps, including the trigger and identification (high-pT selection for muons and tight
likelihood identification for electrons). It is for both channels around 98% at lower
pT values and rising to above 99% for higher pT values. No dependency on η or
φ is observed. The identification efficiency is defined with respect to the previous
selection steps, i.e. the denominator includes all events which pass the selection up
to the identification criteria and the numerator all events which pass the identifica-
tion criteria. The likelihood tight identification efficiency in the electron channel is
rising in pT from around 93% to 96% at around 200 GeV. It is afterwards slightly
dropping again to about 86% at a pT of 3 TeV. The identification efficiency is lowest
in the very central region and around the transition region from the barrel electro-
magnetic calorimeter to the endcap electromagnetic calorimeter. No dependency in
φ is observed. The efficiency of the muon high-pT selection is with about 87% high-
est at lower pT value and slowly decreasing to about 80% at a pT of 3 TeV. The

© Springer Nature Switzerland AG 2018
M. Zinser, Search for New Heavy Charged Bosons and Measurement of High-Mass
Drell-Yan Production in Proton-Proton Collisions, Springer Theses,
https://doi.org/10.1007/978-3-030-00650-1

277



278 Appendix C: W ′ Search: Cut Efficiencies

Table C.1 Cut efficiencies for all backgrounds in the electron channel. The efficiencies are with
respect to the previous line in the table. All samples were preselected with the requirement of at least
one electron or muon. The efficiency numbers shown are without accounting for the differences
observed between data and simulation for the lepton trigger, reconstruction, identification, and
isolation efficiencies

Selection step W [%] Z [%] Top-quark [%] Diboson [%]

Total/GRL - - - -

Event cleaning 100.0 100.0 100.0 100.0

Trigger 41.6 43.8 48.0 48.2

|η| < 1.37 or 1.52 < |η| <

2.47
98.6 99.6 99.9 99.5

Electron cleaning 99.9 100.0 100.0 100.0

pT > 55 GeV 65.8 61.2 82.1 77.9

d0 significance 99.6 99.5 98.9 99.5

Likelihood identification 94.8 93.6 92.3 93.3

Isolation 98.8 98.8 97.6 98.1

Additional electron veto 100.0 40.6 94.3 84.1

Additional muon veto 100.0 99.9 91.4 92.0

Emiss
T > 55 GeV 16.7 3.7 47.1 34.1

mT > 110 GeV 49.9 37.2 30.7 49.1

Total efficiency 2.0 0.1 4.9 4.2

Table C.2 Cut efficiencies for all backgrounds in the muon channel. The efficiencies are with
respect to the previous line in the table. All samples were preselected with the requirement of at least
one electron or muon. The efficiency numbers shown are without accounting for the differences
observed between data and simulation for the lepton trigger, reconstruction, identification, and
isolation efficiencies

Selection step W [%] Z [%] Top-quark [%] Diboson [%]

Event cleaning 100.0 100.0 100.0 100.0

Trigger 39.1 40.2 43.1 41.5

pT > 55 GeV 68.2 64.7 85.2 81.9

High-pT
Selection

87.2 87.4 86.5 87.2

d0 significance 99.3 99.4 97.5 99.1

|z0| sin(θ) 99.8 99.9 100.0 99.9

Isolation 99.1 99.1 96.9 98.1

Additional muon
veto

100.0 30.0 93.0 81.6

Additional
electron veto

100.0 99.8 92.5 92.7

Emiss
T > 55 GeV 17.9 12.1 46.9 34.4

mT > 110 GeV 55.8 69.2 34.4 50.0

Total efficiency 2.0 0.5 4.2 3.3
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Table C.3 Cut efficiencies for SSM W ′ signal in the electron channel. The efficiencies are with
respect to the previous line in the table. Besides for the last line in the table, the efficiency numbers
shown are without accounting for the differences observed between data and simulation for the
lepton trigger, reconstruction, identification, and isolation efficiencies

Selection step SSM W’ (2
TeV) [%]

SSM W’ (3
TeV) [%]

SSM W’ (4
TeV) [%]

SSM W’ (5
TeV) [%]

Total/GRL - - - -

Event cleaning 100.0 100.0 100.0 100.0

Trigger 92.2 91.9 89.8 86.0

|η| < 1.37 or 1.52 < |η| <

2.47
99.3 99.2 99.1 99.1

Electron cleaning 99.9 99.9 99.9 100.0

pT > 55 GeV 96.6 96.1 95.0 93.6

d0 significance 99.8 99.9 99.9 99.8

Likelihood identification 95.1 94.2 93.4 93.8

Isolation 99.1 99.3 98.9 99.2

Additional electron veto 99.9 99.9 99.9 99.9

Additional muon veto 100.0 100.0 100.0 100.0

Emiss
T > 55 GeV 99.9 99.7 99.4 99.0

mT > 110 GeV 99.9 99.9 99.8 99.8

Total efficiency 82.4 79.4 74.8 70.6

Table C.4 Cut efficiencies for SSM W ′ signal in the muon channel. The efficiencies are with
respect to the previous line in the table. Besides for the last line in the table, the efficiency numbers
shown are without accounting for the differences observed between data and simulation for the
lepton trigger, reconstruction, identification, and isolation efficiencies

Selection step SSM W’ (2
TeV) [%]

SSM W’ (3
TeV) [%]

SSM W’ (4
TeV) [%]

SSM W’ (5
TeV) [%]

Total/GRL - - - -

Event cleaning 100.0 100.0 100.0 100.0

Trigger 75.3 74.0 72.4 69.0

pT > 55 GeV 99.6 99.4 98.9 98.3

High-pT Selection 83.8 82.7 83.1 83.3

d0 significance 99.8 99.8 99.8 99.8

|z0| sin(θ) 99.3 99.5 99.3 99.3

Isolation 99.5 99.6 99.5 99.4

Additional muon veto 100.0 100.0 100.0 100.0

Additional electron veto 99.9 99.9 99.9 99.9

Emiss
T > 55 GeV 99.8 99.6 99.5 98.9

mT > 110 GeV 99.9 99.9 99.9 99.7

Total efficiency 54.6 52.7 50.2 48.8



280 Appendix C: W ′ Search: Cut Efficiencies

η
3− 2− 1− 0 1 2 3

Ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

Trigger

Identification

Isolation

η
3− 2− 1− 0 1 2 3

Ef
fic

ie
nc

y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Trigger

Identification

Isolation

φ
3− 2− 1− 0 1 2 3

Ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

Trigger

Identification

Isolation

φ
3− 2− 1− 0 1 2 3

Ef
fic

ie
nc

y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Trigger

Identification

Isolation

 [GeV]Tp
60 100 200 300 1000 2000

Ef
fic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1

Trigger

Identification

Isolation

 [GeV]Tp
30 40 100 200 1000 2000

Ef
fic

ie
nc

y

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

Trigger

Identification

Isolation

Fig. C.1 Trigger, identification, and isolation efficiencies for the electron and muon channel as
a function of η (top), φ (middle), and pT (bottom). The left hand side shows the efficiencies in
the electron channel and the right hand side the efficiencies of the muon channel. See text for a
definition of the efficiency numerator and denominator

identification efficiency is slightly lower in the central region (|η| < 1.05) due to
the barrel toroid. The lowest efficiency is in the region 1.01 < |η| < 1.3 due to the
veto of the transition region and not well aligned muon chambers. In φ an efficiency
modulation can be observed due to the barrel toroid coils. The two larger dips in
the region −2.0 < |η| < −1.0 correspond to an inefficiency due to the structure on
which the ATLAS detector is placed. The trigger efficiency is defined in different
ways for the two channels. In the electron channel it is, due to the applied identifi-
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cation criteria, defined with respect to the final selection (number of events passing
the full selection divided by number of events passing the full selection without a
trigger requirement). In the muon channel the efficiency is defined with respect to all
candidates (number of events that pass the trigger divided by all events). The trigger
efficiency in the electron channel is around 99% in the central region, dropping to
about 94% at larger values of |η|. No dependence on φ is observed. The efficiency
is slightly rising with pT from 95% to above 99%. A small discontinuity can be
observed at pT ≈ 120 GeV, where an additional trigger starts to contribute. In the
muon channel, the efficiency is much lower. It is around 70% in the barrel region
and slightly higher in the endcap region. The same structure as for the identification
efficiency can be observed in φ. The trigger efficiency shows a sharp turn-on at the
trigger threshold of pT = 50 GeV, staying afterwards flat at around 76%.



Appendix D
W ′ Search: Top-Quark Background Control
Region

A top-quark background control region has been defined in order to check for model-
ing problems of the top-quark background. The top-quark and diboson backgrounds
are enriched by inverting in the electron channel selection the additional muon veto.
Instead of rejecting events which have an additional muon, an additional muon is
required to be present in the event. This suppresses to a very high extend theW back-
ground. The dominant contribution in this control region is coming from dileptonic
t t̄ background, followed by dileptonic diboson backgrounds. Dileptonic t t̄ is not the
dominant source of the top-quark background in the signal region, but mismodeling
of any relevant kinematics should be seen for both, semileptonic t t̄ and dileptonic
t t̄ . Figure D.1 shows the electron η, φ, pT Emiss

T and mT distribution for this selec-
tion without any Emiss

T or mT cut applied. Figure D.2 shows the same distributions
with these cuts applied. No multijet background has been estimated for this control
region. The background is assumed to be negligibly small, as the probability to fake
an electron and a muon simultaneously is very small. All electron kinematics are
well described by the MC and show no indication for any mismodeling. Therefore
no additional uncertainty arises from the modeling of the top-quark background.
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Fig. D.1 Electron η, φ, pT, Emiss
T and missing ET distributions in the t t̄ control region. No Emiss
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or mT requirements are applied
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Fig. D.2 Electron η, φ, pT, Emiss
T and missing ET distributions in the t t̄ control region



Appendix E
W ′ Search: High- pT Control Region

The electron pT distribution in Fig. 9.33 shows a deficit of data in the region
pT > 400 GeV. In this region also the contribution of the multijet background
becomes large. The region pT > 400 GeV has therefore been further studied to
exclude a mismodeling of the multijet background. Figure E.1 shows the η, φ, Emiss

T ,
mT, |�φe,Emiss

T
| and pT/Emiss

T distributions for the region pT > 400 GeV. The η and φ

distributions look as expected. The shape of the data looks similar to the distributions
in the full signal selection. The multijet background contributes to about 50% to the
total background. In η or φ no localized deficits are visible, although some bins are
clearly below data. The Emiss

T distribution shows a maximum at low Emiss
T values and

around 400 GeV. The two maxima correspond to boosted W bosons (peak at low
Emiss
T ) and W bosons with a low boost (peak at 400 GeV). The multijet background

is dominantly distributed at low Emiss
T values. This behavior is expected, as the back-

ground originates from high-pT jets which fake Emiss
T . The Emiss

T is therefore most
likely closer to the cut value in the analysis. ThemT distribution shows three distinct
peaks. The first peak at mT values below 200 GeV corresponds to W bosons and
multijet background events in which the Emiss

T is pointing in the same direction as the
electron. The resulting transverse mass is therefore small. The second peak around
400 GeV corresponds to events with a back-to-back topology in which the Emiss

T is
still small and therefore the mT is dominated by pT. The third peak around 900 GeV
corresponds to the off-shellW bosons which are produced with similar pT and Emiss

T
values. The expected background and data are in reasonable agreement. Single bins
show a deficit, but these are not in regions in which the multijet background domi-
nates. The distributions show therefore no sign of a background mismodeling. The
|�φe,Emiss

T
| and pT/Emiss

T distributions support the above observations. The pT/Emiss
T

distribution shows a good separation between the boostedW bosons and the multijet
background. Also here no evidence for any mismodeling of the multijet background
is observed. One of the largest deficits is observed in the second bin of the distribution
in which the W background dominates. The third bin shows again good agreement.
The observed deficit is therefore expected to come from a statistical fluctuation.
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Appendix F
W ′ Search: Cross Section Limits

The following appendix contains detailed tables with the 95%CL cross section limits
calculated with the procedure described in Sect. 10.4. Tables F.1, F.2, and F.3 contain
the cross section limits for the electron, muon, and combined channel, respectively.
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Table F.1 Observed and expected electron channel 95% CL limits on the cross section of a W ′

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

0.15 2.1 1.7 2.15 0.0028 0.0034 4.15 0.0024 0.0026

0.2 0.57 0.53 2.2 0.0027 0.0032 4.2 0.0025 0.0026

0.25 0.31 0.35 2.25 0.0027 0.0032 4.25 0.0025 0.0026

0.3 0.24 0.15 2.3 0.0026 0.0031 4.3 0.0025 0.0027

0.35 0.12 0.084 2.35 0.0026 0.003 4.35 0.0026 0.0028

0.4 0.079 0.086 2.4 0.0025 0.0029 4.4 0.0027 0.0028

0.45 0.059 0.062 2.45 0.0024 0.0028 4.45 0.0028 0.0029

0.5 0.046 0.056 2.5 0.0023 0.0027 4.5 0.0028 0.0029

0.55 0.037 0.054 2.55 0.0023 0.0027 4.55 0.0029 0.003

0.6 0.031 0.05 2.6 0.0023 0.0027 4.6 0.0029 0.0031

0.65 0.025 0.039 2.65 0.0023 0.0026 4.65 0.003 0.0031

0.7 0.022 0.029 2.7 0.0022 0.0025 4.7 0.0031 0.0032

0.75 0.019 0.019 2.75 0.0022 0.0025 4.75 0.0032 0.0033

0.8 0.017 0.014 2.8 0.0022 0.0025 4.8 0.0033 0.0034

0.85 0.016 0.013 2.85 0.0022 0.0024 4.85 0.0034 0.0035

0.9 0.013 0.0089 2.9 0.0021 0.0024 4.9 0.0034 0.0035

0.95 0.012 0.0062 2.95 0.0021 0.0023 4.95 0.0035 0.0037

1.0 0.01 0.0055 3.0 0.0021 0.0023 5.0 0.0036 0.0037

1.05 0.0094 0.0055 3.05 0.0021 0.0023 5.05 0.0037 0.0038

1.1 0.0086 0.0049 3.1 0.0021 0.0023 5.1 0.0039 0.0039

1.15 0.0079 0.0044 3.15 0.0021 0.0022 5.15 0.004 0.004

1.2 0.0074 0.0039 3.2 0.0021 0.0023 5.2 0.0042 0.0041

1.25 0.0066 0.0036 3.25 0.002 0.0023 5.25 0.0042 0.0043

1.3 0.006 0.0033 3.3 0.0021 0.0023 5.3 0.0044 0.0044

1.35 0.0059 0.0031 3.35 0.0021 0.0023 5.35 0.0046 0.0046

1.4 0.0055 0.0035 3.4 0.0021 0.0023 5.4 0.0048 0.0047

1.45 0.0049 0.004 3.45 0.0021 0.0023 5.45 0.0048 0.0048

1.5 0.0047 0.0043 3.5 0.0021 0.0023 5.5 0.0051 0.005

1.55 0.0044 0.0042 3.55 0.0021 0.0023 5.55 0.0051 0.0052

1.6 0.0042 0.0039 3.6 0.0021 0.0022 5.6 0.0053 0.0053

1.65 0.0041 0.0036 3.65 0.0021 0.0023 5.65 0.0054 0.0054

1.7 0.004 0.0034 3.7 0.0021 0.0023 5.7 0.0056 0.0056

1.75 0.0038 0.0034 3.75 0.0022 0.0023 5.75 0.0058 0.0057

1.8 0.0036 0.0036 3.8 0.0022 0.0023 5.8 0.0061 0.0059

1.85 0.0035 0.0041 3.85 0.0022 0.0024 5.85 0.0063 0.006

1.9 0.0034 0.0042 3.9 0.0022 0.0024 5.9 0.0065 0.0062

1.95 0.0033 0.0041 3.95 0.0023 0.0024 5.95 0.0066 0.0064

2.0 0.0032 0.004 4.0 0.0023 0.0025 6.0 0.0066 0.0064

2.05 0.003 0.0038 4.05 0.0023 0.0025

2.1 0.0029 0.0036 4.1 0.0024 0.0025
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Table F.2 Observed and expected muon channel 95% CL limits on the cross section of a W ′

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

0.15 2.5 2.3 2.15 0.0045 0.0067 4.15 0.0042 0.0057

0.2 0.63 0.32 2.2 0.0046 0.0067 4.2 0.0042 0.0059

0.25 0.39 0.36 2.25 0.0044 0.0066 4.25 0.0043 0.006

0.3 0.23 0.24 2.3 0.0043 0.0063 4.3 0.0044 0.006

0.35 0.15 0.27 2.35 0.0043 0.0062 4.35 0.0044 0.0061

0.4 0.11 0.12 2.4 0.0042 0.0063 4.4 0.0045 0.0062

0.45 0.084 0.079 2.45 0.004 0.0061 4.45 0.0046 0.0065

0.5 0.068 0.057 2.5 0.004 0.0059 4.5 0.0048 0.0066

0.55 0.053 0.051 2.55 0.004 0.0059 4.55 0.005 0.0068

0.6 0.046 0.047 2.6 0.0039 0.0058 4.6 0.0051 0.007

0.65 0.039 0.038 2.65 0.0038 0.0057 4.65 0.0051 0.0072

0.7 0.034 0.034 2.7 0.0038 0.0056 4.7 0.0051 0.0073

0.75 0.03 0.033 2.75 0.0037 0.0055 4.75 0.0055 0.0075

0.8 0.026 0.03 2.8 0.0037 0.0055 4.8 0.0055 0.0076

0.85 0.023 0.024 2.85 0.0037 0.0054 4.85 0.0056 0.0078

0.9 0.02 0.019 2.9 0.0037 0.0054 4.9 0.0059 0.0082

0.95 0.018 0.014 2.95 0.0036 0.0054 4.95 0.0061 0.0083

1.0 0.017 0.012 3.0 0.0037 0.0053 5.0 0.0062 0.0086

1.05 0.015 0.011 3.05 0.0036 0.0053 5.05 0.0065 0.0088

1.1 0.014 0.0098 3.1 0.0036 0.0053 5.1 0.0067 0.0092

1.15 0.013 0.0099 3.15 0.0036 0.0052 5.15 0.0069 0.0093

1.2 0.012 0.0095 3.2 0.0035 0.0051 5.2 0.007 0.0096

1.25 0.011 0.0095 3.25 0.0035 0.005 5.25 0.0072 0.0098

1.3 0.01 0.0097 3.3 0.0035 0.0051 5.3 0.0073 0.01

1.35 0.0097 0.0098 3.35 0.0035 0.0051 5.35 0.0077 0.01

1.4 0.009 0.01 3.4 0.0036 0.0051 5.4 0.0077 0.011

1.45 0.0083 0.0097 3.45 0.0036 0.0051 5.45 0.0079 0.011

1.5 0.0078 0.0094 3.5 0.0035 0.0051 5.5 0.0085 0.011

1.55 0.0073 0.0094 3.55 0.0037 0.005 5.55 0.0088 0.012

1.6 0.0069 0.0095 3.6 0.0036 0.0051 5.6 0.0091 0.012

1.65 0.0067 0.0092 3.65 0.0036 0.0051 5.65 0.009 0.012

1.7 0.0064 0.009 3.7 0.0037 0.0051 5.7 0.0096 0.013

1.75 0.0062 0.0088 3.75 0.0037 0.0052 5.75 0.0096 0.013

1.8 0.0061 0.0085 3.8 0.0037 0.0052 5.8 0.0097 0.013

1.85 0.0058 0.0083 3.85 0.0038 0.0053 5.85 0.01 0.014

1.9 0.0055 0.0081 3.9 0.0038 0.0053 5.9 0.01 0.014

1.95 0.0053 0.0078 3.95 0.0039 0.0054 5.95 0.01 0.014

2.0 0.0052 0.0077 4.0 0.004 0.0055 6.0 0.011 0.015

2.05 0.0051 0.0072 4.05 0.0041 0.0056

2.1 0.0047 0.0069 4.1 0.004 0.0056
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Table F.3 Observed and expected combined channel 95% CL limits on the cross section of a W ′

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

mW ′
[TeV]

Exp.
[pb]

Obs.
[pb]

0.15 1.7 1.4 2.15 0.0021 0.0031 4.15 0.0017 0.002

0.2 0.43 0.26 2.2 0.002 0.003 4.2 0.0017 0.0021

0.25 0.25 0.26 2.25 0.002 0.0029 4.25 0.0017 0.0021

0.3 0.14 0.12 2.3 0.002 0.0028 4.3 0.0018 0.0021

0.35 0.093 0.11 2.35 0.0019 0.0027 4.35 0.0018 0.0022

0.4 0.065 0.07 2.4 0.0019 0.0026 4.4 0.0018 0.0022

0.45 0.049 0.048 2.45 0.0018 0.0025 4.45 0.0019 0.0023

0.5 0.037 0.04 2.5 0.0018 0.0025 4.5 0.0019 0.0023

0.55 0.031 0.04 2.55 0.0017 0.0024 4.55 0.002 0.0024

0.6 0.026 0.038 2.6 0.0017 0.0024 4.6 0.002 0.0025

0.65 0.021 0.029 2.65 0.0017 0.0023 4.65 0.0021 0.0025

0.7 0.018 0.022 2.7 0.0016 0.0022 4.7 0.0021 0.0026

0.75 0.016 0.016 2.75 0.0016 0.0022 4.75 0.0022 0.0026

0.8 0.014 0.013 2.8 0.0016 0.0022 4.8 0.0022 0.0027

0.85 0.012 0.011 2.85 0.0016 0.0021 4.85 0.0023 0.0027

0.9 0.011 0.0073 2.9 0.0015 0.0021 4.9 0.0024 0.0028

0.95 0.0095 0.0049 2.95 0.0015 0.0021 4.95 0.0024 0.0029

1.0 0.0086 0.0042 3.0 0.0015 0.002 5.0 0.0025 0.003

1.05 0.0079 0.0041 3.05 0.0015 0.002 5.05 0.0026 0.0031

1.1 0.007 0.0037 3.1 0.0015 0.002 5.1 0.0027 0.0032

1.15 0.0065 0.0033 3.15 0.0015 0.0019 5.15 0.0028 0.0033

1.2 0.006 0.0031 3.2 0.0014 0.0019 5.2 0.0029 0.0034

1.25 0.0056 0.003 3.25 0.0014 0.0019 5.25 0.0029 0.0035

1.3 0.005 0.0028 3.3 0.0014 0.0019 5.3 0.0031 0.0036

1.35 0.0047 0.0028 3.35 0.0015 0.0019 5.35 0.0032 0.0037

1.4 0.0044 0.0032 3.4 0.0015 0.0019 5.4 0.0033 0.0039

1.45 0.0041 0.0038 3.45 0.0014 0.0019 5.45 0.0035 0.004

1.5 0.0039 0.0039 3.5 0.0015 0.0019 5.5 0.0035 0.0041

1.55 0.0036 0.0039 3.55 0.0014 0.0019 5.55 0.0036 0.0042

1.6 0.0034 0.0038 3.6 0.0014 0.0019 5.6 0.0038 0.0043

1.65 0.0032 0.0035 3.65 0.0015 0.0019 5.65 0.0039 0.0045

1.7 0.0031 0.0034 3.7 0.0015 0.0019 5.7 0.004 0.0047

1.75 0.0029 0.0034 3.75 0.0015 0.0019 5.75 0.0042 0.0048

1.8 0.0029 0.0035 3.8 0.0015 0.0019 5.8 0.0043 0.005

1.85 0.0027 0.0038 3.85 0.0015 0.0019 5.85 0.0044 0.0052

1.9 0.0026 0.0039 3.9 0.0015 0.0019 5.9 0.0046 0.0053

1.95 0.0025 0.0038 3.95 0.0016 0.0019 5.95 0.0047 0.0054

2.0 0.0024 0.0037 4.0 0.0016 0.0019 6.0 0.0047 0.0056

2.05 0.0023 0.0034 4.05 0.0016 0.002

2.1 0.0021 0.0032 4.1 0.0016 0.002



Appendix G
High-Mass Drell-Yan: Quark Distributions

This appendix contains the fractional flavor contribution to the high-mass Drell-Yan
measurement as a function of absolute rapidity and the Bjorken-x distribution of the
quarks in different ranges of invariant mass and absolute rapidity. The distributions
were obtained from the Drell-Yan MC sample described in Sect. 14.1. Figures G.1
and G.2 show the fractional flavor contribution as a function of absolute rapidity in
different invariant mass ranges for the quarks and anti-quarks, respectively. Figure
G.3 shows the Bjorken-x distribution of the quarks and anti-quarks in three different
regions of invariant mass. Figures G.4 and G.5 show the same distributions for a
low and high absolute rapidity region in the first and last bin of the two dimensional
measurement, respectively.
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Fig. G.1 Fractional flavor contribution of the quarks as a function of |yee| in the different invariant
mass bins of the measurement
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Appendix H
High-Mass Drell-Yan: Detailed Information
About MC Samples

The following appendix provides detailed tables with information about the Monte
Carlo samples used in the high-mass Drell-Yan analysis. The Monte Carlo samples
are described in detail in Sect. 14.1. Tables H.1 and H.2 list information about the
nominal Drell-Yan Monte Carlo signal samples and the samples used for generator
uncertainty studies. Table H.3 lists informations about the signal samples simulating
the photon induced process. The background samples are listed in Tables H.4 and
H.5. Finally, information about the W samples, which are only used for studies in
Sect. 14.3, is listed in TableH.6.
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Table H.1 Drell-Yan Powheg-Pythia8 [1, 2] Monte Carlo samples used in the dielectron channel
of the analysis. The CT10 PDF set [3] is used and the AU2 tune [4]. The first column gives the mass
range in which the Drell-Yan process was simulated, the second the internal ATLAS run number.
For each sample the cross section times branching ratio with which the Powheg generator produced,
the efficiency εF with which the sample was filtered and the number of produced events are given.
In last column, the integrated luminosity LMC = Nevt/(εFσ Br) of each sample is given

Signature mee
[GeV]

MC run
number

σ Br [pb]
Powheg

εF
[%]

Nevt
[k]

LMC
[fb−1]

Z → ee 60- 129680 1.1099E+3 55.65 50000 81

Z → ee 60- 129685 1.1099E+3 31.47 10000 29

Z → ee 60- 129696 1.1099E+3 12.89 3000 21

Z → ee 120-180 129504 9.8460E-00 100.0 5000 508

Z → ee 180-250 129505 1.5710E-00 100.0 1000 637

Z → ee 250-400 129506 5.4920E-01 100.0 600 1093

Z → ee 400-600 129507 8.9660E-02 100.0 400 4461

Z → ee 600-800 129508 1.5100E-02 100.0 100 6623

Z → ee 800-1000 129509 3.7500E-03 100.0 100 26667

Z → ee 1000-1250 129510 1.2930E-03 100.0 100 77340

Z → ee 1250-1500 129511 3.5770E-04 100.0 100 279564

Z → ee 1500-1750 129512 1.1230E-04 100.0 100 890472

Z → ee 1750-2000 129513 3.8380E-05 100.0 100 2605524

Z → ee 2000-2250 129514 1.3890E-05 100.0 100 7199424

Z → ee 2250-2500 129515 5.2260E-06 100.0 100 19135094

Z → ee 2500-2750 129516 2.0170E-06 100.0 100 49578582

Z → ee 2750-3000 129517 7.8910E-07 100.0 100 126726651

Z → ee 3000- 129518 5.0390E-07 100.0 100 198452074
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Table H.2 Drell-Yan Mc@nlo-Herwig++ [5, 6] Monte Carlo samples used in the dielectron
channel of the analysis. The CT10 PDF set [3] is used and the UE-EE3 tune [6]. The first column
gives the mass range in which the Drell-Yan process was simulated, the second the internal ATLAS
run number. For each sample the cross section times branching ratio with which the MC@NLO
generator produced, the efficiency εF withwhich the samplewas filtered and the number of produced
events are given. In last column, the integrated luminosity LMC = Nevt/(εFσ Br) of each sample
is given

Signature mee
[GeV]

MC run
number

σ Br [pb]
Mc@nlo

εF
[%]

Nevt
[k]

LMC
[fb−1]

Z → ee 60- 129766 1.1966E+03 92.39 9999.886 8.35692E+00

Z → ee 120-180 129714 9.9056E-00 100.0 4994.787 5.04239E+02

Z → ee 180-250 129715 1.5959E-00 100.0 999.995 6.26603E+02

Z → ee 250-400 129716 5.6252E-01 100.0 599.998 1.06663E+03

Z → ee 400-600 129717 9.2863E-02 100.0 399.998 4.30740E+03

Z → ee 600-800 129718 1.5774E-02 100.0 99.998 6.33942E+03

Z → ee 800-1000 129719 3.9426E-03 100.0 99.997 2.53632E+04

Z → ee 1000-1250 129720 1.3659E-03 100.0 99.997 7.32096E+04

Z → ee 1250-1500 129721 3.7982E-04 100.0 99.999 2.63280E+05

Z → ee 1500-1750 129722 1.1976E-04 100.0 99.998 8.34987E+05

Z → ee 1750-2000 129723 4.1064E-05 100.0 99.998 2.43517E+06

Z → ee 2000-2250 129724 1.4900E-05 100.0 99.993 6.71094E+06

Z → ee 2250-2500 129725 5.6224E-06 100.0 99.998 1.77856E+07

Z → ee 2500-2750 129726 2.1736E-06 100.0 99.995 4.60043E+07

Z → ee 2750-3000 129727 8.5247E-07 100.0 99.994 1.17299E+08

Z → ee 3000- 129728 5.4570E-07 100.0 99.993 1.83238E+08

Table H.3 Photon induced Pythia8 [2] Monte Carlo samples used in the dielectron channel of the
analysis. The MRST2004qed PDF set [7] is used and the 4C tune [8]. The first column gives the
mass range in which the photon induced process was simulated, the second the internal ATLAS run
number. For each sample the cross section times branching ratio with which the Pythia generator
produced, the efficiency εF with which the sample was filtered and the number of produced events
are given. In last column, the integrated luminosity LMC = Nevt/(εFσ Br) of each sample is given

Signature mee
[GeV]

MC run
number

σ Br [pb]
Powheg

εF
[%]

Nevt
[k]

LMC
[fb−1]

γ γ → ee 60-200 129652 2.6976E-00 100.0 500 185

γ γ → ee 200-600 129653 1.2184E-01 100.0 200 1642

γ γ → ee 600-1500 129654 3.4933E-03 100.0 100 28626

γ γ → ee 1500-2500 129655 5.8593E-05 100.0 100 1706689

γ γ → ee 2500- 129656 2.2978E-06 100.0 100 43519889
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Table H.4 Top Mc@nlo- Herwig++ [5, 6] and Powheg- Pythia8 [1, 2] Monte Carlo samples
used in the analysis. The CT10 PDF set [3] is used and the AUET2 tune [9]. The first column
gives the internal ATLAS run number. For each sample the cross section times branching ratio with
which the generator produced the sample. Also given is σ Br at NNLO which was used for the
normalization, the efficiency εF with which the sample was filtered and the number of produced
events. In last column, the integrated luminosity LMC = Nevt/(εFσ Br) of each sample is given

Signature MC run
number

σ Br [pb] εF
[%]

Nevt
[k]

LMC
[fb−1]

Mc@nlo/
Powheg

NNLO

t t̄ → �X 105200 208.13 252.89 54.26 28747 256

t t̄ → �X 110404 210.84 252.89 54.30 50000 441

Wt → X 108346 20.67 22.37 100.00 2000 97

Table H.5 Diboson Herwig [10] Monte Carlo samples used in the analysis. The CTEQ6L1 PDF
set [11] is used and AUET2 tune [9]. The first column gives the mass range in which the diboson
processes were simulated, the second the internal ATLAS run number. For each sample the cross
section times branching ratio with which the Herwig generator produced the sample. Also given
is σ Br at NLO which was used for the normalization, the efficiency εF with which the sample
was filtered and the number of produced events. In last column, the integrated luminosity LMC =
Nevt/(εFσ Br) of each sample is given. † Note that the selection on mee given in this table applies
to the two highest pT leptons in the event at the truth Born level

Signature m†
ee

[GeV]
MC run
number

σ Br [pb] εF
[%]

Nevt
[k]

LMC
[fb−1]

Herwig NLO

WW → eX 105985 32.501 70.4 38.21 2500 201

Z Z → eX 105986 4.6914 7.2 21.17 245 252

WZ → eX 105987 12.009 20.3 30.55 1000 273

WW → eνeν 400–1000 180451 0.37892 0.8207 0.72 10 37701

WW → eνeν 1000- 180452 0.37895 0.8207 0.01 10 263887

Z Z → ee 400–1000 180455 0.34574 0.5307 0.13 10 22249

Z Z → ee 1000- 180456 0.34574 0.5307 0.003 10 997361

WZ → ee 400-1000 180453 0.46442 0.7853 0.31 10 6975

WZ → ee 1000- 180454 0.46442 0.7853 0.011 10 188879
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Table H.6 W Powheg- Pythia8 [1, 2] Monte Carlo samples used in the analysis. The CT10 PDF
set [3] is used and the AU2 tune [4]. The first column gives the internal ATLAS run number. For
each sample the cross section times branching ratio with which the Powheg generator produced
the sample. Also given is σ Br at NNLO which was used for the normalization and the number of
produced events. In last column, the integrated luminosity LMC = Nevt/(σ Br) of each sample is
given

Signature MC run
number

σ Br [pb] Nevt
[k]

LMC
[fb−1]

Powheg NNLO

W+ → eν 147800 6891.0 7073.8 23000 3.25

W− → eν 147803 4790.2 5016.2 17000 3.39
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Appendix I
High-Mass Drell-Yan: Event Yield Table

Table I.1 shows the events passing the electron selection of the high-mass Drell-Yan
analysis. The selection is described in more detail in Sect. 14.2. Shown are also the
statistical uncertainties and systematic uncertainties of the backgrounds. A detailed
description of the systematic uncertainties can be found in Sect. 15.3.
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Appendix J
High-Mass Drell-Yan: Fake Efficiency
Measurement

The fake efficiency f = N fake
tight/N

fake
loose and fake factor FFTM

i = N f ake
tight

N f ake
f ail track match

cannot

be reliably calculated with simulation and therefore need to be measured from data.
Three different methods are performed which aim to obtain a jet enriched control
region in which the fake efficiencies and fake factors can be calculated. Two of the
methods use single jet triggers and one the same trigger as for the signal selection. The
different methods are discussed and the resulting fake efficiencies and fake factors
are compared to each other.

J.1 Single Object Method

The default method is based on objects which have been recorded by single jet
triggers. Jets appear very often in a hadron collider. Hence, it is not possible to
record very event in which a jet occurs. Eleven different triggers1 with different
requirements on the jet pT are used. Each of the triggers collected a different amount
of integrated luminosity. The higher the pT requirement, the more luminosity was
collected. Starting from pT > 360 GeV, the full integrated luminosity of 20.3 fb−1

was collected. Besides the trigger, all events criteria are the same as for the signal
section discussed in Sect. 14.2.2.

The jets in the selected events are reconstructedwith the anti-kt algorithm [1]with a
radius parameter of R = 0.4. Basic quality criteria,2 such as cuts against background
from cosmic muons, quality cuts on the hadronic calorimeter and cuts on the fraction
of energy in the electromagnetic calorimeter are applied. The reconstructed jet is
required tomatch also a reconstructed electron candidate within a cone of�R < 0.1.

1EF_jX_a4tchad (X = 25, 35, 45, 55, 80, 110, 145, 180, 220, 280, 360), X corresponds to the pT
cut.
2medium jet cleaning.
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These electron candidates matched to a jet are used to measure the fake efficiency
and fake factor. They have to fulfill the same selection cuts regarding reconstruction
algorithm, object quality and phase space (as discussed in Sect. 14.2.3).

Real electrons can still enter the selected events as the jet triggers have only very
loose identification requirements. Cuts are applied to get a clean jet-enriched sample
by reducing dilution from real electrons. Events in which two electron candidates
fulfill the medium identification are vetoed in order to suppress dilution from Drell-
Yan. To further reduce dilution from the Z -resonance, also all events are vetoed
in which two candidates fulfill the loose identification requirement and fall into an
invariant mass window of 20 GeV around the Z mass. A cut of Emiss

T < 25 GeV is
applied to further reduce dilution from W → eν decays.

All candidates which pass the vetoes are divided into the following categories to
calculate the fake efficiencies and fake factors: N f ake

loose , N
f ake
tight, leading , N

f ake
tight, subleading

and N f ake
f ail track match . For each of the triggers a fake efficiency is calculated. The final

fake efficiency is calculated by building the weighted average of all separate fake
efficiencies

f =
∑ntrig

i=1 fi/� f 2i∑ntrig
i=1 1/� f 2i

, � f 2 = 1∑ntrig
i=1 1/� f 2i

, (J.1)

where � fi is the statistical uncertainty of each fake efficiency and � f the statistical
uncertainty of the averaged fake efficiency. The same averaging is done for the fake
factor. The resulting fake efficiencies and fake factors are discussed together with
the results from the other methods in Sect. 14.3.3.

J.2 Reverse Tag and Probe Method

An additional method, the reverse tag and probe method, is used to measure the fake
efficiencies and fake factors. The idea is to tag di-jet events by requiring one object
to fail a certain identification level and to probe a second object which is assumed to
be also a jet. The method is performed in two different ways using two different sets
of triggers. First the same single jet triggers as in the default method and in addition
using the same trigger as for the signal selection.

Jet trigger The object which is used to tag the event as a di-jet event is required
to have pT > 25 GeV and to fail the loose identification. If such a tag object is
found in an event, all other reconstructed electron candidates are assumed to be a jet
and considered as probes. In these selected events are still dilutions from processes
including real electrons. Similar cleaning cuts as in the default method are applied
to reduce contribution from Drell-Yan. The tag and the probe are required to have an
invariant mass |mee − 91 GeV| > 20 GeV. Tag and probe object additionally have to
have the same charge. This is a powerful requirement to strongly suppress dilution
fromDrell-Yan. A veto on events with Emiss

T > 25 GeV is applied to further suppress
dilution fromW -boson production. All selected probes are divided into the different
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Fig. J.1 Comparison of the fake factors FFTM
i calculated with the three different methods (reverse

tag and probe signal trigger, reverse tag and probe single jet triggers and single object method
with single jet triggers). The upper row shows the fake factors for the barrel region (|η| < 1.37).
The corresponding fake factors for the endcap regions (1.52 < |η| < 2.01, 2.01 < |η| < 2.37 and
2.37 < |η| < 2.47) are shown from the second to the fourth row. The fake factors for the leading
object are shown on the left side and for the subleading object on the right side

categories to measure the fake efficiencies and fake factors: N f ake
loose , N

f ake
tight, leading ,

N f ake
tight, subleading and N f ake

f ail track match . For each of the jet triggers a fake efficiency and
fake factor is calculated. The final fake efficiency and fake factor is calculated by
building the weighted average of all separate fake efficiencies (as in Eq. J.1).
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Electron triggerThe samemethod has been performedwith the triggerwhich is used
in the signal selection. The trigger requires two energy depositions in the electromag-
netic calorimeter which already fulfill identification criteria which are slightly looser
than the loose electron identification criteria. The tag object is therefore required to
pass the loosened selection in order to be able to be one of the two objects which
have triggered the event. To tag the object as a jet, it is required to fail the track
matching cut of the medium electron identification. The cuts which aim to suppress
real electron dilution are the same as before.

The signal trigger recorded the full luminosity of the 2012 data. It is therefore
possible to use MC simulations to further study and correct the remaining dilution
from processes with real electrons. The remaining dilution is found to be on the
order of 10–30% in the numerators N f ake

tight, leading and N f ake
tight, subleading . The dilution

is rising with pT. The remaining dilution is less than 1% in the different denominator
categories (Fig. J.1).

Reference

1. Cacciari M, Salam GP, Soyez G (2008) The anti-k(t) jet clustering algorithm. JHEP 04:063.
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Appendix K
High-Mass Drell-Yan: Multijet & W+jets
Background Systematic Uncertainty

This appendix contains additional plots showing the ratio between the defaultmultijet
& W+jets background estimate and all other method variations. The differences
between the methods is used to asses the systematic uncertainty on this background
and further described in Sect. 14.3.6. Figure K.1 shows the ratio in all five invariant
mass bins of the measurement as a function of |yee| and Fig.K.2 as a function of
|�ηee|.
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Fig. K.1 Ratio of the final multijet & W+jets background estimate of all method variations to the
default method as a function of |yee| in all invariant mass bins of the measurement
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Fig. K.2 Ratio of the final multijet & W+jets background estimate of all method variations to the
default method as a function of |�ηee| in all invariant mass bins of the measurement



Appendix L
High-Mass Drell-Yan: Top-Quark Background
Studies

In this appendix additional studies to validate the background description of the
top-quark background are shown. The number of b-jet and the Emiss

T distributions
have been studied which are dominated by the top background for Nb− jet > 0 and
large Emiss

T . Figure L.1 shows the number of b-jet distribution and Fig.L.2 the Emiss
T

distribution in the five invariant mass bins of the double-differential measurement.
Good agreement of the top background within the normalization uncertainty has
been found. The default Powheg t t̄ MC sample has been compared to a MC sample
generatedwithMC@NLO to check for uncertainties on themodeling of themeasured
observables. The ratio of the twoMC samples for the two dimensional observables in
the five invariantmass bins of themeasurement is shown in Figs.L.3 and L.4. A linear
fit to the ratio is also shown. No systematic uncertainty is added since the differences
are within the statistical fluctuations which are propagated to the measurement.
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Fig. L.1 Number of b-jets in five bins of invariant mass after the final high-mass Drell-Yan signal
selection. Shown for data (solid points) and expectation (stacked histogram). The lower panels show
the ratio of data to the expectation
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Fig. L.2 Emiss
T distribution in five bins of invariant mass after the final high-mass Drell-Yan signal

selection. Shown for data (solid points) and expectation (stacked histogram). The lower panels show
the ratio of data to the expectation
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Fig. L.3 Ratio between the t t̄ background simulated by Powheg and MC@NLO binned in |yee|
for the five invariant mass bins of the high-mass Drell-Yan measurement. A linear fit has been
performed to the ratio
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Fig. L.4 Ratio between the t t̄ background simulated by Powheg andMC@NLO binned in |�ηee|
for the five invariant mass bins of the high-mass Drell-Yan measurement. A linear fit has been
performed to the ratio



Appendix M
High-Mass Drell-Yan: Generator Uncertainty
Study

To study a potential uncertainty from the choice of a specific Monte Carlo generator,
the unfolding factorCDY was calculated with a different generator. Hence, the default
generator Powheg interfaced with Pythia is compared to MC@NLO. The uncer-
tainty is described in more detail in Sect. 15.3. Figure M.1 shows the ratio of CDY

as a function of invariant mass for both generators together with a linear fit. Both,
the Born level and dressed level CDY are compared. Figures M.2 and M.3 show the
same comparison for CDY as a function of invariant mass and absolute rapidity. The
CDY as a function of invariant mass and absolute pseudorapidity separation is shown
in Figs.M.4 and M.5.
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Fig. M.1 Ratio between CDY calculated with MC@NLO to CDY calculated with Powheg inter-
faced with Pythia at Born and dressed level
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Fig. M.2 Ratio between CDY calculated with MC@NLO to CDY calculated with Powheg inter-
faced with Pythia at Born level
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Fig. M.3 Ratio between CDY calculated with MC@NLO to CDY calculated with Powheg inter-
faced with Pythia at dressed level
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Fig. M.4 Ratio between CDY calculated with MC@NLO to CDY calculated with Powheg inter-
faced with Pythia at Born level
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Fig. M.5 Ratio between CDY calculated with with MC@NLO to CDY calculated with Powheg
interfaced with Pythia at dressed level



Appendix N
High-Mass Drell-Yan: Bayesian Unfolding
Method

In the following appendix, the measured cross section is compared to a cross section
unfolded with an alternative iterative Bayesian unfolding method. It is described in
more detail in Reference [1]. It has been applied using the RooUnfold package [2].
Figure N.1 shows the ratio of the Born level cross sections unfolded with the default
method and with the Bayesian method using 3, 4, and 5 iterations. The differences
observed are negligible compared to the statistical precision of themeasurement. Fig-
ures N.2 and N.3 show the same ratios for the double-differential cross sections. Also
here, the observed differences are negligible compared to the statistical uncertainty
of the data.

Fig. N.1 Ratio between the
final cross section unfolded
with the standard bin-by-bin
unfolding method and a
Bayesian unfolding method
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Fig. N.2 Ratio between the final cross section unfolded with the standard bin-by-bin unfolding
method and a Bayesian unfolding method
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Appendix O
High-Mass Drell-Yan: Electron Energy
Scale/Resolution Uncertainties

The following appendix lists in the TablesO.1, O.2, O.3, O.4, O.5, O.6, O.7, O.8, O.9,
O.10 and O.11 the breakdown of the energy scale and energy resolution uncertainties
for the single-differential and double-differential cross section measurements. A
description of the separate sources is given in Sect. 15.3.
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Table O.5 Systematic energy scale and resolution uncertainties, as a function of |yee| in the 300-
500 GeV mass region. The given separate sources are the maximum between up an down variation.
For the total uncertainty first the up/down variation of each source is added in quadrature and then
the maximum is taken

|ymin
ee |-|ymax

ee | [%] 0.0–0.4 0.4–0.8 0.8–1.2

E-res ZSmearing 0.053 0.017 0.080

E-res SamplingTerm −0.086 −0.013 −0.009

E-res MaterialID 0.055 −0.004 0.022

E-res MaterialCalo 0.019 0.000 −0.007

E-res MaterialGap 0.020 −0.001 −0.002

E-res MaterialCryo 0.015 0.004 0.002

E-res PileUp −0.023 −0.014 0.003

E-scale stat. −0.003 −0.005 0.020

E-scale Zee syst. 0.095 0.143 0.227

E-scale PS −0.123 −0.193 −0.200

E-scale S12 −0.115 −0.090 −0.100

E-scale MatID 0.013 0.059 0.154

E-scale MatCryo 0.083 0.188 0.258

E-scale MatCalo 0.072 0.087 0.069

E-scale LArCalib −0.251 −0.264 −0.213

E-scale LArUnconvCalib 0.046 0.070 0.060

E-scale LArElecUnconv −0.120 −0.351 −0.433

E-scale LArElecCalib 0.002 −0.007 0.013

E-scale L1Gain −0.000 −0.016 −0.036

E-scale L2Gain −0.730 −1.217 −1.650

E-scale G4 0.023 0.008 0.023

E-scale Pedestal −0.083 −0.062 −0.044

E-res syst. 0.150 0.053 0.229

E-scale syst. 0.867 1.367 2.014

|ymin
ee |-|ymax

ee | [%] 1.2–1.6 1.6–2.0 2.0–2.4

E-res ZSmearing −0.068 0.065 −0.141

E-res SamplingTerm 0.019 −0.061 −0.037

E-res MaterialID 0.010 0.046 −0.044

E-res MaterialCalo −0.004 −0.011 0.000

E-res MaterialGap 0.005 0.041 −0.061

E-res MaterialCryo −0.007 −0.021 0.069

E-res PileUp 0.022 0.004 0.027

E-scale stat. 0.003 0.021 −0.011

E-scale Zee syst. 0.409 0.594 0.848

E-scale PS −0.263 −0.156 −0.092

E-scale S12 −0.137 −0.238 −0.586

E-scale MatID 0.235 0.266 0.360

(continued)
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Table O.5 (continued)

|ymin
ee |-|ymax

ee | [%] 1.2–1.6 1.6–2.0 2.0–2.4

E-scale MatCryo 0.437 0.609 0.174

E-scale MatCalo 0.060 0.003 0.020

E-scale LArCalib −0.324 −0.449 −0.814

E-scale LArUnconvCalib 0.069 0.008 0.020

E-scale LArElecUnconv −0.583 −0.607 −0.181

E-scale LArElecCalib 0.042 0.089 0.156

E-scale L1Gain 0.151 0.441 1.814

E-scale L2Gain −1.726 −2.432 −0.168

E-scale G4 0.050 0.025 0.089

E-scale Pedestal −0.070 −0.022 −0.049

E-res syst. 0.090 0.190 0.431

E-scale syst. 2.010 2.839 2.501

Table O.6 Systematic energy scale and resolution uncertainties, as a function of |yee| in the 500-
1500 GeVmass region. The given separate sources are the maximum between up an down variation.
For the total uncertainty first the up/down variation of each source is added in quadrature and then
the maximum is taken

|ymin
ee |-|ymax

ee | [%] 0.0–0.4 0.4–0.8 0.8–1.2

E-res ZSmearing −0.003 −0.035 −0.090

E-res SamplingTerm 0.005 −0.024 0.042

E-res MaterialID −0.034 0.004 −0.018

E-res MaterialCalo −0.032 0.029 −0.019

E-res MaterialGap 0.001 −0.026 −0.024

E-res MaterialCryo −0.028 0.005 −0.024

E-res PileUp 0.041 −0.028 0.036

E-scale stat. 0.003 −0.020 0.021

E-scale Zee syst. 0.132 0.239 0.285

E-scale PS −0.265 −0.363 −0.320

E-scale S12 −0.206 −0.177 −0.146

E-scale MatID 0.105 0.203 0.227

E-scale MatCryo 0.184 0.311 0.379

E-scale MatCalo 0.155 0.190 0.124

E-scale LArCalib −0.474 −0.414 −0.412

E-scale LArUnconvCalib 0.102 0.188 0.123

E-scale LArElecUnconv −0.259 −0.441 −0.638

E-scale LArElecCalib 0.003 −0.004 0.022

E-scale L1Gain −0.005 −0.015 0.041

E-scale L2Gain −1.267 −1.848 −2.322

(continued)
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Table O.6 (continued)

|ymin
ee |-|ymax

ee | [%] 0.0–0.4 0.4–0.8 0.8–1.2

E-scale G4 0.053 0.069 0.048

E-scale Pedestal −0.130 −0.122 −0.064

E-res syst. 0.100 0.137 0.128

E-scale syst. 1.516 2.073 2.697

|ymin
ee |-|ymax

ee | [%] 1.2–1.6 1.6–2.0 2.0–2.4

E-res ZSmearing −0.005 0.112 0.199

E-res SamplingTerm −0.066 0.045 −0.394

E-res MaterialID −0.039 0.085 0.451

E-res MaterialCalo −0.010 −0.017 0.000

E-res MaterialGap 0.005 0.019 0.522

E-res MaterialCryo −0.013 0.026 −0.069

E-res PileUp 0.010 −0.010 −0.065

E-scale stat. −0.010 −0.029 −0.546

E-scale Zee syst. 0.480 0.782 2.317

E-scale PS −0.386 −0.416 −0.265

E-scale S12 −0.259 −0.488 −1.563

E-scale MatID 0.355 0.452 0.712

E-scale MatCryo 0.668 0.970 0.448

E-scale MatCalo 0.114 0.064 0.000

E-scale LArCalib −0.549 −0.809 −1.878

E-scale LArUnconvCalib 0.132 0.064 0.000

E-scale LArElecUnconv −0.956 −0.968 −0.201

E-scale LArElecCalib 0.068 0.097 0.498

E-scale L1Gain 0.442 1.855 3.803

E-scale L2Gain −2.681 −2.703 −1.720

E-scale G4 0.043 0.102 0.217

E-scale Pedestal −0.049 −0.097 −0.000

E-res syst. 0.123 0.317 1.098

E-scale syst. 3.238 3.863 5.690
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Table O.10 Systematic energy scale and resolution uncertainties, as a function of |�ηee| in the
300-500 GeV mass region. The given separate sources are the maximum between up an down
variation. For the total uncertainty first the up/down variation of each source is added in quadrature
and then the maximum is taken

|�ηmin |-|�ηmax | [%] 0.0–0.5 0.5–1.0 1.0–1.5

E-res ZSmearing 0.085 0.020 0.029

E-res SamplingTerm −0.037 −0.007 −0.019

E-res MaterialID 0.050 −0.004 0.004

E-res MaterialCalo 0.010 −0.009 −0.005

E-res MaterialGap −0.011 −0.001 0.007

E-res MaterialCryo 0.040 −0.018 −0.016

E-res PileUp −0.022 0.006 0.005

E-scale stat. −0.011 0.006 0.015

E-scale Zee syst. 0.278 0.223 0.211

E-scale PS −0.283 −0.229 −0.181

E-scale S12 −0.180 −0.143 −0.138

E-scale MatID 0.185 0.142 0.110

E-scale MatCryo 0.341 0.286 0.237

E-scale MatCalo 0.126 0.091 0.072

E-scale LArCalib −0.431 −0.293 −0.273

E-scale LArUnconvCalib 0.107 0.082 0.068

E-scale LArElecUnconv −0.448 −0.439 −0.332

E-scale LArElecCalib 0.030 0.014 0.020

E-scale L1Gain 0.181 0.078 0.102

E-scale L2Gain −1.510 −1.415 −1.137

E-scale G4 0.052 0.037 0.034

E-scale Pedestal −0.100 −0.077 −0.062

E-res syst. 0.140 0.059 0.093

E-scale syst. 1.842 1.642 1.391

|�ηmin |-|�ηmax | [%] 1.5–2.0 2.0–2.5 2.5–3.0

E-res ZSmearing 0.028 0.095 0.094

E-res SamplingTerm −0.008 −0.038 −0.025

E-res MaterialID −0.008 0.099 0.073

E-res MaterialCalo −0.004 0.009 0.019

E-res MaterialGap 0.017 0.023 0.008

E-res MaterialCryo −0.001 0.054 0.032

E-res PileUp −0.002 −0.027 −0.031

E-scale stat. −0.003 0.008 −0.002

E-scale Zee syst. 0.204 0.195 0.296

E-scale PS −0.132 −0.041 −0.113

E-scale S12 −0.111 −0.066 −0.090

E-scale MatID 0.087 0.049 0.108

(continued)
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Table O.10 (continued)

|�ηmin |-|�ηmax | [%] 1.5–2.0 2.0–2.5 2.5–3.0

E-scale MatCryo 0.232 0.138 0.191

E-scale MatCalo 0.037 0.020 0.041

E-scale LArCalib −0.242 −0.117 −0.122

E-scale LArUnconvCalib 0.018 0.017 0.036

E-scale LArElecUnconv −0.279 −0.204 −0.193

E-scale LArElecCalib 0.018 0.008 0.033

E-scale L1Gain 0.079 0.030 0.067

E-scale L2Gain −1.022 −0.661 −0.643

E-scale G4 0.016 0.010 0.004

E-scale Pedestal −0.032 −0.018 −0.049

E-res syst. 0.078 0.181 0.165

E-scale syst. 1.197 0.777 1.010

Table O.11 Systematic energy scale and resolution uncertainties, as a function of |�ηee| in the
500-1500 GeV mass region. The given separate sources are the maximum between up an down
variation. For the total uncertainty first the up/down variation of each source is added in quadrature
and then the maximum is taken

|�ηmin |-|�ηmax | [%] 0.0–0.5 0.5–1.0 1.0–1.5

E-res ZSmearing −0.015 0.022 0.005

E-res SamplingTerm 0.035 −0.014 −0.019

E-res MaterialID −0.010 0.007 0.004

E-res MaterialCalo −0.010 −0.006 −0.002

E-res MaterialGap 0.000 0.017 −0.009

E-res MaterialCryo −0.018 0.011 0.007

E-res PileUp 0.007 0.012 0.014

E-scale stat. −0.005 −0.031 −0.002

E-scale Zee syst. 0.245 0.281 0.250

E-scale PS −0.369 −0.394 −0.346

E-scale S12 −0.239 −0.235 −0.212

E-scale MatID 0.218 0.240 0.219

E-scale MatCryo 0.399 0.421 0.372

E-scale MatCalo 0.178 0.180 0.147

E-scale LArCalib −0.528 −0.545 −0.520

E-scale LArUnconvCalib 0.156 0.169 0.125

E-scale LArElecUnconv −0.671 −0.625 −0.567

E-scale LArElecCalib 0.015 0.024 0.022

E-scale L1Gain 0.124 0.119 0.235

E-scale L2Gain −1.965 −1.968 −1.907

(continued)
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Table O.11 (continued)

|�ηmin |-|�ηmax | [%] 0.0–0.5 0.5–1.0 1.0–1.5

E-scale G4 0.078 0.092 0.047

E-scale Pedestal −0.132 −0.135 −0.092

E-res syst. 0.073 0.095 0.043

E-scale syst. 2.345 2.303 2.201

|�ηmin |-|�ηmax | [%] 1.5–2.0 2.0–2.5 2.5–3.0

E-res ZSmearing −0.010 −0.128 −0.006

E-res SamplingTerm 0.032 0.050 −0.061

E-res MaterialID −0.029 −0.072 0.036

E-res MaterialCalo −0.010 −0.006 0.022

E-res MaterialGap −0.029 −0.022 −0.010

E-res MaterialCryo −0.011 −0.026 −0.037

E-res PileUp −0.001 0.024 −0.010

E-scale stat. 0.012 0.026 0.017

E-scale Zee syst. 0.294 0.293 0.246

E-scale PS −0.326 −0.248 −0.158

E-scale S12 −0.230 −0.168 −0.141

E-scale MatID 0.225 0.180 0.141

E-scale MatCryo 0.317 0.351 0.228

E-scale MatCalo 0.129 0.094 0.047

E-scale LArCalib −0.449 −0.406 −0.272

E-scale LArUnconvCalib 0.119 0.090 0.054

E-scale LArElecUnconv −0.464 −0.402 −0.287

E-scale LArElecCalib 0.030 0.035 0.017

E-scale L1Gain 0.250 0.253 0.157

E-scale L2Gain −1.618 −1.459 −1.321

E-scale G4 0.045 0.020 0.035

E-scale Pedestal −0.097 −0.055 −0.035

E-res syst. 0.104 0.183 0.122

E-scale syst. 1.904 1.724 1.555



Appendix P
High-Mass Drell-Yan: Electron Cross Section
Tables

This appendix contains detailed tables with the measured electron channel cross
sections and their uncertainties. Tables P.1, P.2, P.3 contain the cross sections for the
single-differential cross section, the double-differential cross section as a function of
absolute rapidity, and the double-differential cross section as a function of absolute
pseudorapidity separation, respectively. For the electron energy scale and energy
resolution uncertainties a single nuisance parameter is given. A detailed breakdown
of these uncertainties is provided in Appendix O.

© Springer Nature Switzerland AG 2018
M. Zinser, Search for New Heavy Charged Bosons and Measurement of High-Mass
Drell-Yan Production in Proton-Proton Collisions, Springer Theses,
https://doi.org/10.1007/978-3-030-00650-1
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Appendix Q
High-Mass Drell-Yan: Correlation Matrices

The following appendix contains the statistical correlations between the three mea-
sured cross sections in the electron channel. The correlations were obtained using the
bootstrap method [1] on the electron data with 10000 replica. The bootstrap method
is based on pseudo-experiments. Aside the measured data spectrum, 10000 toy spec-
tra are created. For each event, a set of 10000 weights is generated according to
the Poisson distribution with mean equal to 1. If an event contributes to the nominal
spectrum, it is filled to each toy spectrumweighted by the corresponding weight. The
correlations between the bins are extracted by building the correlation matrix from
all toys. Figure Q.1 shows the statistical correlation between the measurement bins
in mass, absolute rapidity |yee| and absolute pseudorapidity separation |�ηee| in the
electron channel. Each plot shows the correlation in a single two dimensional mass
bin. Within each histogram or two dimensional mass bin, the first 2-3 bins show the
correlation with the single-differential cross section which fall within the same mass
range, then correlation with |yee| bins is shown and finally the correlation with the
|�ηee| bins. The binning is defined in Table Q.1. The TablesQ.2, Q.3, Q.4, Q.5 and
Q.6 list the correlations in detail. The correlation coefficients are sometimes nega-
tive in bins where the correlation should be zero. This is due to the limited statistical
precision.

© Springer Nature Switzerland AG 2018
M. Zinser, Search for New Heavy Charged Bosons and Measurement of High-Mass
Drell-Yan Production in Proton-Proton Collisions, Springer Theses,
https://doi.org/10.1007/978-3-030-00650-1
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Fig. Q.1 Statistical correlations in the electron channel between the single-differential and the two
double-differential cross section bins
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Table Q.1 Binning used to show the statistical correlation in the electron channel between the
three cross section measurements

Bin nr. Variable Range

mee: 116–150 GeV

1–2 mee (116–130, 130–150)

3–14 yee (0.0–2.4 in 0.2 steps)

15–26 |�ηee| (0.0–3.0 in 0.25 steps)

mee: 150–200 GeV

1–2 mee (150–175, 175–200)

3–14 yee (0.0–2.4 in 0.2 steps)

15–26 |�ηee| (0.0–3.0 in 0.25 steps)

mee: 200–300 GeV

1–3 mee (200–230, 230–260, 260–300)

4–15 yee (0.0–2.4 in 0.2 steps)

16–27 |�ηee| (0.0–3.0 in 0.25 steps)

mee: 300–500 GeV

1–2 mee (300–380, 380–500)

3–8 yee (0.0–2.4 in 0.4 steps)

9–14 |�ηee| (0.0–3.0 in 0.5 steps)

mee: 500–1500 GeV

1–3 mee (500–700, 700–1000,
1000–1500)

4–9 yee (0.0–2.4 in 0.4 steps)

10–15 |�ηee| (0.0–3.0 in 0.5 steps)
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Appendix R
High-Mass Drell-Yan: Combined Cross
Section Tables

This appendix contains detailed tables with the combined electron andmuon channel
cross sections and their uncertainties. Tables R.1, R.2, and R.3 contain the cross
sections for the single-differential cross section, the double-differential cross section
as a function of absolute rapidity, and the double-differential cross section as a
function of absolute pseudorapidity separation, respectively.
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Appendix S
High-Mass Drell-Yan: Nuisance Parameter
Constraints

This appendix contains the nuisance parameter pulls for theχ2 minimization compar-
ing the double-differential cross section measurements to theory calculations using
different PDFs. Figures S.1, S.2, S.3, S.4 and S.5 show the pulls for the MMHT2014
[1], CT14 [2], HERAPDF2.0 [3], NNPDF3.0 [4], and ABM12 [5] PDF sets using
the double-differential measurement as a function of absolute rapidity. Figures S.6,
S.7, S.8, S.9 and S.10 show the same pulls for the double-differential measurement
as a function of absolute pseudorapidity separation. The nuisance parameter pulls
are discussed in Sect. 17.3.1.
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Shift θ [σ]
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Fig. S.1 Shifts and uncertainty reduction of the theoretical nuisance parameters of theMMHT2014
PDF set and the luminosity from the χ2 minimization of the double-differential cross section
measurement as a function of invariant mass m�� and absolute dilepton rapidity |y��|. The red
error bars show the original uncertainty while the black error bars show the uncertainty after the
combination
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Shift θ [σ]
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Fig. S.2 Shifts anduncertainty reduction of the theoretical nuisance parameters of theCT14PDFset
and the luminosity from the χ2 minimization of the double-differential cross section measurement
as a function of invariant mass m�� and absolute dilepton rapidity |y��|. The red error bars show the
original uncertainty while the black error bars show the uncertainty after the combination
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Shift θ [σ]
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Fig. S.3 Shifts and uncertainty reduction of the theoretical nuisance parameters of the HERA-
PDF2.0 PDF set and the luminosity from the χ2 minimization of the double-differential cross
section measurement as a function of invariant mass m�� and absolute dilepton rapidity |y��|. The
red error bars show the original uncertainty while the black error bars show the uncertainty after
the combination
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Fig. S.4 Shifts and uncertainty reduction of the theoretical nuisance parameters of the NNPDF3.0
PDF set and the luminosity from the χ2 minimization of the double-differential cross section
measurement as a function of invariant mass m�� and absolute dilepton rapidity |y��|. The red
error bars show the original uncertainty while the black error bars show the uncertainty after the
combination
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Fig. S.5 Shifts and uncertainty reduction of the theoretical nuisance parameters of the ABM12
PDF set and the luminosity from the χ2 minimization of the double-differential cross section
measurement as a function of invariant mass m�� and absolute dilepton rapidity |y��|. The red
error bars show the original uncertainty while the black error bars show the uncertainty after the
combination
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Fig. S.6 Shifts and uncertainty reduction of the theoretical nuisance parameters of theMMHT2014
PDF set and the luminosity from the χ2 minimization of the double-differential cross section mea-
surement as a function of invariant massm�� and absolute lepton pseudorapidity separation |�η��|.
The red error bars show the original uncertainty while the black error bars show the uncertainty
after the combination
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Fig. S.7 Shifts anduncertainty reduction of the theoretical nuisance parameters of theCT14PDFset
and the luminosity from the χ2 minimization of the double-differential cross section measurement
as a function of invariant mass m�� and absolute lepton pseudorapidity separation |�η��|. The red
error bars show the original uncertainty while the black error bars show the uncertainty after the
combination
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Fig. S.8 Shifts and uncertainty reduction of the theoretical nuisance parameters of the HERA-
PDF2.0 PDF set and the luminosity from the χ2 minimization of the double-differential cross
section measurement as a function of invariant mass m�� and absolute lepton pseudorapidity sepa-
ration |�η��|. The red error bars show the original uncertainty while the black error bars show the
uncertainty after the combination



384 Appendix S: High-Mass Drell-Yan: Nuisance Parameter Constraints
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Fig. S.9 Shifts and uncertainty reduction of the theoretical nuisance parameters of the NNPDF3.0
PDF set and the luminosity from the χ2 minimization of the double-differential cross section mea-
surement as a function of invariant massm�� and absolute lepton pseudorapidity separation |�η��|.
The red error bars show the original uncertainty while the black error bars show the uncertainty
after the combination
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Fig. S.10 Shifts and uncertainty reduction of the theoretical nuisance parameters of the ABM12
PDF set and the luminosity from the χ2 minimization of the double-differential cross section mea-
surement as a function of invariant massm�� and absolute lepton pseudorapidity separation |�η��|.
The red error bars show the original uncertainty while the black error bars show the uncertainty
after the combination
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Appendix T
High-Mass Drell-Yan: Photon PDF
Reweighting

Table T.1 shows the χ2 values for the 100 replica of the NNPDF2.3qed PDF set [1]
which yield as an input for the PDF reweighting described in Sect. 17.3.2.

Table T.1 The χ2 values for the compatibility of data and theory calculated for each of the 100
replicas of the NNPDF2.3QED NNLO PDF set for the prediction of the PI component and using
the central value of the MMHT14 NNLO PDF set for the quark and gluon parton distributions

PDF replica |y��| |�η��| PDF replica |y��| |�η��|
0 222.8 243.3 50 59 67

1 65.72 66.37 51 98.27 99.93

2 64.27 65.88 52 205.97 133.18

3 58.72 66.18 53 59.05 66.85

4 151.23 100.5 54 102.09 86.51

5 109.85 80.17 55 59.02 66.9

6 75.78 72.35 56 59.34 66.84

7 59.05 66.86 57 66.38 68.62

8 59.37 66.77 58 60.36 65.04

9 61.76 66.72 59 62.43 65.58

10 61.24 67.65 60 59.4 67.02

11 66.18 66.96 61 65.72 66.97

12 58.99 67.04 62 59.11 66.9

13 119.19 127.2 63 59.2 67.3

14 59.01 67.09 64 59.47 67.1

15 76.78 68.78 65 58.84 66.71

16 59.01 66.92 66 101.84 85.97

17 62.5 67.9 67 59.47 67.3

18 126.02 154.03 68 61.11 66.77

(continued)
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388 Appendix T: High-Mass Drell-Yan: Photon PDF Reweighting

Table T.1 (continued)

PDF replica |y��| |�η��| PDF replica |y��| |�η��|
19 59.08 66.83 69 65.64 66.9

20 58.7 66.97 70 111.14 101.22

21 59.27 66.88 71 59.32 66.72

22 59.83 66.24 72 173.19 106.88

23 67.09 71.41 73 62.08 65.74

24 95.54 90.67 74 59.43 66.82

25 58.9 67.08 75 60.07 66.93

26 59.02 66.97 76 58.94 66.95

27 59.03 66.44 77 150.34 97.81

28 59.07 66.85 78 59.01 66.96

29 105.19 82.71 79 87.75 73.16

30 59.23 67 80 63.02 67.46

31 58.9 67.18 81 89.29 93.69

32 83.41 72.82 82 65.41 68.5

33 77.3 68.04 83 59 67.1

34 59.12 66.84 84 78.46 79.35

35 189.9 104.33 85 67.18 65.27

36 149.81 127.69 86 81.45 78.24

37 58.91 67.04 87 61.42 68.22

38 67.71 67.06 88 58.94 67.16

39 58.96 66.3 89 59.02 66.98

40 59.4 66.91 90 59.3 66.6

41 156.6 102.34 91 140.1 94.92

42 59.14 66.85 92 72.37 67.36

43 67.6 70.73 93 59.07 67.09

44 58.99 67.03 94 60.37 68.31

45 113.56 103.57 95 59 66.81

46 58.94 66.84 96 59.07 66.85

47 59.32 66.95 97 59.03 66.92

48 59 67.1 98 59.41 67.2

49 58.95 66.85 99 59.49 66.74
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