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Abstract

A sensitivity study for (pseudo)scalar coupling dark matter mediated by a scalar medi-
ator in comparison with axial vector coupling dark matter mediated by a vector mediator
has been performed. The analysis used data collected in 2015 with the CMS detector,
at an LHC center-of mass energy of 13 TeV corresponding to an integrated luminosity of
41.9 pb−1. No significant deviation of the transverse mass distribution of the electron and
neutrino system from the Standard Model prediction has been found. Expected limits
have been determined at a 95% confidence level for all used models and the sensitivity is
compared using different kinematic selections. The so called W′static selection yields the
lowest cross section limits for all models, when using high pT -triggers. For low Mmed, the
signal from the axial vector model with ξ=-1 yields the lowest cross section limits, while
for high Mmed signals of pseudoscalar or scalar dark matter yield the lowest cross section
limits. For 1, 3 and 10 fb−1of integrated luminosity expected limits are produced in order
to provide an outlook for the sensitivity.

Kurzdarstellung

Eine Sensitivitätsstudie für (pseudo)skalar-koppelnde dunkle Materie mit einem skalaren
Austauschteilchen im Vergleich mit axialvektor-koppelnder dunkler Materie übertragen
von einem Vektormediator wurde durchgeführt. In dieser Analyse wurden Daten ver-
wendet, die 2015 am CMS Detektor bei einer LHC-Schwerpunktsenergie von 13 TeV
aufgenommen wurden und einer integrierten Luminosität von 41.9 pb−1 entsprechen.
Keine signifikante Abweichung von der transversalen Massenverteilung des Elektron und
Neutrino Systems von der Standard Model Erwartung wurde festgestellt. Die erwarteten
Ausschlussgrenzen sind mit 95% Konfidenzniveau für alle genutzen Modelle bestimmt wor-
den und die Sensitivität wurde mit verschiedenen kinematischen Selektionen verglichen.
So genannte W′static-Selektion liefern für alle Modelle die niedrigste Wechselwirkungs-
querschnittausschlussgrenze, sofern hohe pT -Trigger benutzt werden. Für niedrige Mmed

liefert ein Signal im axialvektor Model mit ξ=-1 die niedristen Ausschlussgrenzen, während
für hohe Mmed Signale mit pseudoskalarer oder skalarer dunkler Materie die niedrigste
Ausschlussgrenzen liefern. Für die integrierte Luminositäten von 1, 3 and 10 fb−1 wurden
Ausschlussgrenzen produziert, um einen Ausblick für die Sensitivität zu gewähren.

nichts
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Chapter 1

Introduction

In particle physics the most fundamental elements of matter are studied. Although its roots are
in ancient Greece, where Leucippus together with Democritus are said to have developed a first
rudimentary theory of atoms, particle physics is still an active field of research. Leucippus and
Democritus thought of an atom to be indivisible, which is in greek ’ἄτομος’, hence the name.
But as of 1897, it was widely accepted, that atoms were divisible. This fact was proven by the
discovery of the electron in 1897 by Sir Joseph John Thomson, for which he was awarded a
Nobel Prize in 1906. Around this period of time, a lot of particles were discovered and concepts
developed. This includes the photon (1895 by Wilhelm Röntgen), the nucleus of atoms (1908 to
1913, Geiger-Marsden experiment), positrons (1932, Carl D. Anderson) and electron neutrinos
(1956, Cowan and Reines). One of the biggest developments regarding particle physics was the
formulation of the Standard Model of particle physics, with its first version Sheden Glashow in
1961 and Steven Weinberg and Abdus Salam giving it its modern form in 1967.

However, the Standard Model is far from being a complete theory. One of its biggest
problems is probably the most astounding revelation of the twentieth century in astrophysics:
The understanding of the universe was changed by finding that baryonic matter, which is made
up of protons and neutrons, makes up for only approximately 5 % of all matter. So called
’dark matter’, which is not predicted by the Standard Model fills the universe, accounting
for approximately one fifth of the universe and thus there is four to five times times more
dark matter than ordinary matter. Although hints for this dark matter has been found in
astrophysics, detecting this new type of matter proves to be a tough challenge.

To be able to understand dark matter completely several branches of physics have to cooper-
ate. This includes theoretical physics, using general relativity and thermodynamics to describe
how dark matter acts on large scales, astrophysics, providing evidence for its existence and
insight into their interaction on astronomical scales, and particle physics, providing probable
candidates and studying the interaction between dark matter and ordinary matter.

This thesis’ purpose is to study whether scalar or pseudoscalar coupling dark matter is
one of these probable candidates or if the ’traditional’ approach of using vector or axial-vector
coupling dark matter is a more suitable candidate in terms of sensitivity when searching at the
Large Hadron Collider.
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Chapter 2

Theoretical framework

2.1 Standard Model

If not indicated otherwise, this section is based on [1] and [2].
The Standard Model of Particle Physics (SM) was developed in the 1970s and subsequently the
discoveries of the predicted W and Z bosons, the top quark, as well as the Higgs boson have
given credibility to the SM. There are two different types of particles, fermions and boson, the
difference being a half-integer spin in case of fermions and an integer spin in case of bosons. Dif-
ferent bosons transmitting the three fundamental forces, the electromagnetic force, the strong
and weak nuclear force, have been found. While the electromagnetic force is transmitted via
photons, the weak force is mediated by W± and Z0 bosons. The strong force is transmitted
by eight color charged gluons. The Higgs boson is different from the bosons mentioned before
since it does not transmit a fundamental force and is responsible for the rest mass [3, 4].

However, not every particle is able to interact via all forces. Which force a particle couples
to depends on its quantum numbers: To be able to couple to the electromagnetic force a particle
has to have a non-zero electric charge and to be able to couple to the strong force, therefore a
non-zero color charge. The weak nuclear force is able to couple to all elementary particles of
the SM except for the gluons and the photon. For the fermions the boxes in figure 2.1 represent
this behavior.

Unlike bosons, fermions are sorted in so called generations. There are three generations or
families, with the most significant difference being the mass which increases with each genera-
tion. Every lepton generation consists of a charged lepton and an uncharged lepton-neutrino.
Each lepton family has a quantum number, which is conserved. In contrast to leptons, quarks
have a color charge. There are three different color charges, red, green and blue and their
anticolor. Quarks can only be observed in bound states which implies that only colorless com-
binations of elementary particles are able to move freely. The most common colorless particles
are baryons, consisting of three quarks like protons or neutrons, and mesons, which are quark
anti-quark pairs, for example the pions π± and π0, however, at LHCb pentaquark states may
have been found [5]. All known elementary particles of the SM are shown in figure 2.1 below.

Even though the SM is precise and predicts a variety of phenomenons well, there are quite
a number of findings, the SM is not yet able to describe. Examples include, for example to
gravity, the predominance of matter over antimatter in the universe or the astrophysically
observed dark matter. Thus theories beyond the SM are needed.
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Figure 2.1: Standard Model of Particle Physics, values taken from [6].
The boxes in this figure show the coupling of the three generations of both types of fermions
to the mediators of the three fundamental forces of the SM.

2.2 Dark matter

Dark matter is of special interest in particle physics due to astrophysical evidence but no particle
physics evidence of dark matter having been found. For example, experiments measuring the
extended rotation curve of distant galaxies such as M33, as done in [7], show unexpected
behavior, assuming one can observe all matter and gravitationally interacting objects, namely
the outer most parts of M33 are faster than expected. Figure 2.2 illustrates that a rather big
contribution of gravitational force in the outer part of the galaxy is presumably due to dark
matter halo.

Figure 2.2: The M33 rotation curve with dark matter contributions to the best fit model is
shown; adapted from [7].
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This can also be explained using the ’Modified Newtonian Dynamics’ (MOND) [8] approach,
however, this approach cannot explain various effects and measurements, as described in the
first part of [9], which indicate the existence of dark matter. Such examples are given by
the measurements of the Wilkinson Microwave Anisotropy Probe (WMAP) [10] and Planck
spacecraft [11], whose data taken can be explained well using the ’ΛCDM’ Model [12].

One of the strongest evidence found so far is gravitational lensing [13–15]. This phenomenon
is often split into two categories, strong and weak. While strong gravitational lensing can be
used to probe the central mass distribution of cluster cores by studying so called giant arcs, weak
gravitation lensing can be used to probe mass distributions in clusters. Due to requirements
on the mass density of a cluster core, strong lensing is used less than weak lensing. Owing to
the fact that galaxies are not necessarily intrinsically symmetric, weak lensing depends on a
statistical approach by averaging over many images. Both types of lensing are sensitive only
to the surface mass density projected along the line-of-sight, irrespective of its composition or
physical state [16]. Due to this fact, the dark matter potential has been mapped using weak
shear [17].

Even though astrophysical evidence for dark matter has been found using a variety of
different approaches, evidence on particle level has yet to be found. To find new evidence,
there are three different approaches, namely direct and indirect detection and the production
at colliders. These methods are visualized in figure 2.3.
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n

production at colliders

indirect detection

Figure 2.3: The three dark matter search methods are shown: direct, indirect and collider
searches; the arrow indicates the arrow of time.

In contrast to experiments like XENON100 [18] and LUX [19], in which the principle of direct
detection is used, by measuring the scattering of SM matter and dark matter, experiments like
IceCube [20] and AMS [21, 22] attempt to detect dark matter indirectly, mainly by observing
excess of SM matter. However, this analysis focuses on the production of dark matter at a
collider, the Large Hadron Collider. Detection of data is achieved with the Compact Muon
Solenoid detector, which is explained in more detail in chapter 3.

Possible candidates for dark matter have to fulfill certain criteria to be considered a good
candidate [23]: The dark matter candidate has to match the appropriate relic density, be
consistent with Big Bang Nucleosynthesis [24] and allow stellar evolution. In order to be
consistent with limits already set, astrophysical bounds [10, 11, 21, 22], gamma-ray constraints
[25], constraints on self-interactions [26] and limits from direct DM searches [18, 19] have to
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be fulfilled. Additionally, any candidate has to be cold, electrically neutral and be able to be
probed experimentally.

One type of candidate particles that fulfills this list reasonably well is the class of Weakly
Interacting Massive Particles, so called WIMPs. By construction, WIMPs are electrically
neutral, thus not interacting via the electromagnetic force and not being able to be observed
by optical telescopes. The interaction strength of a WIMP has to be in the same order of
magnitude as the weak interaction.

Due to these facts, the dark matter candidate used in this thesis is a WIMP. From an
experimentalist point of view, it is most important, that WIMPs only interact gravitationally
thus leave the detector unseen. Thus any search for dark matter at a collider has to be produced
along other particles which are detectable.The search signature of this analysis is the mono-
lepton channel, which is subsequently discussed.

2.3 Model

Until now mainly vector boson mediated dark matter coupling spin independently (vector
(V)) or spin dependently (axial-vector (AV)) has been considered [27]. However due to the
recent discovery of a Higgs-like boson [28,29], a scalar elementary particle, the search for dark
matter with scalar (S) or pseudoscalar (PS) coupling has been a topic of interest [30–32].
One interesting questions is whether pseudoscalar or axial-vector coupling dark matter is more
sensitive for searches at CMS. As Dennis Noll’s bachelor’s thesis [33] has shown, the PS model
has more events at high MT than the AV ξ=+1 model, see figure 2.4, which indicates a better
sensitivity.
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Figure 2.4: Comparison of cross section for different couplings and decays, plot made by Dennis
Noll [33].

As seen in figure 2.4, the pseudoscalar model provides higher differential cross sections than
the scalar model. The higher cross section in the PS case can be explained with the respective
Lagrangians L(P )S [34]:

LS ⊃ −
1

2
M2

medS
2 − gDMSχ̄χ

LPS ⊃ −
1

2
M2

medP
2 − gDMPχ̄γ5χ
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The difference between these Lagrangians is the extra γ5 term in LPS. This term introduces a
spin sensitivity to the pseudoscalar case, which causes the higher cross section. Similarly, this
can be observed in the comparison of vector and axial-vector models [34].

In contrast to the (P)S models, the (A)V models an additional parameter [35], includes the
interference parameter and is often denoted as ξ. This parameter can be defined as ξ = gd

gu
[27],

with gd and gu being the couplings to the down and up quarks respectively. Constructive
interference can be observed in case of ξ=-1, leading to higher process cross sections. For ξ=+1
destructive interference can be observed, leading in turn to lower process cross sections. Taking
into account that the parameter ξ is restricted to ξ≈ 1 for effective field theory approaches [36],
the range of ξ being able to be used in simplified models is not yet resolved and still under
investigation [37].

To be able to determine, which coupling (A)V or (P)S, is most sensitive, a comparable
channel has to be used. Taking into account that (P)S couplings are different to (A)V, a
channel with the same final state and related means of production has to be chosen. As the
Mono-W channel is studied in the Aachen workgroup for (A)V coupling, a Mono-W channel
for (P)S coupling dark matter is chosen. Additionally, this channel has been proposed in talks
at CMS [38].

Owing to the fact, that the only known elementary scalar boson so far, is the Higgs boson,
and the Higgs boson is able to be produced in the Mono-W channel [39,40], the Mono-W channel
is utilized for this thesis. In the case of the Higgs boson, this channel often is called associated
production of the Higgs, utilizing the so called Higgsstrahlung mechanism [41]. However, this
thesis is not investigating Higgs physics, especially the invisible Higgs decay, thus a mediator,
that generally behaves like the SM Higgs, but does not necessarily have to be the found SM
Higgs, is used. Therefore a process related to associated production is used. The mediator is
radiated from an excited W boson and decays into a pair of dark matter.

Both sets of models, (P)S, figure 2.5a, and (A)V, shown in figure 2.5b, are produced in a
channel, with the final state consisting of a pair of dark matter particles, one neutrino and
one lepton as proposed in [35]. Due to neutrinos as well as dark matter not being able to be
detected, these particles are combined as missing transverse energy Emiss

T . The lepton, however,
can be measured well, thus channel of production is considered to be a mono-lepton channel.
This analysis is limited to electrons and positrons as the lepton and in addition, the mediator
for each model is required to decay into dark matter particles, as the mediator possibly decaying
into other particles only changes the branching ratio.

Owing to the facts that this analysis is aiming to be a sensitivity study, three masses were
simulated in private production. These masses have been chosen based on a shape analysis
on generator level. The mediator masses are selected at points at which the shape changes
significantly [42].

Figure 2.6 shows the production cross section for the three selected mass points of Mmed=50,
500 and 2000 GeV for the four used models. The production cross section of the AV ξ=±1
models are abbreviated σprod ξ = ±1 and the production cross section of the (P)S models
are abbreviated σprod(P)S. The (P)S models features a strong Mmed dependence, which can be
explain using the Feynman diagram in figure 2.5a. As a result of the fact, that the mediator has
to be radiated by an exited W boson, this W boson is required to be off-shell. As the mediator
mass increases, the W boson has to be further off-shell. This is increasingly improbable and
thus the production cross section decreases.
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(a) Feynman diagram for the (pseudo)scalar
model

(b) Feynman diagram for the (axial-)vector
model

Figure 2.5: Feynman diagrams for both sets of models are shown.
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Figure 2.6: The production cross section of an AV ξ=-1 (violet), AV ξ=1 (blue), PS (cyan) and
S (orange) signal with mχ=10 GeV is shown as a function of Mmed.
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Chapter 3

CMS Detector

The Compact Muon Solenoid (CMS) detector is a general-purpose detector, that operates at the
Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) and
is located underground near Geneva. CERN operates four large detectors that records collisions
of the LHC. These are split into two groups. One of which is the group of detectors, that are
dedicated to a single purpose. This group consists of LHCb [43], which investigates bottom
and bottom anti-quark physics, and ALICE [44], which studies strongly interacting matter at
extreme energy densities. The other group contains the ATLAS [45] and CMS general-purpose
detectors [46], aiming to study a wide range of particle physics.

The CMS utilizes four different types of detectors and a superconducting solenoid, that is able
to produce a magnetic field of up to 3.8 T. Starting from the center to the outside, the detectors
are installed in the following order, as seen in figure 3.1:

• Silicon pixels and strip detectors: the silicon trackers, with the pixel detectors being the
inner most detectors. The tracking system is used to accurately measure the momenta of
charged particles.

• Electromagnetic Calorimeter (ECAL): scintillating PbWO4 crystals to measure the total
energy of electrons and photons with high resolution.

• Hadronic Calorimeter (HCAL): build out of brass and plastic scintillators to measure the
total energy of hadrons and to prevent most particles from escaping.

• Muon Chambers: consist of drift tubes and resistive plate chambers in the barrel and
cathode strip detectors and resistive plate chambers in the endcaps and is used to detect
and measure muons.

The detector has different regions, the forward region, the barrel and endcap. These parts can
be differentiated by the pseudorapidity η, which is defined as

η = −ln(tan(
θ

2
)) ≈ 1

2
ln(
|~p|+ pL
|~p| − pL

),

θ being the polar angle used in polar coordinates. The region with |η| < 1.4 is denoted barrel,
for 1.4 < |η| < 3 the region is denoted endcap and the region in which 3 < |η| < 5 is true, is
the very forward region. The hadron forward detector is located in the forward region.

8



The measurable quantities which are integral to this analysis, are the transverse energy ~ET ,
which is defined as ~ET = ~E · sin(θ), the transverse momentum ~pT , which is defined as ~pT =

~p·sin(θ) and the missing transverse energy ~Emiss
T = −

∑
~pT . The angle between ~pT and ~Emiss

T is

denoted as ∆φ, and can be used to define the transverse mass MT as

√
2~pT ~Emiss

T · (1− cos(∆φ)).

Figure 3.1: A schematic overview of CMS, taken from [47],is given.

More detailed information regarding the CMS detector can be found here: [46]

3.1 Run 2 Data

This analysis is based in part on data taken with the CMS. The data set is based on run 2015
B with a magnetic field of 3.8 T with 50 ns bunch spacing. Only certified runs which amount
to approximately 41.9 pb−1 of integrated luminosity are used. Due to the fact, that the LHC
had a rise in center of mass energy to

√
s=13 TeV after the first long shutdown. The detector

was not yet fully calibrated and several triggers, such as the low pT electron trigger, are not yet
well understood. As a direct result throughout the majority of this analysis, high pT electron
triggers are used.

9



Chapter 4

Signal generation and computational
setup

Most commonly used generators do not yet include models for the (P)S signals. The JHU
generator is a relatively new tool that is able to generate scalar mediators in simplified models
with either S or PS coupling [48–50]. This generator has been proposed as a tool for the
investigated (P)S models in CMS “MC & Interpretation” meetings [51,52]. Therefore the JHU
generator has been used to generate (P)S signals, while MadGraph [53] has been used for the
AV signals.

However, the decay to dark matter is not yet implemented in this generator. Chiaran
Williams developed a tool called boltdmdec which is able to decay the mediator into dark
matter particles. Details regarding the scaling of the cross section can be found in [33].

The runs generated with 2 ·105 events for a width Γ of Mmed

8π
and mediator masses of Mmed

= 50 GeV, 500 GeV and 2000 GeV. These masses have been selected to cover a large phase
space of the model at points with significant changes in the MT shape [42]. The dark matter
mass mχ is fixed to 10 GeV. As Dennis Noll’s thesis [33] has shown, the mediator couplings gW
and gDM only have an impact on the production cross section, however, not on the shape. For
simplicity, these coupling values have therefore been set to 1.

In order to be able to use these samples as a signal detectable in CMS, hadronization with
Pythia 8 [54] and a full detector simulation utilizing the CMSSW framework [55] have to be
performed.

The simulated signals are compared to AV signals with ξ=±1. These signals were produced
for previous analyses of the Aachen work group for the same set of Mmed and the dark matter
mass mχ is fixed to 10 GeV, with the exception of ξ=1 and Mmed = 2000 GeV. This sample was
missing and as a replacement a sample with mχ is 100 GeV from the official production was
used. All of these samples are produced with approximately 3·104 events after jet matching,
with the exception of the sample for ξ=1 and Mmed = 2000 GeV, which has approximately 105

events.
The simulated signals can be analysed together with data taken in CMS and backgrounds

generated with Monte Carlo generators such as Pythia [54] and Powheg [56] in the TAPAS [57]
framework. The TAPAS framework is also used to produce most of the plots.

10



Chapter 5

Kinematic selection

5.1 Electron and Missing Transverse Energy Selection

The event selection follows the 8 TeV lepton and missing transverse energy analysis [27] as it
is very similar.

As described in section 2.3 an event signature with a single high pT electron is expected in
the studied models, along with three or more particles that cannot be detected directly, dark
matter and neutrinos, thus leading to experimentally observed missing energy Emiss

T . This
missing energy is reconstructed utilizing the particle-flow technique [58–62]. The particle-flow
event algorithm reconstructs and identifies each individual particle by combining information
from various elements of the CMS detector. The energy of the electrons is determined by
combining three measurements: The tracker measures the electron momentum at the primary
interaction vertex, the corresponding ECAL cluster measures the energy of the electron and
the sum of the energies of photons that are compatible with originating from bremsstrahlung
along the electron track is measured. For this analysis, particle flow missing transverse energy,
pfMET is used [63] and is preliminarily corrected for jet energy calibration [64, 65] and their
propagation to the Emiss

T (type-1 corrections).

To select a candidate event an electron has to fulfill the high energy electron pair identifi-
cation v6 [66], see table A.1. The electron also has to be triggered by either the
HLT Ele27 eta2p1 WPLoose Gsf or HLT Ele105 CaloIdVT GsfTrkIdT trigger. If the selected
electron is triggered by the HLT Ele27 eta2p1 WPLoose Gsf trigger, it has a pT of at least 27
GeV. Additional an offline cut of pT > 35 GeV is applied as this trigger has a efficiency plateau
above a pT of 35 GeV. Despite the fact that the detector effects are not yet sufficiently well un-
derstood for the low pT region, the selection will be optimized in section 5.3 utilizing this trigger.
Nevertheless the optimization is tested for future results. However, analyzing the data taken
requires a well understood trigger. For this purpose the HLT Ele105 CaloIdVT GsfTrkIdT
trigger is used. It requires a pT of at least 105 GeV und the trigger is fully efficient for a pT
which is larger than 120 GeV, as shown in [67, 68], thus an additional offline cut is applied.
This trigger is used to lessen the influence of the W induced background and of the low pT
region.

Electrons are reconstructed as electromagnetic calorimeter clusters that can be matched
to a tracker track. Additionally they have to be within the acceptance region of the barrel,
|η| < 1.442, or the endcaps, 1.56 < |η| < 2.5. This criterion ensures that no electron in the
transition region, in which the misidentification is the most probable, is accepted. The electron
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also has to have an electron-like shape and must be sufficiently isolated, which means that all
tracks in the proximity of the candidate originate from the same primary vertex and have a
sum of pT of less than 5 GeV within a cone of ∆R =

√
∆φ2 + ∆η2=0.3.

5.2 Backgrounds

There are several processes whose final state is similar to that of the signal. These processes
are listed in table 5.1.

The backgrounds can be estimated from simulation either at leading order (LO) or next-
to leading order (NLO). The dominant process is the decay of a W → lν. This process is
irreducible due to the topology of this process being almost identical to that of the signal.
Even though the W Boson off-shell samples are produced at LO, a K-factor was computed by
members of the Aachen W’-group. The K-factor corrects the LO cross section for electro-weak
effects at NLO and QCD effects at NNLO [69].

Other processes are Drell-Yan (DY), where one of the leptons is either lost or out of the
acceptance, tt̄ in the semileptonic or dileptonic decay channel and diboson decays, where all
but one lepton escape detection. Of the diboson decays, the WZ decay contributes the most,
with the W boson decaying to a lepton and a neutrino and the Z boson decaying into a pair
of neutrinos. The background with the largest cross section is QCD multijet, even though
it is efficiently rejected with the selection criteria. Due to the fact that simulations of the
QCD mulitjet process are sensitive to how many corrections on the leading order are produced,
this process is derived from data. The data driven method used is the ABCD-Method, see
figure 5.1, and was used in previous lepton and missing transverse energy analyses in CMS, for
example in [70, 71]. In this method a signal region, 0.4 <pT/Emiss

T < 1.5, and a QCD region,
pT/Emiss

T >1.5, are defined. In both the signal and the QCD region two extra regions, one
with non isolated and one with isolated leptons are defined and named A and B for the signal
region and C and D for the QCD region, respectively. Region A is then used to obtain a QCD
template sample. Then the regions C and D are used to determine the normalization of the
fake rate, which then is applied to region A to obtain region B.

Owing to the fact, that the data taken is fixed to a certain amount of integrated luminosity
Lint , while the simulated expectation is not, the total number of simulated events NMC has to
be weighted with a factor f which is defined as

f =
σLint
NMC

with σ being the cross section of the process.
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Table 5.1: A list of backgrounds with their generators used for simulation and their cross
sections at leading order (LO) or next-to leading order (NLO). The masses are given in GeV.

Background Generator σ (pb)

W on-shell W→ lν M < 200 GeV MC@NLO NLO 61526.7
W off-shell W→ eν M ∈ (200,500) GeV Pythia 8 LO 6.095

W→ eν M ∈ (500,1000) GeV Pythia 8 LO 0.201
W→ eν M ∈ (1000,3000) GeV Pythia 8 LO 0.0141
W→ eν M > 3000 GeV Pythia 8 LO 3.23e-05
W→ µν M ∈ (200,500) GeV Pythia 8 LO 6.095
W→ µν M ∈ (500,1000) GeV Pythia 8 LO 0.201
W→ µν M ∈ (1000,3000) GeV Pythia 8 LO 0.0141
W→ µν M > 3000 GeV Pythia 8 LO 3.23e-05
W→ τν M ∈ (200,500) GeV Pythia 8 LO 6.095
W→ τν M ∈ (500,1000) GeV Pythia 8 LO 0.0201
W→ τν M ∈ (1000,3000) GeV Pythia 8 LO 0.0141
W→ τν M > 3000 GeV Pythia 8 LO 3.23e-05

Drell-Yan Z/γ → ll Mll ∈ (10,50) GeV MC@NLO NLO 18610
Z/γ → ll Mll > 50 GeV MC@NLO NLO 6104

tt̄ tt̄ Mtt̄ < 700 GeV PowHeg NLO 730
tt̄ Mtt̄ ∈ (700,1000) GeV PowHeg NLO 67.233
tt̄ Mtt̄ ∈ (1000,∞) GeV PowHeg NLO 18.0602

Diboson WW Pythia 8 LO 63.21
WZ Pythia 8 LO 22.82
ZZ Pythia 8 LO 10.32

QCD Multijet derived from data

Figure 5.1: Shown is the ABCD method, taken from [70]. In region A a QCD template sample
is obtained, with regions C and D are used to termine the normalization. Region B is the signal
region. These regions are distinguished by pT/Emiss

T .
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5.3 Optimization of the Selection

5.3.1 Motivation

In figure 5.2 the major backgrounds and a signal for each model. In this plot no selection
and low pT triggers are applied. While the backgrounds are stacked, the signals are presented
independently.
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Figure 5.2: MT distribution of backgrounds and signals with no signal selection and low pT
triggers applied. The signals are produced with Mmed=50 GeV.

The background peaks around MT=80 GeV, while the signal peaks around 130 GeV in
MT . This can be understood considering that the most significant background is induced by W
boson decay of transverse mass MT ≈ 80 GeV, for the signals, however, at this transverse mass,
a mediator is unlikely to be produced yet and additional energy, thus higher MT is required.
If an analysis was performed at this stage the data would be dominated by background and
the sensitivity to the signal would be low. In order to increase the sensitivity, the signal to
background ratio has to be improved by reducing the background contribution. This can be
achieved by selecting events using the variables ∆φ(e,Emiss

T ) and pT/Emiss
T , as these spectra

have regions in which there is little signal and a big amount of background, as seen in figure
5.3. All four studied models are approximately constant for ∆φ(e,Emiss

T ) <1.4, but have a
more steep slope than all background processes with the exception of the W boson induced
background. The signals and the W background peak around ∆φ(e,Emiss

T )=π due to the back-
to-back topology of the decays. In pT/Emiss

T , the number of signal events decreases faster than
any background and peaks for pT/Emiss

T ≈1.
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Figure 5.3: On the left before any selection but low pT triggers are ∆φ(lep, Emiss
T ), on the left,

and pT/Emiss
T , on the right; regions with low signal contributions can be found. The signals are

produced with Mmed=50 GeV.

5.3.2 Method and Result

There are generally two distinct approaches to selecting on a variable, the first one being a
static selection, which means that the selection does not change. This approach has been used
in beyond the SM searches before, for example [27]. The alternative is a varying selection. As
mono-lepton searches usually are performed in the MT distribution, a MT dependent selection
is optimized for this work in the following way:

The MT spectrum and the distribution of the selection variables are binned, and for each
MT bin the following process is performed:
For each bin in the distribution the signal efficiency and significance s is computed

s =
Nsg√

Nsg +Nbg

for Nsg being the number of signal events in a bin of the distribution and Nbg the amount
of background in a bin. Then the signal efficiency is used as a criterion for which bin in the
distribution can be chosen. The bin with the highest significance and sufficient signal efficiency
has to be determined. Thereby the signal efficiency affects how tight or loose the selection is
going to be, with higher efficiencies corresponding to a more loose selection and lower efficiencies
corresponding to a more tight selection. Once the most significant bin with the required signal
efficiency is found, the error is evaluated by choosing the two bins which are farthest away
within 1σ of the chosen bin. An example with the required signal efficiency of 90% is shown in
figure 5.4
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Figure 5.4: An example for selection process is shown: For a signal efficiency of 90% the chosen
bin and the upper and lower error bin are indicated by arrows pointing at them.

Once this process is completed, a function is fitted to the resulting distribution. The effec-
tiveness of selections is evident when comparing the MT distribution before and after selections,
using the PS90 selection in figure 5.5 as an example. The analogous figures for the W′

static and
W′

MT
selections can be found in the appendix B. For the PS90 selection, the number of signal

events for MT above ≈ 600 GeV are virtually unchanged for both (P)S models, but still yield
a discrepancy for the AV models. This is assumed to be an effect of the less steep shape of the
AV models compared to the (P)S models in the ∆φ distributions, in which the PS90 selection
is the most rigorous. The fact that low MT region for all models suffers from signal loss can be
explained by the upper bound pT/Emiss

T being in close proximity to the peak.
However, to be able to determine the best type of selection for this search, limits are

determined using three different selections: The W′
static selection used in [27], the selection

optimized for W′ produced by AV mediators using the algorithm described and the selections
optimized for dark matter produced by scalar mediators. These kinematic selections are listed
in table 5.6 and visualized in figure 5.7. It can be seen that the W′

static selection does not
change with respect to the selection variables. The W′

MT
selection does not change in ∆φ and

the upper bound on pT/Emiss
T is fixed as well, while the lower bound is a parabola which results

in no lower bound on pT/Emiss
T for MT > 2 TeV. For the PS90 selection, both, the selection of

∆φ and the pT/Emiss
T are partly MT dependent, for MT < 900 GeV pT/Emiss

T can be described
with a linear function in MT and for ∆φ the dependency is given by an error function.

The effect of the selections is further investigated in section 6.3 by determining expected
cross section limits. These limits are then used to estimate possible improvements of MT -
dependent selections over static selections.
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slimmed peak region. The signals are produced with Mmed=50 GeV.
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Table 5.6: The different selections are displayed; MT is given in units of GeV.

W′
static =


pT/E

miss
T > 0.4

pT/E
miss
T < 1.5

∆φ > 2.5

selection used in [27] and follow-up searches, for example [72]

W′
MT

=


pT/E

miss
T > 0.58 + 7.9 ·MT · 10−4 − 5.28 ·M2

T · 10−7

pT/E
miss
T < 1.1

∆φ > 2.8 · Erf(MT +7.6
140

)
MT dependent selection optimized for W′

static signals with a
required efficiency of 50%

PS90 =



pT/E
miss
T >

{
0.44 + 1.9 ·MT · 10−4, if MT < 900

0.68, if MT > 900

pT/E
miss
T <

{
1.43− 4.2 ·MT · 10−4 + 1.05 ·M2

T · 10−8, if MT < 900

1.12, if MT > 900

∆φ > 2.963
MT dependent selection optimized for pseudoscalar signals
with a required efficiency of 90%
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Figure 5.7: Functions for the kinematic selection are shown, pT/Emiss
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Chapter 6

Interpretation of Results in Terms of
Limits

Utilizing the three different possibilities for kinematic selection, see table 5.6, the effects of
these selections on the expected limits for a (P)S or AV signal are studied. Because of the
optimization of the kinematic selection being done for pT triggers, these triggers are used
to finalize the optimization. The sensitivity study uses high pT triggers, as these are better
understood than the low pT ones. In earlier analyses, for example [27], it has been shown
that V signals generally have comparable sensitivity to AV signals. However, V signals are
not competitive to direct detection as vector coupling is sensitive to the number of nucleons,
while the AV model is sensitive to the spin. Lastly, the sensitivity of the studied models are
compared to each other and expected limits for higher integrated luminosities are computed.

6.1 Computation of Limits

In order to derive a limit from the MT distribution, a multi-bin approach is used, similar to
previous analyses, for example [71]. This is based on the shape of the MT distribution, when
kinematic selection is applied. The MT distribution is divided into bins and for each bin the
likelihood function is separately evaluated. The combination of all bins then enables the limit to
be derived for each signal used. Utilizing the Higgs combine tool [73,74] a Bayesian approach,
as explained in chapter 38 of [6], with a uniform prior for both the expected and observed limits
is used. The limits are obtained at 95% confidence level, with the parameter of interest being
the signal cross section times branching ratio of the decay of the mediator into a dark matter
pair. The branching ratio is set to 1. The derived cross section limits indicate the cross section,
that a given signal is required to have, in order to exclude it. An exclusion of a signal requires
the observed cross section limits to be lower than the production cross section.

As the parameter of interest is the cross section times branching ratio of this final state, the
plots will show the cross section times branching ratio as a function of either the mediator mass
Mmed or as the function of the integrated luminosity Lint. When comparing different kinematic
selections, each selection is depicted with a line style and color, while each model has a distinct
color when compared to one another, this color code is kept in all figures. When investigating
a single limit, the dashed line shows the median of the expected limit, the solid line represents
the observed limit, while the green and yellow bands represent the 1 and 2 σ bands. Respecting
the color code used for the models in prior plots, production cross section are shown to indicate

19



the sensitivity of each model.

In every following sections the limits are computed using the high pT trigger, except for
section 6.3, in which the low pT trigger is used.

6.2 Interpretations

Earlier analyses have shown [33,42] that the investigated models have an increased cross section
for the narrow width approach compared to a wide width approach. These analyses also have
shown that the shape of the MT distribution does not change for different values for the width
Γ, while the number of expected signal events change. Furthermore [37] has shown that the MT

shape also is not affected by using either a Majorana or Dirac assumption for the dark matter
particle, while the cross section is increased by a factor of 2 for the Majorana assumption with
respect to the Dirac assumption.

Utilizing the fact that the exclusion limit depends on the shape of the MT distribution the
sensitivity can be interpreted using the narrow width approach (Γ = Mmed/8π) and the wide
width approach (Γ = Mmed/3) for all four models and additionally the Majorana as well as the
Dirac dark matter particle assumption for the AV models.

6.3 Completion of Selection Optimization

To conclude the optimization of the kinematic selection from section 5.3, the effects of the
optimized W′

MT
and PS90 selections are compared to the previously existing W′

static selection.
This is done using low pT triggers instead of high pT triggers as done in sections 6.5.1 through
6.9. Owing to the fact, that the effects of the selection optimization can be seen best for high
luminosities, the limits are computed for an integrated luminosity of 10 fb−1, using the Bayesian
approach. This integrated luminosity is expected to be recorded at the end of 2016.

Figures 6.1 and C.1 show the cross section limit for the four different models studied. It
should be noted that the sigma bands are not shown. The sigma bands indicate the influence of
the systematic uncertainties on the subjective degree of believe [75] in the Bayesian approach.
As this section is supposed to compare the most probable and thus most trustworthy expected
limits, the sigma bands are omitted.

Starting with the AV model and ξ=+1 in particular, it can be seen in figure 6.1 on the left
side that the PS90 selection results in a higher cross section limit for low Mmed, but a lower cross
section limit for high Mmed, compared to the W′

static selection. The W′
MT

selection in contrast
provide continuously lower cross section limits than any other selection. Compared to the
W′

static selection, the W′
MT

selection are an improvement of (11.3 to 14.2)% for Mmed>500 GeV,
for PS90 and Mmed >500 GeV, this varies from (8.3 to 13.4)%. For low Mmed values, however,
the W′

static selection are 30.8% lower than W′
MT

and 41.4% lower than the PS90 selection. These
values can be found in table C.1.

For ξ=-1, see figure 6.1 on the right side, the W′
static selection only yields a lower limit than

the PS90 selection for high Mmed, but yields higher limits than the PS90 selection otherwise.
The W′

MT
selection yield the lowest limits for all Mmed and are an improvement of (1.7 to 9.3)%

compared to the W′
static selection. The difference between the W′

static and PS90 selections ranges
from (-7.7 to 4.4)%, with the negative value indicating the PS90 selection yielding a lower limit
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and the positive value indicating the W′
static selection to yield a lower limit. These values can

be found in table C.2.
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Figure 6.1: Comparision of expected limits for the three different selections and AV ξ=+1 (left)
or ξ=-1 (right) signals, with the W′

MT
selection yielding the lowest limit both cases.

In the S model, see figure 6.2 on the left side, the W′
static selection yields the highest cross

section limits with the exception of low Mmed, for which the W′
MT

selection yields slightly higher
limits. Similar to the W′

MT
selection for the AV models, the PS90 selection provide continuously

lower cross section limits than any other selection tested for the S model. The PS90 selection
is an improvement of (22.3 to 24.3)% in relation to the W′

static selection for Mmed>500 GeV;
for the W′

MT
selection, this ranges from (22.9 to 25.3)%. In case of Mmed<500 GeV, the PS90

selection yield 7.1% and the W′
MT

selection 11.4% higher cross section limits. These values can
be found in table C.3.

Lastly, for an PS signal, see figure 6.2 on the right side, the W′
static selection yields in

the tested Mmed region higher cross section limits than both the W′
MT

and PS90 selections.
The latter mentioned pair of selections yield nearly the same limits, with the W′

MT
selection

leading to slightly lower limits until high Mmed, for which the PS90 and W′
MT

selections yields
approximately the same limits. The W′

MT
selection are overall an improvement of (20.9 to

38.1)% relative to the W′
static selection and the PS90 selection are an improvement of (21.2 to

38.1)%. These values can be found in table C.4.

6.3.1 Conclusion

The W′
MT

selection is an improvement for all models studied, neglecting the low MT region in
the AV ξ=+1 case. This improvement is in the order of 5 to 10% for both AV models and at
least of the order of 20% for the (P)S models. The PS90 selection proves to be comparable to
the W′

MT
selection for the (P)S and the AV ξ=+1 models, but is worse for the AV ξ=-1 model.

This result shows that an optimization regarding the MT -dependency of the selection is of good
value. However, once an MT -dependent selection has been produced for a similar signature, a
dedicated optimization yields only little improvement.
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(a) S signal
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Figure 6.2: Comparision of expected limits for the three different selection and S (left) or PS
(right) signals, the W′

MT
selection yielding the lowest limit in the PS case and the PS90 selection

yielding the lowest limits in the S case.

6.4 Prediction of Limits for high pT Triggers

In figure 6.3 the signals are shown for each mediator mass. For Mmed=50 GeV every signal is
distinguishable due to different shapes. Despite differences in shape, the PS and the AV ξ=-1
signal are comparable, as both the peak height and the slope are comparable, with PS having
a less steep slope. Analogously the S and AV ξ=+1 signals are comparable. While the same
observation can be made for Mmed=500 GeV, the S and AV ξ=+1 signals have a higher slope,
which is getting comparable with those of the AV ξ=-1 and PS signals. For Mmed=2000 GeV
the AV ξ=+1 is approximately the same as for Mmed=500 GeV, however, the PS, S and AV
ξ=-1 signals have roughly the same shape and slope. As a result of the much lower cross section
for the PS and S cases, discrepancies in event numbers between the three mentioned signals
can be observed, especially for high Mmed.

As a consequence of the AV ξ=-1 signal not changing its shape nor the slope changing
drastically, it is to be expected, that correspondingly the cross section limit does not change
much. The S signal, in contrast, changes drastically in shape and slope, so that it can be
assumed, that the cross section limit will decrease drastically with increasing Mmed. A similar
assumption can be made for the PS case; the cross section limit will decrease as a function of
Mmed. In contrast it is anticipated that the S signal will decrease more quickly. This is due to
the fact that the MT shape drastically changes as a function of Mmed. The cross section limit
for the AV ξ=+1 case is for the same reason expected to decrease as a function of Mmed, but
becoming stagnant for Mmed>500 GeV as the shape does not change much.

Based on the flat shape in MT in the PS, AV ξ=-1 and S cases, assuming a mediator with
high Mmedin the S model, the high MT region is most influential, while for the AV ξ=+1 and
low Mmed S models the low MT region is most influential.

As a result of the scalar mediator coupling to an exited W boson instead of the coupling to
quarks in the initial state, the production cross section is extremely small for mediator masses
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Mmed>500 GeV. This leads to an extremely small number of events for the (P)S models, thus
a very large integrated luminosity is needed in order to have a measureable event expectation
from this process. Due to this fact the (P)S models will most likely only be sensitive to low
mediator masses Mmed.
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(b) Mmed=500 GeV
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Figure 6.3: MT distributions for the considered models after kinematic selection and triggers
are applied. From left to right, the mediator mass increases from 50 to 2000 GeV.

6.4.1 Discussion of MT distributions

The effects on the number of events above 500, 1000 and 1400 GeV in MT for the PS signal,
Mmed=50 GeV and the three possible selections from table 5.6, are given in table 6.1 and
visualized in figure 6.4, taking MT>200 and 300 GeV into account as well. Additionally, tables
showing the number of events and statistical uncertainty for all Mmed of the studied signals, the
background and selections used with high pT triggers applied are given in the appendix D. The
right side of figure 6.4 shows that the W′

static selection are the least aggressive, thus the most
signal events remain. However, the signal to background ratio in turn is the smallest, as seen
in the left side of figure 6.4. In contrast the W′

MT
and PS90 selections are the most aggressive,

which leads to higher signal to background ratio for the full MT region. When considering only
MT >1000 GeV, the PS90 selection yield the highest signal to background ratio. These findings
imply that with increasing integrated luminosity the PS90 selection will yield increasingly lower
limits than the other selections, as for increasing integrated luminosities more high MT events
are expected.

In the top row of figure 6.5 the MT distribution for each kinematic selection is shown. The
W′

static selection result in both the most signal and background, while the PS90 selection result
in the least background. The PS90 selection produces the same shape of the background for
low MT as the W′

static selection, namely a broad peak, but has a more steep slope for high MT .
The W′

MT
selection have approximately the same slope for high MT , yet for low MT the shape

changes with respect to both PS90 and W′
static selections. The peak has approximately the same

peak height compared to the W′
static selection, however, the peak has slimmed down.
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Table 6.1: Effects of the different selections on the number of signal (Nsignal) and background
events (NSM bg) for MT> 500, 1000 and 1400 GeV for a PS signal with Mmed=50 GeV and the

signal to SM background ratio (
Nsignal

NSM bg
) for the respective selection are displayed. The error on

the number of events is the statistical error.

PS Mmed=50 GeV kinematic selection
MT threshold

MT>500 GeV MT>1000 GeV MT>1400 GeV
Nsignal W′

static 107.8± 1.6 21.87± 0.73 7.90± 0.44
NSM bg 3.49± 0.20 0.1908± 0.0028 385.5± 2.1 · 10−4

Nsignal

NSM bg
22.0 88.8 163.6

Nsignal PS90 103.1± 1.6 21.78± 0.73 7.90± 0.44
NSM bg 4.89± 0.25 0.2462± 0.0055 0.0483± 0.0027
Nsignal

NSM bg
29.5 114.2 204.9

Nsignal W′
MT

94.6± 1.5 21.63± 0.72 7.88± 0.44
NSM bg 2.87± 0.16 0.1954± 0.0028 404.8± 2.2 · 10−4

Nsignal

NSM bg
32.9 110.7 194.7
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Figure 6.5: MT distributions with kinematic selection and triggers applied are shown, in the
bottom row the MT distribution is displayed cumulatively. The signals are produced with
Mmed=50 GeV.
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Figure 6.4: Signal to background ratio on the left and signal efficiency on the right for the PS
model and Mmed=50GeV. For high MT PS90 selection provides best signal to background ratio,
but suffers from turn on in signal efficiency. In contrast W′

static selection provides the worst
improvement over the preselection but barely loses any signal events. Uncertainty on signal to
background ratio is the gaussian propagated statistical uncertainty of the number of signal and
background events respectively.

All of the MT distributions share one feature, as they show disagreement between data and
Monte Carlo prediction. Depending on which kinematic selection is applied and depending
on the region of MT either under or over fluctuation can be observed. This is partly due to
corrections on Emiss

T , especially the jet energy corrections are not final. As this analysis intends
to focus on the sensitivity of the (P)S model and prepare a possible follow-up analysis on the
complete set of data taken in 2015, this disagreement will be investigated in this future analysis.
The last point also explains why this analysis is only using three mediator mass points. The
understanding of mentioned jet energy corrections is expected to improve for the data taken
with 25 ns bunch spacing along side the understanding of the detector.

In the bottom row of figure 6.5 the MT distribution for each kinematic selection is shown
in a cumulative plot. In a cumulative plot for a given variable, for example MT , a bin, that
is located at a specific MT value contains the total number of events that have the same or
a higher MT value. This type of visualization can be used to show discrepancies between the
data taken and the SM expectation.

The cumulative MT distributions show that the agreement is dependent on the kinematic
selection. While for the W′

static selection the data has a fair agreement for cumulative MT bigger
than 300 GeV, shows disagreement for MT below that value. While the W′

MT
selection has a

fair agreement for all MT , the PS90 selection shows a decent agreement of data and background,
especially for early data. All three selection have regions in which an over or under fluctuation
can be found.
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6.5 Comparison of Different Kinematic Selections

As a consequence of the overall vastly different shape of the MT distribution in compared
to 5.5, it can to be assumed, that the conclusion stated in subsection 6.3.1 is not true for
high pT -triggers. Following this assumption the effects of the different kinematic selections are
compared for high pT -triggers. The most effective kinematic selection is then used to compute
the observed as well as the projected expected limits in the following sections.

6.5.1 Pseudoscalar coupling

In figure 6.6 the expected limits at an integrated luminosity of Lint= 41.9 pb−1 are shown.
While all three selections are decreasing in cross section with the mediator mass, the W′

static

selection varies from the other two with respect to the behavior between 50 and 500 GeV. This
difference is a steeper slope in this region. The cross section limit for the W′

static selection
continues to decline at roughly the same rate as both PS90 and W′

MT
for Mmed > 500 GeV.

For all Mmed the W′
static selection yields the lowest expected limits, while both PS90 and

W′
static yield nearly the same limit. Using the W′

static selection is an improvement of (2.4 to
26.0)% compared to the PS90 selection and (-1.0 to 24.5)% compared to the W′

MT
selection.

The factors can be found in table 6.2.
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Figure 6.6: Comparision of expected limits for the three different selections and a PS signal,
W′

static yielding the lowest limit.
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Table 6.2: Cross section limits for a PS signal are given for each mediator mass point Mmed

and kinematic selection and are compared to the W′
static selection.

σlimit [pb]
PPPPPPPPPname

Mmed 50 GeV 500 GeV 2000 GeV

W′
static in pb 5.80 1.15 0.47

PS90 in pb 5.94 1.45 0.58
comp. to W′

static 1.02 1.26 1.21
W′

MT
in pb 5.86 1.42 0.59

comp. to W′
static 0.99 1.24 1.25

6.5.2 Axial-vector coupling

In figure 6.7 on the left the limits of an AV signal in the case of ξ=-1 exhibit the same behavior
for all the selections, namely a steady drop in cross section, which amounts to approximately
1 pb. In accordance with the limits for the PS model, the W′

static selection yields the lowest
limits for the ξ=-1 model. The PS90 selection yields the next higher cross section limits, while
the W′

MT
selection yields the highest limits.

In case of ξ=+1, see figure 6.7 on the right, The W′
static selection again yields the lowest

limits, with the PS90 selection yielding the highest limits for low Mmed, while for medium and
high Mmed the W′

MT
selection yield the highest limits. The PS90 selection varies in shape from

both other possibilities, especially for low Mmed, at which The PS90 selection have the steepest
slope.

For Mmed >500 GeV the limit becomes stagnant, which is due to the MT shape not changing
between 500 and 2000 GeV in Mmed, as shown in section 6.4. Depending on the mediator mass
Mmed, using the W′

static selection is an improvement of (69.9 to 72.2)% compared to the PS90

selection and (87.3 to 105.4)% compared to the W′
MT

selection for ξ=-1. For the ξ=+1 case
the W′

static selection is an improvement of (34.0 to 325.1)% compared to the PS90 selection and
(55.6 to 67.6) % compared to the W′

MT
selection. In table 6.3 the comparison of kinematic

selections is shown in reference to the W′
static selection for ξ=-1 and ξ=+1 respectively in terms

of factors.
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Figure 6.7: Comparision of expected limits for the three different selections and an AV signal,
ξ=+1 on the right and ξ=-1 on the left. The W′

static selection yield for both values of ξ the
lowest limit.

Table 6.3: Cross section limits in pb for a AV ξ=±1 signal are given for each mediator mass
point Mmed and kinematic selection and compared to the W′

static selection.

PPPPPPPPPname
Mmed 50 GeV 500 GeV 2000 GeV

AV ξ=-1

W′
static in pb 1.70 1.29 0.899

PS90 in pb 2.89 2.18 1.54
comp. to W′

static 1.70 1.70 1.72
W′

MT
in pb 3.48 2.41 1.76

comp. to W′
static 1.05 1.87 1.96

AV ξ=+1

W′
static in pb 206.5 16.49 17.47

PS90 in pb 878.0 22.1 25.8
comp. to W′

static 3.25 1.34 1.47
W′

MT
in pb 321.3 25.8 29.3

comp. to W′
static 1.56 1.56 1.68
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6.5.3 Scalar coupling

For an S signal, the shape of the limits, see figure 6.8, are similar for all three sets of selection.
While the cross section limit approximately diminishes two orders of magnitude between 50 and
500 GeV in mediator mass, the limit decreases roughly a third of an order of magnitude between
500 and 2000 GeV mediator mass. Similar to the PS and AV limits, the W′

static selection yield
the lowest limits, while similar to the PS model and in contrast to the ξ=±1 cases, the PS90

and W′
MT

selections yield approximately the same and highest limits.
Using the W′

static selection is an improvement of (15.9 to 26.0)% compared to PS90 selection
and (19.6 to 29.9)% compared to the W′

MT
selection. In table 6.4 the comparison of the

selections is shown in reference to the W′
static selection.
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Figure 6.8: Comparision of expected limits for the three different selecions and a S signal with
the W′

static selection yielding the lowest limit.

Table 6.4: Cross section limits in pb for a S signal are given for each mediator mass Mmed and
kinematic selection and compared to the W′

static selection.

σlimit [pb]
PPPPPPPPPname

Mmed 50 GeV 500 GeV 2000 GeV

W′
static in pb 324.20 2.19 0.41

PS90 in pb 375.86 2.76 0.510
comp. to W′

static 1.16 1.26 1.23
W′

MT
in pb 387.7 2.85 0.524

comp. to W′
static 1.20 1.30 1.27
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6.6 Comparison of the Different Models

As subsections 6.5.1 through 6.5.3 have shown, the W′
static selection continuously provides the

best limits, thus the sensitivity of the different models will be studied using the selections
specified in table 5.6. This is in contrast to the result from section 6.3, which showed that a
MT -dependent selection yields lower cross section limits. This discrepancy can be explained by
the fact that different triggers were used for the comparisons, showing the sensitivity to the
used trigger in section 6.3.

Figure 6.9 illustrates that the AV ξ=-1 model for low mediator masses Mmed is approximately
a factor 200 lower than S and AV ξ=+1 and a factor 3 with respect to PS signals, while at
medium mediator masses both S and PS limits are in the same order of magnitude and even
yielding a factor 2 lower cross sections limits for high Mmed. In contrast the AV ξ=+1 model
yields a limit that is a factor 10 bigger in cross section due to differences in shape.

This behavior is expected, as section 6.4 has shown, that the shape of the signal for the
different models changes with increasing mediator masses, resulting in the MT distribution
shifting to higher values, see 6.3.

Considering the production cross sections seen in figure 2.6, it is evident, that for 41.9 pb−1

of integrated luminosity, CMS is potentially sensitive to a wide range of mediator masses Mmed

for AV ξ=-1, while being only sensitive to low Mmed in the (P)S cases and being not yet sensitive
to AV ξ=+1 signals.
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Figure 6.9: Comparision of models using the W′
static selection.
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6.7 Observed Limits

Until now, the discussion of expected exclusion limits is based on the simulated backgrounds
and signal files, however, the data taken in run B can be used to determine the observed limits.
In figures 6.10 (a) through (d), these observed limits are shown using the W′

static selection. The
markers in this figure indicate the simulated mediator mass points.

It can be seen, that the observed limits are at consistently within 2 σ of the expected limits.
While for AV ξ=-1 there is a constant over fluctuation, for ξ=+1 there is a constant under-
fluctuation. This can be explained by considering the influential MT regions. For the ξ=-1 case
the high MT region is most influential, for which less events are predicted than observed, see
figure 6.5e. In the case of ξ=+1, however, the most influential region is the low MT region, in
which less events are observed than expected.

A comparable behavior is found for the PS signal, with PS showing an over fluctuation,
which can be explained analogously to the over fluctuation of the AV ξ=-1 case. In contrast S
is showing under-fluctuation for low Mmed, developing into an over fluctuation for high Mmed.
This is compatible with the change of signal shape in MT with Mmed in the S model, so that
for low mediator masses Mmed low transeverse masses MT are important, yet for increasing
Mmed increasingly high MT is important. As the number of events prediction changes from an
under-fluctuation to an over fluctuation, this is expected behavior.

In the AV ξ=-1 and PS models the production cross section and the observed limit intersect
as can be seen in figure 6.10 (a) and (c). As a result the CMS detector is sensitive to these
models with an integrated luminosity Lint of 41.9 pb−1. In the PS model a mediator mass of
Mmed < 155 (85) GeV can be excluded for a width Γ

Mmed
of 1

8π
(1

3
) of the mediator.

For the AV ξ=-1 model Mmed < 500 (780) GeV can be excluded for the Dirac (Majorana)
assumption and a mediator width Γ

Mmed
of 1

3
, for Γ

Mmed
of 1

8π
1880 GeV for the Dirac assumption

can be excluded. When assuming the dark matter to be Majorana particles, it can be seen,
that the intersection point is beyond 2 TeV in Mmed. In order to conservatively estimate the
exclusion limit, the cross section limit for Mmed = 2 TeV is assumed to not change for increasing
Mmed and the intersection point is determined. Using this approach a mediator mass larger
than 2160 GeV can be excluded for a mediator width Γ

Mmed
of 1

8π
in the Majorana approach.

In contrast, there is no intersection point of the production cross section and the observed
limit for the AV ξ=+1 and S models, see 6.10 (b) and (d). Thus there is no sensitivity to these
models with an integrated luminosity Lint of 41.9 pb−1.

These findings are in good agreement with the assumption made in section 2.3. It has been
assumed that the higher differential cross sections of the PS model compared to AV ξ=+1 and
S models, respectively, indicates a better sensitivity. This has been confirmed by the fact that
CMS is sensitive to the PS model while not being sensitive to the AV ξ=+1 and S models.
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Figure 6.10: Comparison of observed limits for all signals using the W′
static selection. In green

and yellow, the 1 and 2 σ bands are shown.
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6.8 Comparison of Approaches

In figure 6.11 the expected limits are shown for both approaches, asymptotic and Bayesian.
Unlike the Bayesian approach, the asymptotic approach does not integrade the likelihood ratio,
but computes the likelihood ratio based on a single test statistic, called the Asimov set [76].
Due to this, the asymptotic approach is much less computationally demanding and results in
less computing time used. As the asymptotic approach is an approximation for a big number of
signal events, datasets with small amounts of data can be problematic and yield wrong results.
This is due to the fact that little amounts of data only contain few signal events and thus the
approximation is not fulfilled.

In figure 6.11 it can be seen, that the order of magnitude for all models and mediator mass
points are in good agreement between the Bayesian and the asymptotic approach. Even though
the shapes of the asymptotic approach does resemble those of the Bayesian one, it does differ.
For both, AV ξ=-1 and PS signals, the disagreement between the different approaches increases,
while for S and AV ξ=+1 signals, the disagreement decreases between Mmed=50 GeV and
500 GeV, but increases for Mmed>500 GeV again. The difference between the two approaches
ranges from (-3.0 to 15.1)% for the PS model, while it varies for the S model from (2.8 to
12.8)%. In the AV ξ=+1 model, the range spans from (-3.3 to 13.1)%, while for the ξ=-1
case, it is (3.9 to 9.0)%. Figure 6.12 illustrates, that disagreement is covered well within the
uncertainties of the approaches. Additionally, the uncertainties for the Bayesian approach are
bigger than for the asymptotic approach in order to compensate for the disagreement.

In appendix E.1 the asymptotic limit plots can be found for all studied selections and models
other than the PS model.
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(a) asymptotic
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Figure 6.11: Comparision of methods: in the left plot asymptotic limits are shown, in the right
plot Bayesian limits. For both methods the W′

static selection is used to compute the limits.
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Figure 6.12: Comparision of methods for the W′
static selection and a PS signal: on the left are

aymptotic limits and on the right are Bayesian limits for 41.9 pb−1.

Table 6.5: Ratio of asymptotic cross section limit with the Baysian one.

PPPPPPPPPratio
Mmed 50 GeV 500 GeV 2000 GeV

PSasym/PSBayes 0.970 1.080 1.151
Sasym/SBayes 1.064 1.028 1.128

AVasym/AVBayes ξ=+1 1.131 0.967 1.047
AVasym/AVBayes ξ=-1 1.039 1.052 1.090
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6.9 High Luminosity Projection

With an integrated luminosity Lint of 2.2 fb−1 already being certified for all analyses and 3.8
fb−1 being delivered by LHC, this section will give an outlook for expected limits for integrated
luminosities of 1, 3 and 10 fb−1.

In figure 6.13 the expected limits can be seen for an integrated luminosity Lint of 1 fb−1 for
all four models. The shape of the limits does not change, but the value of the cross section
limit does. As figure 6.14 shows for each single mediator mass point Mmed, the cross section
limits decrease linearly with increasing integrated luminosity. In order to estimate the expected
sensitivity, figure 6.15 shows the expected limits for an integrated luminosity Lint of 10 fb−1

and all four models.
The limits for 3 fb−1 can be found in E.2, the analogous plots to figure 6.14 can be found

in E.3 in case of Mmed=50 GeV for the AV models, Mmed=500 GeV for the (P)S models and in
E.4 in case of Mmed=2000 GeV.

The intersection point of the theoretical production cross section and the expected cross
section limit graph indicate the mediator mass Mmed which is expected to be excluded for a
given integrated luminosity. For 10 fb−1, both, the S model is not yet sensitive for a width of

Γ
Mmed

= 1
3

but is expected to be able to exclude mediators with masses Mmed < 64 GeV and a

width of Γ
Mmed

= 1
8π

. In the AV ξ=+1 case, there is no sensitivity for Γ
Mmed

= 1
3

assuming Dirac
particles, but it is expected, that Majorana particles can be excluded for mediators with masses
Mmed < 280 GeV. For Γ

Mmed
= 1

8π
both assumptions are expected to be sensitive and to be able

to exclude Mmed < 1120 (1500) GeV for Dirac (Majorana) particles. In the AV ξ=-1 model,
for Γ

Mmed
= 1

3
mediator masses Mmed < 2280 (2660) GeV with a Dirac (Majorana) assumption

are expected to be excluded. These values increase for Γ
Mmed

= 1
8π

to Mmed < 4090 (4670) GeV

for Dirac (Majorana) particles. In the PS model mediator masses Mmed < 170 (157) GeV are
expected to be excluded for a width of the mediator of Γ

Mmed
= 1

8π
( Γ

Mmed
= 1

3
).
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Figure 6.13: Projected expected limits of all models for an integrated luminosity of 1 fb−1.
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Figure 6.15: Projected expected limits of all models for an integrated luminosity of 10 fb−1.
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Chapter 7

Discussion of Results

The kinematic selection was optimized for low pT -triggers and thus a rigorous selection is
needed. This can be explained as low pT triggers reduce the low MT region only slightly and
thus remove only few events with kinematics different from the kinematics of signal events.
High pT triggers, however, reduce the low MT region significantly and thus a rigorous selection
is not needed and might even decrease the sensitivity. As a consequence of these facts it can
be expected that high pT triggers yield the lowest limits when used with a loose selection and
low pT triggers yield the lowest limits when used with a rigorous selection. This can be seen
in sections 6.3 and 6.5. It should be noted that compared to the MT -dependent selections, the
static W′

static selection is a loose selection.

Low pT triggers are studied in section 6.3, which indicates that a MT -dependent kinematic
selection indeed is an improvement compared to static kinematic selection for high integrated
luminosities. Disregarding specific low Mmed regions, the W′

MT
selection yields the lowest limits

in this setup for all models used and are depending on the model an improvement of (1.7 to
38.1)% or a detriment of (3.9 to 41.4)%. In contrast, sections 6.5.1 through 6.5.3 have shown,
the W′

static selection regularly yields lower limits than the other selections and thus are better
suited for searches in both mono-W channels, when applying high pT triggers. This proves that
the optimization of kinematic selection for high pT triggers have different requirements than an
optimization for low pT triggers.

Using the high pT trigger and the W′
static selection, a range of mediator masses can be

excluded for the AV ξ=-1 as well as the PS model, assuming a dark matter mass of mχ=10
GeV at approximately 41.9pb−1. For the AV ξ=-1 the mediator mass Mmed has to be bigger
than 1880 (2160) GeV for Dirac (Majorana) dark matter particles and a mediator width of

Γ
Mmed

of 1
8π

, while for the PS model the mediator mass Mmed is restricted to values higher than
155 GeV for the same width.The S and AV ξ=+1 models are not yet sensitive for this luminosity.
Assuming an integrated luminosity of 10 fb−1 every model is sensitive. The S model is expected
to exclude mediators with width Γ

Mmed
= 1

8π
and masses Mmed < 64 GeV, while the AV ξ=+1

model is expected to exclude Mmed < 1120 (1500) GeV for Dirac (Majorana) particles and the
mediator width Γ

Mmed
= 1

8π
. In the ξ=-1 case these values increase to Mmed < 4090 (4670) GeV

with the same set of assumptions. In the PS model mediator masses Mmed < 170 GeV are
expected to be excluded for a width of the mediator of Γ

Mmed
= 1

8π
.

As a consequence of the different production mechanisms the MT -dependency of the pro-
duction cross section of the (P)S models is differs greatly from the production cross section of
the AV models. Thus high amounts of integrated luminosity are needed for the (P)S models in
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order to gain comparable sensitivity as the AV ξ=±1 models. The AV ξ=-1 model is sensitive
to the biggest phase space of all models studied. As this case might be forbidden [36,37] possi-
bly limiting the AV model to the ξ=+1 case and that the Majorana approach for dark matter
particles is not widely used, further limiting the phase space of comparable results.

In section 6.8 the asymptotic approach is compared to the Bayesian approach. The used
(P)S and AV models, did not suffer under the assumption of the asymptotic approach and
was in good agreement with the Bayesian approach, which is considered to be a more accurate
approach. Because of the asymptotic approach differing between (3 to 15.1)% depending on
which model is used, the asymptotic approach should only be used for checks or to roughly
estimate the sensitivity of a given process and in depth anaylses should use the Bayesian
approach.
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Chapter 8

Summary and Outlook

A sensitivity study of the (P)S models has been performed and compared to the AV ξ=±1
models. It has been found that the CMS detector is already sensitive to the AV ξ=-1 and PS
models with an integrated luminosity of Lint=41.9 pb−1 and the range of mediator masses Mmed,
to which the experiment is sensitive, will increase with respect to the integrated luminosity.
Sensitivity to the S and AV ξ=+1 models developes and also increases with increasing integrated
luminosities.

Considering the fact that ξ 6=+1 is forbidden for effective field theories and no distinct
statement has been made for simplified models yet, the ξ=+1 case might be the only allowed
case for the AV model. As the CMS is not yet sensitive to this case of the AV model, the PS
models might pose as a alternative, that is sensitive even for small integrated luminosities.

Owing to the fact that this channel was proposed in CMS to ensure a complete scan of
processes and the sensitivity is now estimated, a follow-up analysis utilizing the full dataset of
approximately 2.19 fb−1 and aiming to find an excess in data or set limits, assuming no such
excess has been found, should be performed. This analysis will be able to utilize the advance-
ments in detector understanding in general and specifically in Emiss

T . Possible parameters of
interest for this analysis are the mediator width Γ, the coupling of the mediator to the SM gSM
and dark matter gDM as well as the dark matter mass mχ and the mediator mass Mmed.

It has been found that by optimizing the kinematic selection an improvement of approxi-
mately 38.1% can be achieved when used in conjunction with the trigger it was optimized for.
However, it is not an improvement but a detriment to cross section limits when used with other
triggers. Thus it may be considered to optimize the kinematic selection for high pT triggers,
assuming these are used.
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Appendix A

HEEP table

Table A.1: List of requirements of HEEP ID v6.0, HEEP ID is an abbreviation for High Energy
Electron Pairs IDentification [66].

Name Parameter Value
Require Ecal Driven True
Reject Out Of Time True

EoP max 10
Barrel values

∆η < 0.004
∆φ < 0.06

hadronic/electromagntic energy Slope 1
hadronic/electromagntic energy < 0.05

Track Isolation pT < 5
Had Depth 1 Offset 2
Had Depth 1 Slope 0.03

transverse depth 1 hadronic energy ρ Slope 0.28
Inner Layer Lost Hits < 1

|dxy| < 0.02
R29 < 0.9

E1x5/E5x5 > 0.83
E2x5/E5x5 > 0.94

Endcap values
∆η < 0.006
∆φ < 0.06

hadronic/electromagntic energy Slope 5
hadronic/electromagntic energy < 0.05

Track Isolation: Track pT < 5
Had Depth 1 Offset 2.5
Had Depth 1 Slope 0.03
Had Depth 1 ρ Slope 0.28

Inner Layer Lost Hits < 1
|dxy| < 0.05
σiηiη < 0.03

48



Appendix B

Low pT trigger MT distributions
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Figure B.1: Comparision of MT distributions: the left distribution uses the W′
MT

selection, while
the right distribution uses the W′

static selection. For both distributions the filled backgrounds
are after the respective selection whereas the hatched background is pre-selection. The signals
are produced with Mmed=50 GeV.
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Appendix C

Completion of selection optimization:
tables

Table C.1: Cross section limits in pb for a AV ξ=+1 signal are given for each mediator mass
point Mmed and kinematic selection and compared to the W′

static selection.

PPPPPPPPPname
Mmed 50 GeV 500 GeV 2000 GeV

W′
static in pb 9.39 0.743 0.690

PS90 in pb 13.3 0.643 0.632
comp. to W′

static 1.41 0.87 0.92
W′

MT
in pb 12.3 0.638 0.612

comp. to W′
static 1.31 0.86 0.89

Table C.2: Cross section limits in pb for a AV ξ=-1 signal are given for each mediator mass
point Mmed and kinematic selection and compared to the W′

static selection.

PPPPPPPPPname
Mmed 50 GeV 500 GeV 2000 GeV

W′
static in pb 0.0455 0.0382 0.0234

PS90 in pb 0.0420 0.0359 0.0244
comp. to W′

static 0.92 0.94 1.04
W′

MT
in pb 0.0418 0.0346 0.0230

comp. to W′
static 0.92 0.91 0.98
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Table C.3: Cross section limits in pb for a S signal are given for each mediator mass point Mmed

and kinematic selection and compared to the W′
static selection.

PPPPPPPPPname
Mmed 50 GeV 500 GeV 2000 GeV

W′
static in pb 23.9 0.175 0.0166

PS90 in pb 25.6 0.136 0.0126
comp. to W′

static 1.07 0.78 0.76%
W′

MT
in pb 26.6 0.135 0.0124

comp. to W′
static 1.11 0.77 0.74

Table C.4: Cross section limits in pb for a PS signal are given for each mediator mass point
Mmed and kinematic selection and compared to the W′

static selection.

PPPPPPPPPname
Mmed 50 GeV 500 GeV 2000 GeV

W′
static in pb 0.369 0.0551 0.0160

PS90 in pb 0.228 0.0434 0.0126
comp. to W′

static 0.62 0.79 0.79
W′

MT
in pb 0.228 0.0430 0.0127

comp. to W′
static 0.62 0.78 0.79
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Appendix D

MT tables

D.1 MT table W′
MT

selection

Table D.1: Effects of the W′
MT

selection on the SM background, as well as each signal and
Mmed for high pT triggers. The number of events are given with the statistical uncertainties.

PPPPPPPPPname
Mmed MT>500 GeV MT>1000 GeV MT>1400 GeV

Data 4.0 1.0 0
SM Background 2.87± 0.16 0.1954± 0.0028 404.8± 2.2 · 10−4

PS Mmed= 50 GeV 94.6± 1.5 21.63± 0.72 7.88± 0.44
S Mmed= 50 GeV 0.264± 0.047 0.0085± 0.0085 0± 0
AV Mmed= 50 GeV ξ=-1 306± 11 128.0± 7.0 61.2± 4.8
AV Mmed= 50 GeV ξ=1 0.025± 0.025 0± 0 0± 0
PS Mmed= 500 GeV 301.3± 2.4 · 10−7 110.2± 1.4 · 10−7 456.1± 9.3 · 10−8

S Mmed= 500 GeV 735.3± 8.2 · 10−9 128.7± 3.5 · 10−9 34.9± 1.8 · 10−9

AV Mmed= 500 GeV ξ=-1 4.10± 0.13 1.643± 0.081 0.810± 0.057
AV Mmed= 500 GeV ξ=1 0.0301± 0.0024 31.2± 7.8 · 10−4 3.9± 2.8 · 10−4

PS Mmed= 2000 GeV 297.8± 1.6 · 10−7 196.9± 1.3 · 10−7 121.2± 1.0 · 10−7

S Mmed= 2000 GeV 1454.4± 7.3 · 10−11 814.6± 5.4 · 10−11 392.8± 3.8 · 10−11

AV Mmed= 2000 GeV ξ=-1 0.0903± 0.0024 0.0451± 0.0017 0.0238± 0.0012
AV Mmed= 2000 GeV ξ=1 102.1± 6.4 · 10−5 19.1± 2.7 · 10−5 35.4± 9.0 · 10−6
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D.2 MT table W′
static selection

Table D.2: Effects of the W′
static selection on the SM background, as well as each signal and

Mmed for high pT triggers. The number of events are given with the statistical uncertainties.

PPPPPPPPPname
Mmed MT>500 GeV MT>1000 GeV MT>1400 GeV

Data 5.0 1.0 0
SM Background 4.89± 0.25 0.2462± 0.0055 0.0483± 0.0027
PS Mmed= 50 GeV 107.8± 1.6 21.87± 0.73 7.90± 0.44
S Mmed= 50 GeV 0.324± 0.052 0.0085± 0.0085 0± 0
AV Mmed= 50 GeV ξ=-1 527± 14 174.3± 8.2 75.7± 5.4
AV Mmed= 50 GeV ξ=1 0.147± 0.060 0± 0 0± 0
PS Mmed= 500 GeV 431.0± 2.9 · 10−7 129.6± 1.6 · 10−7 503.6± 9.8 · 10−8

S Mmed= 500 GeV 112.6± 1.0 · 10−8 152.8± 3.8 · 10−9 38.0± 1.9 · 10−9

AV Mmed= 500 GeV ξ=-1 7.20± 0.17 2.256± 0.095 0.990± 0.063
AV Mmed= 500 GeV ξ=1 0.0437± 0.0029 39.0± 8.7 · 10−4 3.9± 2.8 · 10−4

PS Mmed= 2000 GeV 397.3± 1.9 · 10−7 229.8± 1.4 · 10−7 133.9± 1.1 · 10−7

S Mmed= 2000 GeV 2013.1± 8.6 · 10−11 967.9± 5.9 · 10−11 436.5± 4.0 · 10−11

AV Mmed= 2000 GeV ξ=-1 0.1567± 0.0032 0.0609± 0.0020 0.0284± 0.0013
AV Mmed= 2000 GeV ξ=1 157.4± 7.9 · 10−5 24.6± 3.1 · 10−5 4.5± 1.1 · 10−5
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D.3 MT table PS90 selection

Table D.3: Effects of the PS90 selection on the SM background, as well as each signal and Mmed

for high pT triggers. The number of events are given with the statistical uncertainties.

PPPPPPPPPname
Mmed MT>500 GeV MT>1000 GeV MT>1400 GeV

Data 4.0 1.0 0
SM Background 3.49± 0.20 0.1908± 0.0028 385.5± 2.1 · 10−4

PS Mmed= 50 GeV 103.1± 1.6 21.78± 0.73 7.90± 0.44
S Mmed= 50 GeV 0.290± 0.050 0.0085± 0.0085 0± 0
AV Mmed= 50 GeV ξ=-1 339± 11 125.7± 6.9 60.0± 4.8
AV Mmed= 50 GeV ξ=1 0.074± 0.042 0± 0 0± 0
PS Mmed= 500 GeV 323.8± 2.5 · 10−7 106.8± 1.4 · 10−7 433.7± 9.1 · 10−8

S Mmed= 500 GeV 830.4± 8.8 · 10−9 124.4± 3.4 · 10−9 32.9± 1.7 · 10−9

AV Mmed= 500 GeV ξ=-1 4.50± 0.13 1.615± 0.080 0.773± 0.056
AV Mmed= 500 GeV ξ=1 0.0308± 0.0025 27.3± 7.3 · 10−4 3.9± 2.8 · 10−4

PS Mmed= 2000 GeV 304.2± 1.6 · 10−7 188.9± 1.3 · 10−7 115.2± 1.0 · 10−7

S Mmed= 2000 GeV 1506.9± 7.4 · 10−11 779.9± 5.3 · 10−11 369.9± 3.7 · 10−11

AV Mmed= 2000 GeV ξ=-1 0.0961± 0.0025 0.0433± 0.0017 0.0228± 0.0012
AV Mmed= 2000 GeV ξ=1 111.4± 6.6 · 10−5 18.6± 2.7 · 10−5 27.5± 8.3 · 10−6
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Appendix E

Expected Limit Plots

E.1 Asymptotic expected limits
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Figure E.1: Expected limits utilizing the asymptotic approach for the AV ξ=-1 signal and an
integrated luminosity of 41.9 pb−1.
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Figure E.2: Expected limits utilizing the asymptotic approach for the AV ξ=+1 signal and an
integrated luminosity of 41.9 pb−1.
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Figure E.3: Expected limits utilizing the asymptotic approach for the PS signal and an inte-
grated luminosity of 41.9 pb−1.

 (TeV)medM
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 B
 (

pb
)

× σ

1−10

1

10

210

310

 (13 TeV)-141.9 pb

CMS
private work

Projection, S coupling

 at 95% CL
s

Asympotic CL

expected limit

σ 1 ±expected limit 

σ 2 ±expected limit 

Observed 95% CL Limit

π/8med=MΓ S prodσ

/3med=MΓ S prodσ

(a) W′static selection

 (TeV)medM
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 B
 (

pb
)

× σ

1−10

1

10

210

310

 (13 TeV)-141.9 pb

CMS
private work

Projection, S coupling

 at 95% CL
s

Asympotic CL

expected limit

σ 1 ±expected limit 

σ 2 ±expected limit 

Observed 95% CL Limit

π/8med=MΓ S prodσ

/3med=MΓ S prodσ

(b) W′MT
selection

 (TeV)medM
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 B
 (

pb
)

× σ

1−10

1

10

210

310

 (13 TeV)-141.9 pb

CMS
private work

Projection, S coupling

 at 95% CL
s

Asympotic CL

expected limit

σ 1 ±expected limit 

σ 2 ±expected limit 

Observed 95% CL Limit

π/8med=MΓ S prodσ

/3med=MΓ S prodσ

(c) PS90 selection

Figure E.4: Expected limits utilizing the asymptotic approach for the S signal and an integrated
luminosity of 41.9 pb−1.
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E.2 Projected expected limits for 3 fb−1
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Figure E.5: Expected limits of all models for an integrated luminosity of 3 fb−1.
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E.3 Projection of expected limits for Mmed=50(0) GeV
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Figure E.6: Expected limits for all models at the mass point Mmed=50 GeV as a function of
the integrated luminosity.
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E.4 Projection of expected limits for Mmed=2000 GeV
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Figure E.7: Expected limits for all models at the mass point Mmed=2000 GeV as a function of
the integrated luminosity.
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