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Abstract

This thesis presents the search for new physics in the mono-electron channel using
proton-proton collision data with a center-of-mass energy of /s = 13 TeV recorded at
the LHC in 2015 by the CMS experiment. The recorded data is compared to the Stan-
dard Model prediction in the transverse mass distribution. The deviations between
data and the Standard Model prediction are analyzed in terms of interpretations be-
yond the Standard Model. The interpretations include the production of a heavy W’
vector boson and the production of dark matter through simplified models.

The data is interpreted as 95% CL exclusion limits. The production of a W’ boson can
be excluded for masses up to 3.75 TeV. Simplified models are used to model the dark
matter production mechanism. The sensitivity of this study is presented in terms of
excluded mediator masses M4 and dark matter masses mpys for axial-vector, vector,
scalar and pseudoscalar coupling mediator models.

The influence of the future High-Luminosity LHC upgrade on the dark matter search
in the mono-electron channel is investigated, along with CMS detector upgrades. The
increased sensitivity is evaluated for a simplified model with an axial-vector coupling
mediator.

Zusammenfassung

Diese Arbeit beschreibt die Suche nach neuer Physik im Mono-Elektronkanal in Proton-
Proton-Kollisionsdaten bei einer Schwerpunktsenergie von /s = 13 TeV, aufgezeich-
net 2015 mit dem CMS-Experiment am LHC-Beschleuniger. Die Daten werden im
transversalen Massenspektrum mit Standardmodell-Simulationen verglichen. Unter-
schiede zwischen Daten und Standardmodell-Simulation werden in Hinblick auf neue
Physik interpretiert, wobei zum Einen die Produktion eines schweren W’-Vektorbosons
und zum Anderen die Produktion von dunkler Materie in sogenannten simplified mod-
els berticksichtigt wurde.

Die Daten werden als 95%-CL-Auschlussgrenzen interpretiert. Die Produktion eines
W'-Vektorbosons kann im Mono-Elektronkanal bis zu einer Masse von 3.75 TeV aus-
geschlossen werden. Fiir die Suche nach dunkler Materie werden obere Ausschluss-
grenzen fiir die Modellparameter der Mediatormassse M4 und der Masse dunkler
Materie mpys bestimmt. Hierbei werden simplified models mit Axialvektor-, Vektor-,
Skalar- und Pseudoskalarkopplung berticksichtigt.

Der Einfluss des geplanten High-Luminosity-LHC-Projektes auf die Suche nach dun-
kler Materie im Mono-Elektronkanal wird in einer Extrapolationsstudie untersucht,
wobei auch Modernisierungen des CMS-Detektors berticksichtigt werden. Die Sensi-
tivitat der Suche nach dunkler Materie wird fiir ein simplified model mit Axialvektor-
kopplung untersucht.
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Chapter 1

Introduction

This thesis presents the search for new physics in the mono-electron channel using
proton-proton collision data with a center-of-mass energy of /s =13 TeV recorded at
the Large Hadron Collider (LHC) in 2015 by the Compact Muon Solenoid (CMS) ex-
periment. The Standard Model provides a consistent theoretical description of the dis-
coveries in particle physics so far, however it cannot account for all observations and
many open questions remain. The thesis provides a dedicated search for new physics
beyond the Standard Model, in which a new vector boson and dark matter (DM) is in-
vestigated. While new vector bosons have been postulated in the Sequential Standard
Model, the search for dark matter is motivated by the abundance of astrophysical evi-
dence, which triggered the conception of diverse dark matter detection experiments.

Evidence for dark matter originates among others from the observation of galaxy rota-
tion curves, which suggest the presence of a dark halo in order to explain the discrep-
ancy of the measured rotational velocity dependent on the distance from the galaxy’s
center and the Keplerian prediction [1]. The Bullet cluster presents another hint for
dark matter, as do fluctuations in cosmic radiation [2,3]. Cosmological determinations
estimate the visible baryonic matter to encompass only (), ~ 4.6% of the overall energy
distribution in the universe, with dark matter contributing by a much larger extent of
Qpy ~ 22.4% and dark energy by Qpr =~ 73% [4]. This glaring lack of understanding
of most of the universe’s content drives the many different searches for dark matter,
whose explanation lies beyond the Standard Model of particle physics.

The search for dark matter using particle collisions is non-intuitive at first, as the po-
tentially produced dark matter is not expected to leave any trace in the detector, thus
hindering any detection effort. Assuming dark matter to be of weakly interacting mas-
sive nature, it may however recoil against another "tagging" particle. Such imbalanced
collider signatures with distinct particles and a large missing transverse energy are
promising candidates for searches beyond the Standard Model. The search is per-
formed by analyzing the transverse mass spectra in the respective search channels.
While this thesis uses a leptonically decaying W boson as the tagging particle, other
searches use among others a Z boson, one or several jets or one photon. Each search
channel offers its own advantages, and exclusion limits on specific dark matter param-
eters can be refined by the combination of multiple channels.

This analysis continues the search for a Sequential Standard Model W’ boson and dark
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matter performed with data recorded by the CMS experiment until 2012 at a center-of-
mass energy of up to /s = 8 TeV [5]. With the center-of-mass energy significantly in-
creased in Run-2 of the LHC, new dark matter production mechanisms are considered,
which introduce specific mediator particles between matter and dark matter within the
framework of simplified models. This approach allows a more detailed study of the
interaction compared to Run-1, in which the dark matter production has been stud-
ied in a model-independent effective field approach. However, this approach cannot
be used once the mediating particle can potentially be produced directly as in Run-2.
Collider searches in particular are sensitive to the mediating interaction of the dark
matter production process compared to other dark matter searches, such as direct de-
tection experiments.

The thesis is structured in five chapters. The theoretical aspects of the Standard Model
as well as the Sequential Standard Model and dark matter are discussed, followed by
an overview of the experimental setup and numerical simulation tools used in this
study. The proton-proton collision data at v/s = 13 TeV recorded by CMS are analyzed
and interpreted in terms of a new vector boson and dark matter in Ch. 5| A study of the
impact of the High-Luminosity LHC upgrade on the dark matter search is presented
in Ch. gl



Chapter 2

Theory

In this chapter the Standard Model is discussed and extensions for physics beyond the
Standard Model are motivated. The considered extensions include a new vector boson
described within the Sequential Standard Model, as well as dark matter. Different dark
matter production mechanisms in the mono-electron channel with their respective pa-
rameter space are discussed.

2.1 The Standard Model

The Standard Model (SM) provides a comprehensive theory of elementary particles
and their interactions between each other. The underlying local gauge symmetries are
SU(3) for quantum chromodynamics and SU(2) xU(1) for the unified electroweak in-
teraction, which define the Standard Model in terms of particles and the interacting
forces. The elementary particles are grouped into quarks, leptons and gauge bosons,
of which the gauge bosons act as force carriers. The discovery of the Higgs gauge bo-
son, which has been postulated within the framework, further confirmed the Standard
Model. Fig. [2.1{shows the elementary particles described by the Standard Model.

2.1.1 Elementary particles

Quarks and leptons are fermionic particles with a spin of % and are grouped in three
generations, with increasing particle masses for each generation excluding lepton neu-
trinos. The three generations of charged leptons are comprised of the electron, muon
and tau lepton, differing only in their respective mass. Each lepton generation is ac-
companied by a nearly massless lepton neutrino with zero charge. Considering quarks,
each single generation is comprised of two quarks with either electric charge g = —i—%e
(the up, charm and top quarks) and g = —%e (the down, strange and bottom antiquarks).
Quarks have a color charge of red, green and blue, while antiquarks have an anticolor
charge.

Forces are mediated through spin-1 gauge boson exchange. While the photon, Zand W
bosons are carriers of the electroweak force, the gluon is the carrier of the strong force.

3



CHAPTER 2. THEORY

Figure 2.1: Elementary particles described by the Standard Model. Shown are the three
families of quarks and leptons as well as the gauge and Higgs bosons.

Force carriers can be electrically charged in the case of W* bosons, color charged in the
case of the gluon or carry no charge of any kind, as in the case of the photon.

2.1.2 Physics beyond the Standard model

The Standard Model is able to provide a consistent theoretical description of the dis-
coveries in particle physics up to this point, but many questions remain unanswered.
The fundamental force of gravitation is not included in the model and it thus cannot
address the hierachy problem, which refers to the large discrepancy of the electroweak
and gravitational energy scales. The lack of unification of the interactions for large
energies poses another unsolved problem, as does the origin of the number of the
fermion families. Astrophysical observations indicating the presence of dark matter
can also not be explained within the Standard Model.

Many different extensions to the Standard Model have been proposed, of which two
specific extensions - a new vector boson and dark matter - will be explored in this
thesis.

2.2 The Sequential Standard Model

A possible extension to the Standard Model is a new heavy vector boson, such as a
heavy analogue of the W boson referred to as a W’ boson. Such a boson has been pro-
posed in the Sequential Standard Model (SSM) among other additional heavy gauge
bosons, such as a Z’ boson [6]. It is of special interest, as its presence could help to
address the gauge coupling unification problem. The mono-electron channel used in
this analysis is predestined to include the search for a W’ boson in the scope of new
physics.

A Feynman diagram depicting the W’ production is shown in Fig. The proposed

4
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Figure 2.2: Feynman diagram showing the production of a Sequential Standard Model
W' boson with leptonic decay.

W’ boson has similar decay modes and branching fractions as the Standard Model
W boson. An additional decay channel is W' — tb, which becomes available above
mpy > 180 GeV [5]. Considering the leptonic decay W' — Iv; with | = e, u, the
branching ratio is = 8.5%. A vector-axial vector coupling (V-A) of the W’ boson is
considered, in which the interaction couples equally to left-handed fermions and right-
handed antifermions. The decay W' — WZ is beyond the scope of this analysis and a
branching ratio of zero is assumed. It is considered in a separate analysis [7,8]].

2.3 Dark matter

In this section, dark matter is motivated through astrophysical observations and cos-
mological arguments. A suitable candidate for a dark matter particle is considered and
different detection methods will be discussed. The following discussion is based on [4]
and [9].

2.3.1 Astrophysical evidence

Astrophysical observations indicate the presence of non-luminous and non-absorbing
dark matter in the universe. Measurements of galaxy rotation curves yield too large
values for the rotational velocity, which for a stable Keplerian orbit is given by

o(r) = \/Gfm(” (2.3.1)

with the gravitational constant G. At large distances from the galactic center the ve-
locity of luminous objects is expected to decrease with v(r) « \/1/r. Measurements
as shown in Fig. 2.3}left however yield approximately constant velocities for the most
distant galactic objects, indicating the presence of a dark halo. The measurements give
a lower bound on the DM density of at least Qppr 2 0.1.

Dark matter is expected to only interact weakly, as indicated by the bullet clustelﬂ col-
lision with another cluster. While the hot gas clouds containing most of the baryonic
matter interacted and subsequently increased in temperature and decelerated, gravi-
tational lensing showed that the majority of the total mass continued to move on its
original trajectory [2].

Lcluster 1E0657-558
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The cosmic microwave background radiation indicates very small density perturba-
tions of 0.1%o at large redshift values z ~ 1300. Observations of very old galaxies with
a redshift of z ~ 10 therefore indicate the presence of dark matter as well, as dark mat-
ter would allow the formation of galaxies from density perturbations at an earlier time
in the matter-dominated universe.

Massive compact halo objects causing gravitational microlensing may contribute to
baryonic dark matter. However, the low number of such identified objects and further
results from big bang nucleosynthesis and the cosmic microwave background radia-
tion disfavor the assumption of baryonic dark matter [4].
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Figure 2.3: Left: Rotation velocity of luminous objects from galaxy NGC 3198 de-
pending on the radius compared to the Keplerian prediction. The mea-
sured data indicates an approximately constant velocity for large radii,
indicating the presence of a dark halo. Right: Relative WIMP abundance
Y(x)/Y(x = 1m/T) in the early universe depending on the inverse tem-
perature showing the WIMP freeze-out for an increasing WIMP-SM anni-
hilation rate ¢ x v, with the annihilation cross section o, WIMP velocity v

and WIMP mass m. Figure from [4].

The observation of anisotropies in the cosmic microwave background radiation mea-
sured by the Planck satellite allows the determination of the thermal relic density of
cold, non-baryonic matter. It is determined from global fits of cosmological parame-
ters to multiple observations, also including the spatial distribution of galaxies [9,10]:

Qupmh? = 0.1186 £ 0.0020 (2.3.2)

Here, h denotes the reduced Hubble constant h = H /100 km secflMpc_l. The result-
ing density is signifianctly larger than the baryonic matter density (),,h? alone,

Oph? = 0.02226 =+ 0.00023, (2.3.3)
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which is a fraction of ~ 19 % of the cold, non-baryonic matter density. The baryonic
matter density is determined by the ratio of deuterium and *He, in which the deu-
terium is mainly produced through the big bang nucleosynthesis.

2.3.2 Particle candidates for dark matter

A viable candidate for non-baryonic dark matter is required to be stable, weakly-
interacting and has to account for the right relic density Q /. These requirements
are met by primordial black holes, axions, sterile neutrinos and weakly interacting
massive particles (WIMPs), which are investigated in dedicated searches [9].

The most promising candidate for collider searches is electrically neutral WIMP dark
matter x, which is expected to have a mass in the range of 10 GeV and O(TeV) [9]. The
consideration of WIMPs in the ACDME| model yields the correct relic density Qppmh.
A thermal and chemical equilibrium of WIMPs and SM particles is assumed after infla-
tion in the early universe. At decreased temperatures T < mpy; the WIMP density is
exponentially supressed as indicated as a solid line in Fig. 2.3}right. Here, the relative
WIMP abundance depending on the inverse temperature is shown, in which the abun-
dance corresponds to the relic density. The rate of annihilation between WIMPs and
SM particles is given by the cross section multiplied by the WIMP velocity. Once the
annihilation rate is below the Hubble expansion rate of the universe, the WIMPs leave
the equilibrium, which is referred to as "freeze-out" [9]. The resulting constant rela-
tive abundance for increasing rates of annihilation is visible in Fig. 2.3}right as dashed
lines. Larger annihilation rates lead to a smaller relic density. In the case of WIMPs,
the corresponding cross section is in the order of the electroweak scale O(pb).

The Standard Model does not provide a viable WIMP candidate, even though the neu-
trino interacts weakly and is electrically neutral. Measurements by the Planck satellite
constrain the neutrino mass to m, < 0.23 eV, which can only account for a cosmological
density of Q,h? < 0.0072 [4}10].

A possible extension to the Standard Model is supersymmetry (SUSY), which intro-
duces an additional symmetry between fermions and bosons. In the Standard Model,
the spin of a given particle remains constant and cannot be changed, as stated by the
Coleman-Mandula theorem. In SUSY models, fermions (bosons) are associated with
a boson (fermion) superpartner [4], which has either spin % for fermions or spin 1 for
bosons. Fig. 2.4|shows the additional considered particles including squarks and slep-
tons, the superpartners to quarks and leptons, as well as the superpartners to the gauge
bosons. The model introduces a WIMP candidate, the lightest supersymmetric partner
(LSP). It is required to have exact R-parity of -1, which is defined by

R = (_1)3B+L+ZS (234)

with the baryon number B, lepton number L and spin S. Exact R-parity infers the
conservation of lepton and baryon numbers, which may be violated in SUSY models. It
thus ensures the stability of the LSP. In SUSY models, the LSP is the lightest neutralino,
which is a massive particle and a superposition of the neutral superpartners of the
Higgs and electroweak gauge bosons [9)]].

2A cold dark matter model
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WIMP dark matter is therefore well motivated and different detection methods will be
discussed in the following section.

squarks ‘ sleptons ‘ force carriers

Figure 2.4: The supersymmetric extension of the Standard Model (SUSY). SM fermions
(bosons) are associated with a bosonic (fermionic) superpartner shown in
the figure. The superposition of the neutral superpartners of the Higgs and
gauge bosons yields four additional neutralinos %) and two charginos x:".

2.3.3 WIMP dark matter detection methods

WIMP dark matter may be detected via different detection schemes, for which Fig.
shows the principle interactions. The annihilation of SM particles to dark matter is
studied with collider searches. In this case, further initial state radiation is required
in order to tag the event in which dark matter may be produced. Indirect detection
searches are sensitive to dark matter annihilation signatures involving SM particles. In
direct-detection experiments, dark matter recoils off detector nuclei. This interaction
can either be spin-dependent or spin-independent. Results obtained in this analysis
will be compared to direct- and indirect-detection searches. The detection principles of
the relevant experiments will be discussed in the following.

collider
—
SM X A,
. |8
SM(/) X 5
<«
indirect

Figure 2.5: Dark matter detection schemes. DM may be detected using either SM or
DM annihilation processes or in direct-detection searches, in which the DM
recoils off detector nuclei.
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Direct-detection searches

WIMPs are expected to interact with target nuclei through elastic scattering, follow-
ing the assumption that WIMPs are gravitationally trapped inside galaxies with non-
relativistic velocities in order to account for the observed rotational curves. Mea-
sured nuclear recoil energies range from O(10eV) to O(100keV), which corresponds
to WIMP masses of O(1 GeV) up to O(10 TeV). WIMPs are expected to show an ex-
ponential spectrum, which is determined by the convolution of the WIMP velocity
distribution and the angular scattering distribution. The differential recoil spectrum is
given by [11]]:

AR oy _P0_ [, do 3
EED = / 0 flo, ) L (E,0)d (2.3.5)

Here pp indicates the local DM density, m, the mass of the target nucleus, v the WIMP
velocity and g—‘g (E,v) the differential scattering cross section. The time-dependent ve-
locity distribution f(v,t) accounts for the change in WIMP velocity revolution of the

earth around the sun. The differential recoil spectrum can be approximated by [11}12]

dR . _ (dR\ E
E(E) ~ (E>OF (E)exp <_E_c> , (2.3.6)

in which <Z—1§> . is the background event rate and E. denotes the characteristic energy

scale depending on mpys and m,. F?(E) is a form-factor correction depending on spin-
dependent or spin-independent nuclear interactions, in which direct-detection experi-
ments are subdivided and probe different coupling mechanisms [11]. Vector and scalar
dark matter would lead to spin-independent interactions, for which the cross section is
proportional to the square of the mass of the nucleus. Axial-vector dark matter on the
other hand would lead to spin-dependent interactions, which yield separate bounds
for the DM-proton and DM-neutron interaction cross sections. As the expected in-
teraction rate is at most one event per day and kilogram of detector material, direct-
detection experiments require intense efforts to suppress background contributions [9].

Considering spin-independent interactions, the most sensitive experiments are dual-
phase Xenon experiments, which include the LU dark matter experiment as well
as XENONlTﬁ Here, two types of detection are used to increase sensitivity and to
reduce background contribution. Nuclear interactions in the Xenon target generate
scintiallating light which is detected by photomultiplier tubes. A strong electric field
further allows the detector to be used as a time-projection chamber, which detects free
electrons from the nuclear interaction. The electrons drift to the surface of the liquid
Xenon and are extracted with an anode, producing a signal [13].

For lower WIMP masses below mpy < 10 GeV the SuperCDMSﬁ and CRESST—IIH
experiments are most sensitive [14]. The CDMS experiment detects phonons produced

3Large Underground Xenon dark matter experiment

“predecessor: XENON100

SCryogenic Dark Matter Search

®Cryogenic Rare Event Search with Superconducting Thermometers
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by the interactions with a cryogenic Germanium detector operated at low temperatures
of O(10mK) and at a high bias voltage [15]. In CRESST-II, a scintiallating CaWOQOy,
crystal is used, allowing the detection of both scintiallating light and phonons due to
the temperature increase followed by a nuclear interaction [16].

The PICO-2L experiment at SNOLABE] uses a two-litre bubble chamber filled with a
superheated liquid C3Fg. Charged particles deposit energy through ionization, which
creates the characteristic track signatures. The PICO experiment offers a good electron-
recoil and alpha decay rejection. It provides the most stringent constraints on the spin-
dependent DM-proton scattering cross section in the lower mass range of mpys < 50
GeV [14]. For spin-independent interactions, the LUX experiments currently provides
the best constraints.

A hard limitation for direction-insensitive direct detection experiments are neutrinos
from astrophysical sources, commonly referred to as the neutrino background. The
astrophysical sources include solar, atmospheric, and diffuse supernova neutrinos and
may produce the same signature as a WIMP signal. Collider searches on the other
hand may potentially probe beyond the neutrino background.

Indirect detection searches

Indirect dark matter searches are sensitive to WIMP annihilation products such as
high-energy neutrinos of the order O( GeV), gamma rays, positrons, antiprotons and
antinuclei [9,(17]. Experiments such as Super-Kamiokande, IceCube and AMAND
are sensitive to a possible signal coming from the sun or from the center of the earth,
as the WIMP density and thus the annihilation probability is potentially increased for
WIMPs that are slowed down by massive objects. The experiments include large arrays
of photomultipliers to detect a possible WIMP annihilation signal. Other experiments
such as the H.E.S.S. Cherenkov telescope and Fermi-LAT probe the strong TeV point
source at the center of the galaxy, which is expected to contain a high dark matter
density. The PAMELA and AMS satellites as well as the BESS polar balloon mission
are sensitive to antiparticles, which may originate from WIMP annihilations. Differ-
ences in the high-energy positron and electron fluxes are measured by the PAMELA
and AMS02 experiments, which showed a rise of the positron fraction between 10 and
200 GeV [9]. Cross section bounds are determined depending on the WIMP mass
mpp;. Lower bounds on the cross section competitive to direct-detection searches
are derived from annihilation signals coming from the direction of the sun, which
are spin-dependent bounds on the DM-proton cross section. In this case, the Super-
Kamiokande using xx — bb and Ice-Cube experiments using xx — tf yield the lowest
bounds depending on the mass range of mpy,.

Fig. shows the best current bounds on the DM-nucleon cross section for spin-
independent and on the DM-proton cross section for spin-dependent interactions. The
CDMS and CRESST-II experiments in particular provide bounds for light mpy S 5
GeV in the case of spin-independent interactions. This region is below the threshold

’Sudbury Neutrino Observatory Laboratory. The PICO collaboration is the merger of the PICASSO
and COUPP groups.
8 Antarctic Muon And Neutrino Detector Array

10
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for spin-dependent searches as indicated in Fig. 2.6fright. Collider searches are suit-
able to probe for light dark matter, thus providing complementary results.

o107 10
5 10_36 —_—LUX S, F = PICO-60
5 ’ = r Ice-Cube tt
o CDMSLite o -36|
2107 5 107E —— PICO-2L Run-2
2 _3g CRESST-lI oy n = Super-Kamiokande bb
10 = C
[a] ~ 103
5107 gl0 " E
bm o E
-40 =
10 spin-independent 10
10*41 E
107 10 B
107 E
107 107 ;
107 F spin-dependent
1074 Ll \\\HH‘Z \\\\\\\3 10741\ Ll \\um\z \\\Hua
1 10 10 10 1 10 10 10
m,,, (GeV) m,,, (GeV)

Figure 2.6: Best current bounds on the DM-nucleon cross section for direct and in-
direct dark matter detection experiments depending on mpys. The spin-
independent DM-nucleon cross section limit is shown on the left for the
direct detection experiments LUX, CDMSLite and CRESST-II. Shown on
the right is the spin-dependent DM-proton cross section limit for the direct
dection experiment PICO and indirect detection experiments Ice-Cube and
Super-Kamiokande. Figure adapted from [18].

Collider searches

In collider searches, the annihilation of SM particles into a pair of dark matter does not
leave a detectable signal. Therefore, an additional component of initial state radiation
X is required:

pp — xxX +X (2.3.7)

Subsequent mono-X searches are characterized by their respective signature, which in-
clude among others mono-jet, mono-y, mono-Z or mono-W searches. The most recent
bounds on dark matter production in colliders have been published by the CMS and
ATLAS collaboration using /s =7 TeV and +/s =8 TeV, with first results using /s =13
TeV becoming available as well [5].

This analysis uses LHC proton-proton collision data to search for dark matter. The
aspects of the dark matter production in the mono-W channel are presented in the
following chapter.
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CHAPTER 2. THEORY

2.4 Dark matter production in the mono-W channel

In the following, possible dark matter hadron collider production mechanisms are dis-
cussed with special emphasis on the distinctive mono-W channel features. The dark
matter search in the mono-W channel, in which the W boson decays leptonically, offers
several characteristic advantages. The single-lepton signature is a very clean signature,
especially when considering electrons and muons as lepton candidates. The leading
Standard Model background is well known and consists of W decays. Other Standard
Model background contributions include tf and single-top production, Drell-Yan as
well as Diboson processes. The SM backgrounds will be discussed in Ch. 5, Another
advantage is the ability to study the effect of quark interference, which potentially en-
hances the production cross section and thus improves the sensitivity of the search.
During the writing of this thesis, consecutive publications showed that the enhance-
ment in cross section is due to an unitarity-violating production of longitudinal W
bosons [19}20,21]. The implications for this search will be discussed in Ch.

The production of dark matter can either be modelled by an abstract model-independent
effective field approach or by more detailed model descriptions, which are referred to
as simplified models. Simplified models introduce a new particle which mediates the
interactions between Standard Model particles and dark matter. While the effective
field approach was used in Run-1 at /s = 8 TeV, the transition to simplified models
in Run-2 at /s = 13 TeV is motivated and discussed.

In the following, dark matter is assumed to be a weakly-interacting massive particle
X as motivated in Ch. Depending on the coupling mechanism, both Dirac and
Majorana dark matter are considered.

2.4.1 Effective field theory approach

The dark matter production can be modelled using an effective field theory (EFT) ap-
proach, which is motivated by direct-detection searches [22,23]. In this case, constraints
are set on the contact interaction scale A. Contact interactions of energy scales E < A
are considered in this description while higher energies E > A are integrated out of
the Lagrangian. This approach therefore provides a model-unspecific description of
the underlying production mechanism and has been used in the mono-W channel DM
interpretation in Run-1 at a center-of-mass energy of /s = 8 TeV [5].

Figure 2.7: Feynman diagram showing the DM production in the mono-W channel.
An effective field approach is used to model the DM production, which is
motivated by direct-detection searches.

Fig. shows the Feynman diagram of the DM production encapsulated in the EFT
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2.4. DARK MATTER PRODUCTION IN THE MONO-W CHANNEL

approach in the mono-W channel, in which the W boson decays leptonically. The com-
plete parameter space is given by the interaction scale A and the DM mass mp.

Coupling types

The considered couplings of the DM production mechanism to the SM particles in
the EFT approach are axial-vector and vector coupling, for which the dominant pro-
duction mechanism is quark-antiquark annihilation at tree level [24]. In the previous
V/s = 8 TeV analysis this choice of coupling was motivated in order to compare the
results to direct-detection experiments, in which axial-vector (vector) coupling corre-
sponds to spin-(in)dependent DM-nucleon interactions [5]. The effective operators in
the Lagrangian for both coupling types are

vector coupling: . D 2L (X" x) (F7uq)
axial-vector coupling: .Z DO 45 (X’y"’)’ X)(Grur°q)-

Investigating axial-vector coupling in particular is of heightened interest as the inter-
action is non-zero for Majorana-type dark matter like neutralinos in SUSY. In the case
of vector coupling, the interaction vanishes [25].

Quark interference

The DM production mechanism may potentially couple differently to the quarks de-
pending on family, specifically to up- and down-type quarks. For the mono-W channel,
the interference effect was first motivated by [26] and has been considered in the DM
interpretation of Run-1 [5]. Fig. shows the contributing Feynman diagrams leading
to the inferference effect. A new parameter A; is used to describe the potentially differ-
ent coupling strength for each quark flavour [5], which additionally enters the effective
Lagrangian operator.

Figure 2.8: Feynman diagrams with the same initial and final state showing the effect
of quark interference in the mono-W channel. The DM production mechan-
sim may couple differently to the SM quarks as indicated by the coupling
strength A;.

Considering up- and down-type quarks, a parameter ¢ is introduced to describe the
relative coupling strength to down-type quarks relative to up-type quarks [26]:

&= AuMy (2.4.1)
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CHAPTER 2. THEORY

The parameter ¢ is interpreted in terms of destructive (¢ = +1) or constructive ({ =
—1) interference and is included in the Lagrangian as follows:

vector coupling: L D 27 (k" x) (@yuu + Edvy,d)
axial-vector coupling: % D L (X" x) (@7, u + §dyuyd).

As shown by [26], the production cross section is increased for constructive interfer-
ence ({ = —1) compared to { = 0, +-1. Constructive interference thus would have the
ability to greatly contribute to the sensitivity of the mono-W channel, putting this final
state in a competitive position to other DM searches such as the CMS monojet search.

Limitations of the EFT approach

Some considerations have to be taken into account to ensure the validity of the EFT
approach. The exact nature of the underlying event remains hidden and may poten-
tially involve a resonance decaying into dark matter, which can be interpreted as a
mediating particle of mass M,.q. Regarding such an interpretation, the EFT approach
is only valid if the mediating particle is much heavier than the typical energy transfer,
as the interaction is otherwise resolved and a UV complete theory is required. Ranges
for Miyeq in which the approach remains valid will be quantified in Ch. Further-
more, in order for the effective field theory to be perturbative,

mMpm
A 24.2
> (24.2)

has to be satisfied [5]].

2.4.2 Simplified models

Athigh center-of-mass energies of /s =13 TeV, the mediator may be produced on-shell.
In this case, the effective field approach fails to describe the full event kinematics. In
contrast, simplified models provide a UV-complete theory which give a more accurate
description and address the limitations of the EFT approach described above. In sim-
plified models, the interaction is resolved with the introduction of a mediating particle
with mass My,e4. Following [25], a massive spin-one vector boson from a broken U(1)’
gauge symmetry is considered for the mediator in the s-channel. For (axial-)vector cou-
pling mediators, this consideration is comparable to a Z'-like particle and is decribed
in the following Lagrangian [18]:

Lyector = —8DMZuXY'X — 85M Lg—ud,s,c0t Z1d7"q (2.4.3)

gaxial—vector = _gDMZ;/lX’YM’)/SX —8sm Zq:u,d,s,c,b,t Z;&?’W%q (2-4'4)

The introduction of a single coupling to all quark flavours gsps ensures that the consid-
ered model is minimal flavour violating, thus avoiding existing constraints from quark

flavour physics [18].
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2.4. DARK MATTER PRODUCTION IN THE MONO-W CHANNEL

Figure 2.9: Feynman diagram showing the dark matter production through the ex-
change of an axial-vector or vector coupling mediator particle described in
a simplified model, along with the associated production of a leptonically
decaying W boson.

Fig. shows the modified Feynman diagram in the mono-W channel. With the in-
clusion of different mediator coupling strengths to both Standard Model particles gspm
and dark matter particles gpy, the now extended parameter space becomes as follows:

Mined ‘ Mpm
8sM \ SDM

In contrast to the EFT approach, the four-dimensional parameter space requires the
results to be presented in two-dimensional planes. As discussed in Sec. the
underlying interaction hidden by the effective field approach may be of particle-like
nature involving a mediator. The relation between the EFT approach and simplified

models is given by [25]
Mined

—_— . 245
V8SMEDM ( )

AEFT =

Non-s-channel production

In addition to the previously introduced coupling types in Sec. simplified mod-
els present an opportunity to study further coupling types, such as scalar and pseu-
doscalar coupling. A possible associated model involves a pair of quarks annihilating
into an excited W boson, which consecutively decays into a leptonically decaying W
boson and a spin-zero mediating particle. The mediator in turn decays to a pair of
dark matter. The respective effective operators depending on the coupling entering
the Lagrangian are

scalar coupling: . D> —IM2 ,S* — gpmSXX

med

pseudoscalar coupling: .# D> —3M2_ P? — gpmPx~x.

Fig. shows a Feynman diagram of the considered simplified model using a scalar
and pseudoscalar mediator. The inclusion of a pseudoscalar mediator as shown in Fig.
however violates gauge unitarity as a pseudoscalar mediator has zero coupling to
a pair of vector bosons at tree level. The theoretical model therefore is not renormaliz-
able [27]. In order to conserve gauge invariance, the pseudoscalar mediator has to be
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CHAPTER 2. THEORY

Figure 2.10: Feynman diagram showing the dark matter production through the ex-
change of a scalar and pseudo-scalar coupling mediator particle described
in a simplified model, along with the associated production of a leptoni-
cally decaying W boson.

produced in fermionic loop corrections with CP-violating couplings to the W bosons,
which would suppress this particular process. In this thesis, the analysis of a hypothet-
ical pseudoscalar mediator with anomalous coupling to the W bosons is considered in
order to probe a CP-violating DM production extension to the SM.

Mediator width

To avoid the stringent LHC bounds from di-lepton searches, the mediator couplings to
leptons are set to zero [18]. In the following, the considered choices for the mediator
decay width are motivated. The sensitivity of the analysis is greatly increased with
a narrow decay width I';.q of the mediator, as the process cross section is inversely
proportional to I'yeq:

$3m8DMm 8 (2.4.6)
qZ o Mr2r1ed) +r2 ed/4

m

o(pp — XX +X) « (

Here 35 denotes the partonic center-of-mass energy and g the momentum exchange in
which the mediator is involved [28]]. Narrow mediator widths lead to an enhancement
of the production cross section, thus lower bounds for a narrow mediator width are
investigated, as well as upper bounds for a broad mediator width.

For axial-vector and vector coupling the mediator decay width depends on the partial
width of the mediator decay to DM and the mediator decay to the considered quarks
as defined by [24]:

Ny

VA _ VA V,A

Tet = Tyi ) 1Ncl"qiq-i. (2.4.7)
1=

Here Ny denotes the number of considered SM quark flavors, while N, refers to the
color factor. The fermionic partial decay width I';; depending on the coupling is given

by

2 MZ 42 2 4 2
v, = 8 M imea +2m) ;”f) 1— ot (2.4.8)
me med
2 2 2 2
A gf(Mmed—4mf) B 4mf
R T (2.4.9)
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2.4. DARK MATTER PRODUCTION IN THE MONO-W CHANNEL

with f denoting either a SM quark or dark matter. Fig. left shows the ratio
I'med/ Mmeq of the mediator width and the mediator mass for subsequent mediator
masses.

5 0.5 5 0.51
o 9]
£ E £ E
E = E
\g 045? \g 045j
|_E s |_E = 9e = Yy = 1.0, M, =10 GeV
0.4 041
F F scalar, T oq = Mow
0.35— 0.35—
o 3; ----------------------------------------------------------------------------- o 3; pseudoscalar, [ ., = [y,
0 25; gy, = 1.0.m, =10 GeV 0.95 i (pseudo)scalar, I' ., = oy + Ty
e axial-vector, Iyeq = Moy + Zq Mg g =1.0 r
0 Zi axial-vector, Iy = Moy + 4 T, 9 =0.25 0.2 E
E VeCHOr, [ oy = Moy + I, Ty 0 =0.25 F
0.15 vector, ey = Moy + Zq Mg 9, =1.0 0.15F
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Figure 2.11: Ratio of the mediator decay width and M4 depending on M,.q. Left:
The ratio is shown for an axial-vector and vector coupling mediator with
different quark coupling strengths g5y = 0.25 and gsp = 1.0. A narrow
and broad mediator width approximation of I'eq = Mmed/3 and I'yeq =
Mpneq /87 is additionally shown. Right: Shown is the ratio I'yeq/ Mmed
for a scalar and pseudoscalar coupling mediator which couples to a pair
of W bosons and DM. In order to visualize the influence of the W boson
pair coupling contribution, the ratio corresponding to DM coupling only
is shown as well.

The considered scalar mediator couples to both dark matter and a pair of W bosons,
therefore a lower bound on the mediator width is given by

Tored = Ioe + Tivw (2.4.10)

with the partial decay widths rch and I’IS,VW [29]

3
FS o g%)MszMmMED 1— 4m2DM ’ (2 4 11)
XX 8702 M3 en o
1-'5 _ 1 m%\/ 1— 4Mr2ned 34 1 M;lned _ Mrzned (2 4 12)
WW ™ 471 Mipeq0? m2, 4 mf, md, )’ -

Fig. right shows the ratio I' i eq/ Mmeq for a scalar mediator. Considering the par-
tial decay width of the mediator to a pair of W bosons, the ratio reaches the pertur-
bative limit of I'jeq/ Mmeq = 0.5 at a mediator mass of Mp,eq ~ 1 TeV, which will
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be used as an upper bound on the considered mediator mass in the analysis. For the
pseudoscalar mediator an approximation of its decay width is determined using eq.
2.4.10| with the partial decay width T;X:

Thed ~ rﬁ()X + Tyw (2.4.13)
P S%Mm%MmMED 4’”%)1\/1 :
e = : 1- —PM (2.4.14)
8o MyED

In general, the mediator width I', .4 depends on the simplified model parameter space
Mmed, MpM, §sm and gpyr. As an approximation, a narrow width approach is further
used, which corresponds to a mediator which annihilates into only one quark flavor
and helicity with gsp; = gsm = 1 [28]. In this case, I'yeq/ Mmed = % can be used as an
approximate lower limit, which has also been utilized in [28,30,24].

Upper bounds on the mediator width are derived from the perturbative limit. In order
for the theory to be perturbative,

V8&sm8pm < 471 (2.4.15)

has to hold [30]. Considering the chosen coupling values gpyr = 1 and gspr = {0.25,1}
this requirement is satisfied. The upper perturbative bound for the mediator width is
given by [31]:

1—'med
—med <05 (2.4.16)
Mmed

A conservative upper bound for a broad mediator width is I''yeq = Mpeq/3, as also
used in [28],30].

24.3 Comparison of dark matter production mechanisms

In order to evaluate the validity of the EFT approach and the requirement for sim-
plified models, numerical simulations using a Monte Carlo signal generator are per-
formed. For both axial-vector and vector coupling mediators, the different DM pro-
duction mechanisms are simulated using Madgraph5 aMC@NLO [32]. In this section,
Madgraph5 aMC@NLO is used to determine the production cross section for a given
set of model parameters.

For the EFT approach, a model provided by [26] is used, while for axial-vector and vec-
tor coupling mediators simplified models provided by [28] and [33] are utilized. The
parton distribution function (PDF) set NNPDF30_lo_as_0130, as also used in the Run-
2 analysis and included in the official LHAPDF 6.1 sets, is chosen for the simulation.
Parton distribution functions play an important role in e.g. proton-proton collisions.
A PDF describes the probability of finding a certain parton, which in this case is a

constituent of a given proton with a momentum fraction x at a momentum transfer of

g
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For both DM production model approaches, the effect of quark interference is consid-
ered. Fig. shows the production cross section times branching ratio o x B(pp —
xXxlv;), where the lepton is either | = ¢,y for axial-vector coupling models and for
destructive interference (¢ = +1), constructive interference ({ = —1) and coupling to
one quark type only ({ = 0). The inclusion of the branching fraction allows a direct
comparison with the single-u channel. Fig. left shows the EFT approach, while
in Fig. 2.12}right a simplified model is used. An exemplary contact interaction scale
A =500 GeV is chosen for the EFT approach and a mediator mass of My,eq = 500 GeV
for the simplified model approach. The enhancement of the production cross section
for constructive interference becomes apparent, which is of over one order of magni-
tude compared to destructive interference. A configuration using ¢ = 0 also yields an
enhancement, which is however less distinct than { = —1. The decrease in production
cross section for large mpy visible for both approaches is due to the reduction in phase
space, as the production of two heavy DM particles and a W boson is suppressed [5].

13 TeV 13 TeV
g 10 F g 10 =
x [ Madgraph Simulation x I Madgraph Simulation
(4] L o L
X x
o | o |
1;_ .....................................................
10_1::."- 10_1;
C e+MET, EFT, A=500 GeV C e+MET, simplified model, M =500 GeV
L £=+1 r £=41 med
. — =0 - — &=0
L _— =1 L E—— )
axial-vector coupling ——— axial-vector coupling
- vector coupling [ e vector coupling
10_2‘ 1 \\\\\\‘ Il \\\\\\‘ Il \\\\\\‘ 10—2‘ 1 \\\\\\‘ 1 \\\\H‘ \"\“\ \l“\ \‘
1 10 10? 10° 1 10 10 10°
Moy (GeV) Mpy (GeV)

Figure 2.12: Production cross section times branching ratio depending on mpy for the
EFT approach (left) and a simplified model (right). Both axial-vector and
vector coupling are considered, as well as the effect of quark interference.
Constructive interference ({ = —1) yields the highest production cross
section compared to destructive interference (§ = +1). A narrow media-
tor width of I'yeq = Mmed /87 has been chosen in the case of simplified
model.

Similar results are obtained for both axial-vector coupling and vector coupling models,
as shown in Fig. This corresponds to the findings in the /s = 8 TeV analysis [5].
In the following, focus is placed on axial-vector coupling models and destructive as
well as constructive interference, as { = +1 leads to largest changes in production
cross section.

The comparison is presented two-ways. An estimate for the contact interaction scale
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using simplified models is given by

Asy o &/ BM o Aper, (2.4.17)
UEFT

as A is proportional to /. For Aggr, a fixed value of 600 GeV used in the /s = 8 TeV
analysis is chosen [5]. Following [30], Fig. shows the resulting contact interaction
scale for an axial-vector coupling mediator model with destructive and constructive
interference. A light and heavy DM mass of mpy = 1 GeV and mpys = 250 GeV have
been chosen, and Agy is shown for different M,.q and a narrow and broad mediator
width, with gpy = gsm set to one.
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Figure 2.13: Comparison of an axial-vector coupling mediator simplified model to a
fixed value of Agpr for both a light and heavy DM mass mpy. Shown is
the contact interaction scale Agy depending on My,eq for a narrow and
broad mediator width. For mpy; =250 GeV the mediator mass range is
divided into three regions with region B depicted in grey. For region A
and C, Agy is less dependent on the mediator width as the agreement be-
tween both values of I'y,.q is over 80%. Region B corresponds to the reso-
nant enhancement of the mediator production, in which Agy significantly
depends on I'jeq. Left: § = +1, right: § = —1.

Three different regions can be identified which are defined by a certain level of agree-
ment of Agy for a broad and narrow mediator width for a given mpys. The central
region is indicated by a grey band, which correspond to < 20% agreement of Agy
for a heavy DM mass of mpy; = 250 GeV. Both destructive and constructive interfer-
ence yield similar results. For mediator masses below ~ 450 GeV, Agy is considerably
smaller than Agpr. Here, the EFT approach would yield a too high value of Agpr, thus
providing too strong limits when used in a DM search. For 450 < M4 S 5000 GeV,
a resonant enhancement is visible due to the on-shell production of the mediator. The
features in the simplified model production cross section are due to the consideration
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of the mediator and whether it can provide resonant enhancement to the production
cross section. The latter is the case if on-shell production occurs [34]:

MZeq > 4mppr + (EF) 5, (2.4.18)

Here EMiss denotes the missing transverse energy as defined in eq. The value
(ET®) min refers to the minimal value of missing tranverse momentum, on which no
lower cut will be imposed in this analysis. Large values of both mp)s and (E%‘iss)mm
hence prohibit on-shell mediator production, thus suppressing the production cross
section [34]. In the resonant enhancement region, the EFT approach yields a too low
constant value of Agpr, while not describing the resonant enhancement. Above My,eq >
5 TeV both approaches give comparable results, as Agy; ~ Aggr. In this region the EFT
approach remains valid.

As discussed in Sec. the contact interaction scale is given by

Mmed
/SSM&DM

Using this relation, values of Agpr can be included in a My,4-dependent representation
of the DM production cross section.

AgFr = (2.4.19)
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Figure 2.14: Comparison of the EFT approach and simplified models for an axial-
vector coupling mediator showing the DM production cross section times
branching ratio. A light and heavy mpy is considered, as well as a broad
and narrow mediator width. Left: § = 41, right: ¢ = —1.

Following [34], Fig. 2.14}left shows the DM production cross section times branching
ratio for the EFT approach and an axial-vector coupling mediator simplified model us-
ing the same parameters as in Fig. Again, the three different regions of model de-
scription disagreement, resonant mediator production enhancement, and subsequent
model description agreement are visible.
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Figure 2.15: Level of agreement between the EFT approach and an axial-vector cou-
pling simplified model for different mpy and My,eq. Left: { = +1, right:
¢ = —1. For heavy mediator masses M4 both approaches yield 2—2’; ~1,
indicated in light green, while the resonant enhancement in the simplified
model is indicated in red color.

In order to quantify the agreement between the EFT approach and simplified mod-
els and thus the validity region of the EFT approach, Fig. [2.15 shows the ratio gES—FN;
for different pairs of My,.q and mpy; as well as for destructive and constructive in-
terference. A narrow mediator width I'eq = Mpeq/87 is considered. Good agree-

ment between the models yields % ~ 1 and is indicated as light green. Between
150 GeV S Mped S 300 GeV both approaches yield comparable results in the transi-
tion between regions A and B as defined in Fig. For heavier M,.q the resonant
enhancement becomes apparent. For M.q 2 7 TeV (9 TeV) for desctructive (con-
structive) interference, the simplified model approach shows agreement with the EFT
approach in the asymptotic limit.

2.4.4 Conclusion

Simplified models have been introduced and the transition from the EFT approach has
been motivated, which is only valid when considering heavy mediator masses above
Mpeqd = 9 TeV. Necessary assumptions concerning the mediator of the DM produc-
tion mechanism have been discussed, requiring a minimal flavour violation and zero
coupling to leptons in order to avoid established constraints. For the DM interpre-
tation of the Run-2 data, simplified models also offer the possibilty to study further
mediator coupling mechanisms as pseusoscalar and scalar coupling. Lower and upper
bounds have been determined for the mediator width. The lower bound determines
the maximum parameter reach in this analysis. Including heavy mediator masses in
the simplified model parameter selection provides a comparison to the EFT approach
used in the Run-1 analysis.
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Chapter 3

The Compact Muon Solenoid

The collider search for dark matter is performed with the Compact Muon Solenoid
(CMS) experiment hosted at the Large Hadron Collider (LHC). The Large Hadron Col-
lider is located at CERN near Geneva in the border region of Switzerland and France.
It is a circular collider with a circumference of 27 km, providing proton-proton colli-
sions currently at a center-of-mass energy of 13 TeV. Fig. shows the location and
general layout of the collider, as well as the major LHC experiments including the CMS
experiment.

Figure 3.1: The Large Hadron Collider (LHC) with the accompanied main experiments
ATLAS, ALICE, CMS and LHCb. Image source: CERN.

The following discussion is based on the official CMS documentation [35]. The CMS
detector is designed to study proton-proton collisions at a center-of-mass energy of
up to /s =14 TeV. Fig. shows a transverse cross section of the general layout of
the detector. The inner detector components are surrounded by a superconducting
solenoid which creates a magnetic field of B = 3.8 T. The innermost layer of the de-
tector encompasses the silicon tracker, which allows for precision measurement of the
momentum of charged particles diverted by the magnetic field. The crystal electro-
magnetic and a sampling hadron calorimeter follow. Outwards, the iron return yoke
interspersed with the muon chambers is located. Exemplary particle tracks are indi-
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cated in Fig. 3.2/ for charged particles including leptons and hadrons, as well as neutral
hadrons and a photon. Electrons and charged hadrons exhibit a bended track in the
silicon tracker with their energy deposited in the electromagnetic and hadron calorime-
ter, respectively. Neutral particles such as neutrons or photons only deposit energies in
the respective calorimeters without showing a track in the silicon tracker. Muons are
minimume-ionizing particles and reach the muon chambers located outwards from the
electromagnetic and hadron calorimeter.
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Figure 3.2: Transverse cross section through the Compact Muon Solenoid (CMS) de-
tector. Depicted are the silicion tracker, the electromagnetic and hadron
calorimeter, the superconducting solenoid and the muon chambers with
exemplary tracks of five different particles. Figure from [36].

In order to describe the different longitudinal regions of the detector, the quantity of
pseudorapidity is used as defined by

= —lntang

In the following it is used in particular to distinguish between the barrel region (|77| <
1.2) and the endcap region (1.2 < || < 2.4) of the detector.

The inner tracking system consists of a silicon pixel detector containing 1440 pixel
modules in three barrel layers and a silicon strip tracker containing 15148 strip detector
modules in 10 barrel detection layers. Charged particles create electron-hole pairs in
the silicon material, which is characterized by the presence of a band gap. Electrons
can thus be excited from the valence band to the conduction band. The resulting elec-
tric field proportional to the particle’s energy and the number of electron-hole pairs is
then measured, and the charged particle’s track can be recorded.

The electromagnetic calorimeter is used to measure the energy of charged particles as
well as photons and is comprised of individual scintillating lead tungstate (PbWO,)
crystals. The calorimeter is structured into a barrel volume with a radius of 129 cm
and two endcaps. While 61200 crystals are located in the barrel region, 7324 crystals
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are located in each endcap. An overall high granularity limits the effects of high pile-up
[37]. The scintillation of the crystal triggered by electrons and photons is detected with
avalanche photodiodes in the barrel and vacuum phototriodes in the endcaps [35]].

The sampling hadron calorimeter is comprised of an alternating absorber and active
scintillation material, structured into a barrel volume and two endcaps as well as an
outer calorimeter volume. It is designed to measure the energy of hadrons. The de-
termination of possible missing transverse energy is of special importance. For the
absorber material, brass plates are used, with the exception of stainless steel in the
inner- and outermost regions. The active material consists of trays of plastic scintilla-
tors connected to wavelength shifting fibres. The scintillators are optically connected
to hybrid photodiodes.

= a0
S - eta=0.8 RPC  1.04 .2

S E

Z (cm)

Figure 3.3: Layout of the CMS muon chambers with the location of the different types
of gaseous dectors. Shown are dift tubes (DT), resistive place chambers
(RPC) and cathode strip chambers (CSC). Reproduced from [37].

Muons are detected through three different types of gaseous detectors depending on
the radiation environment of the given muon chamber [38]. Drift tubes are used in the
low-radiation barrel region (|| < 1.2). In the endcap region (57| < 2.4), cathode strip
chambers are used. In order to provide high-precision timing for the trigger informa-
tion, resistive place chambers are used in both regions up to || < 2.1 [37].

As the LHC provides proton-proton collisions at a high rate of 40 MHz, the CMS ex-
periment utilizes a sophisticated trigger system in order to select the events which are
stored. The reduction of available data is necessary as not all detected events can be
recorded and processed due to the high amount of events, which is further increased by
multiple interactions from the same bunch crossing referred to as pile-up. The trigger
system consists of the hardware-based Level-1 (L1) and the software-based high-level
trigger (HLT). The L1 trigger uses programmable electronics to analyze coarse seg-
mented energy deposits in the calorimeters as well as signals in the muon chambers
to provide the Global Calorimeter and Global Muon trigger information for a given
event, resulting in a reduced data rate of at most 100 kHz. Detector information is
then aggregated by the data aquisition (DAQ) system, which provides the specialized
HLT software with a complete data read out. The combined trigger system provides a
reduction of data by a factor of ~ 100 [35].

The recorded data is stored and processed in the CMS offline computing system, which
further provides the data to the Worldwide LHC Computing Grid (WLCG) used for the
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individual physics analyses.

In this analysis, the impact of the High-Luminosity LHC upgrade is discussed in Ch.
6 for which the CMS detector will be upgraded to accomodate very high luminosity
conditions. The planned detector upgrade is presented in Ch.
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Chapter 4

Simulation tools

In this chapter the different simulation tools necessary for the data analysis and for
the HL-LHC upgrade studies are discussed. First the Monte Carlo generators used to
simulate the Standard model background contributions as well as the dark matter and
W' signals are presented, followed by CMS detector simulation tools, which model the
detector response.

4.1 Monte Carlo sample generation

Monte Carlo generators are used to model high-energy collision processes. Depending
on the specific program, the hard process as well as the final state parton shower is
generated. The standard output format of such generators is the Les Houches Event
(LHE) file format as defined by the Les Houches Accord [39], which can be then further
used for the detector response simulation of the process. The different simulation tools
are presented and their specific role in the overall analysis is discussed.

4.1.1 Madgraph5 aMC@NLO

Madgraph5 aMC@NLO [32] is a versatile framework which is capable of simulating
both SM and BSM processes. For a given initial and final state, it determines the cross
section and generates the hard interactions. QCD corrections to SM processes can be
determined with next-to-leading order (NLO) accuracy. Madgraph5 aMC@NLO has
already been introduced for the determination of the dark matter production cross sec-
tion in Ch. In this analysis, version 2.3.3 is used. The primary role of Madgraph5
is the co-determination of the dominant SM background in the mono-electron channel,
the W boson decay including jets, and the simulation of simplified model DM samples
with axial-vector and vector coupling of the mediator between SM and DM particles.
Further applications are the determination of sub-leading backgrounds such as single-
top production and ‘y+jets production.
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4.1.2 POWHEG BOX

POWHEG BOX [40,41,42] is a general framework for NLO Monte Carlo particle shower
calculations. It provides integrated SM and BSM processes. Furthermore it may be
used with other MC generators for showering. In this analysis, it is used for SM back-
ground contributing processes as single top production and Drell-Yan (pp — II) pro-
cesses.

4.1.3 Pythia

Pythia [43,44] models high-energy collision processes at LO and features integrated
hard processes and models for initial and final state parton showers, parton-parton in-
teractions and particle decays. In this analysis, Pythia 8 is used to simulate the off-shell
leptonic W decays as well as the Diboson (pp — WW, WZ, ZZ) background contribu-
tions at LO.

4.1.4 JHU generator

The ]HUE| generator [45] is a specialized MC generator which models processes involv-
ing a single-produced X resonance, such as ab — X — V'V, where V can be either a
Z or W boson as well as a photon. Furthermore vector boson fusion or ab — VX pro-
cesses may be modelled. In this analysis, the JHU generator is used to generate the
simplified model DM samples involving a mediator with scalar and pseudoscalar cou-
pling to SM bosons and DM particles, for which a Feynman diagram is shown in Fig.

2.10l

While Madgraphb5 is able to simulate the mediator decay into a pair of dark matter par-
ticles, the JHU generator provides information about the hard process as well as spin
information and cross section up to the point of the mediator generation. The subse-
quent decay into a pair of dark matter is handled by the external program boltdmdec.
The cross section remains unchanged by the use of boltdmdec.

4,2 CMS detector simulation

The CMS detector response simulation may be simulated with either a full or a para-
metrized simulation. While the full simulation is demanding computing-wise, a fast
simulation uses a parametrization of the detector.

421 GEANT4

The full CMS detector simulation is done using the GEANT4 toolkit [46], which is
included in the CMS software (CMSSW) framework 7.4.6. It simulates the passage of
particles through matter, which may be arranged in a complex geometry as it is the

Johns Hopkins University
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case of the CMS detector. The physics simulation includes electromagnetic, hadronic
and optical processes with a library of predefined particles, materials and geometrical
elements. The program itself uses Monte Carlo techniques to model the passage and
decay with subsequent showering of particles, where different kinds of matter yield
respective stochastic parameters for the simulation [46]. Full detector simulations are
used in the determination of DM exclusion limits as well as partially for the HL-LHC
upgrade studies.

4.2.2 DELPHES

In contrast to a full detector simulation of the complete geometry and materials, DEL-
PHES [47] offers a fast simulation method in which the detector response of a hadron
collider is parametrized. The simulation covers the tracker, magnetic field, electro-
magnetic and hadron calorimeters as well as the muon detectors, in which the physics
objects induce a parametrized detector response. In this analysis, it is used for the
HL-LHC upgrade studies, as DELPHES also features the simulation of high pile-up
conditions.

The detector response parameters such as the geometrical acceptance of sub-detectors
and their finite resolution are described in DELPHES data cards [48]]. The data cards
used in this analysis are referenced in Sec. 9.2 of the appendix.
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Chapter 5

Search for new physics with LHC Run-2
at \/s = 13 TeV

In this chapter, the search for new physics in the mono-electron channel with data
recorded in 2015 at /s = 13 TeV is presented. The search results for a W’ boson with
the data and SM background contributions have been successfully approved for public
presentation at the LHC End-Of-Year Jamboree 2015 [49].

5.1 Analysis method

The analysis signature involves a high energy lepton, in this case an electron, and large
missing transverse energy. The analysis uses the transverse mass Mt as the main dis-
criminant variable, which is defined by the transverse momentum of the lepton p/.,
the transverse missing momentum EM, and the azimuthal angle between the two
directions:

Mr = /2 ph ERis* (1 — cos A (1, =)

Deviations of data and the SM background contribution are evaluated in the transverse
mass distribution and are interpreted as 95% CL exclusion limits.

5.2 Data

After the inital start of the /s = 13 TeV period (Run-2), several data-taking runs have
been performed in 2015 with different configurations and conditions. The aim was to
provide pp collisions with a bunch spacing of 25 ns and a magnetic field of 3.8 T. Tab.
shows the progression to these conditions.

For this analysis, the run D data-taking period is used, which yields a total integrated
luminosity of .# = 2.2 fb™! using certified runs onl Prior runs exhibited varying

IFor this analysis, certified runs from the Golden JSON dating from 13th Nov. 2015 containing runs
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’ Run \ B (T) \ Atpunch (NS) \ < (pb_l) \ runs ‘
A 0 50 45.03 + 26.48 248036-248038
B 3.8 50 ns 45.03 251244-251283
C 3.8 50 + 25 26.48 + 14.61 | 254833 + 254231-254914
D 3.8 25 2193.53 256630-260627

Table 5.1: Data-taking periods of Run-2 with the CMS detector.

conditions or no magnetic field and were thus omitted. Data certification of runs and
subsequent luminosity sections ensures that all detector subsystems were operating
as intended and thus can be used for physics analyses. A single electron trigger was
required for the selection of the dataset. In particular, the following datasets were used:

e /SingleElectron/Run2015D-050ct2015-v1/MINIAQD

e /SingleElectron/Run2015D-PromptReco-v4/MINIAGD

The data is prepared centrally at CERN in the MINIAOD version 2 format, which
represents a high-level data tier for mainstream physics analyses featuring a small
event size of 30-50 kb/event while retaining necessary event information [50]. The
format contains information about the high level physics objects, the full list of recon-
structed particles using the ParticleFlow algorithm and trigger information. High level
physics objects include leptons, EIis$, photons and jets, for which detailed information
is saved. Furthermore, trigger level 1 to level 3 and residual corrections to jets are
applied and type 1 corrections to ET. Information about the ParticleFlow list is min-
imized, while retaining the four-vector, impact parameter, PDG identification number
and certain quality flags. The trigger information include the prescale values of all
triggers as well.

The data samples are prepared for the analysis by converting the events into the PXLICﬂ
format, which is described in [51]. Further selection criteria such as the lepton identifi-

cation are applied, which are described in Sec. The global tag 74X_dataRun2_v5 is

used, which represents the CMS software version and run conditions, such as detector

calibration and alignment, which affects the physics object reconstruction.

5.3 Standard model background

In order to evaluate the level of agreement between data and Standard Model predic-
tion, an accurate description of the SM background in the mono-electron channel is
required, as several SM processes may yield the same final state ! + ET. In order of
decreasing importance, these background contributions are as follows:

e leptonic W decay: W — [v

256630 - 260627 have been used.
2Physics eXtension Library Input Output format
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5.3. STANDARD MODEL BACKGROUND

tt production

single-top production, such as gb — tW or gb — ¢'t

Drell-Yan processes: Z — 17

Diboson processes: WW,WZ,ZZ

The dominant background in the analysis is the leptonic W decay W — ev.

Monte Carlo simulations are used to model these types of SM background contribu-
tions. The MC samples are obtained from the CMS MC production in the previously
presented MINIAOD version 2 format (Sec. [5.2). For MC samples, the MINIAOD
format includes the MC generator information as well. The MC samples have been
prepared using the global tag 74X_mcRun2_asymptotic_v4. Tab. lists the individ-
ual simulated SM backgrounds along with the MC generator information and cross-
section.

5.3.1 Higher order corrections for the W Standard Model background

As W — ev processes present the dominant contributions to the overall SM back-
ground in the analysis, these processes need to be simulated with high accuracy in the
high Mt region. The MC simulation is performed in leading order accuracy calculation
using PYTHIA, which includes parton shower simulations to consider higher jet multi-
plicities. The simulation is then further enhanced by including QCD and electroweak
higher order corrections.

Following the approach presented in [52], an invariant mass-dependent correction fac-
tor k for the differential cross-section of the W boson is defined as

(M) — o ONLO 2N
T AoLo/ AMiny

in which Mj,y is the invariant mass of the lepton-neutrino system. oy o is determined
by including electroweak calculations and oxnzo by including QCD calculations with
two jets. The calculations are based on a MC approach. NLO calculations are included
with the MCSANC event generator [53], which calculates Dell-Yan processes at NLO
precision. From EW and NLO QCD only NLO EW is used. NNLO calculations are
performed using the FEWZH generator [54]. To combine the NLO and NNLO contri-
butions, either an additive or factorized approach can be utilized:

el I < IS - I
dO | ocp g Ew dOlocp 140 ]gw  [40] 10
0

{d_‘f] _ | "©qcp | {d_‘f]
dO | ocp @ Ew [%}LO dO | g
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Background Generator o (pb)

Y WJetsToLNu Madgraph ~ NLO 61526.7
W]JetsToLNu HT-100To200 Madgraph LO 1347

WJetsToLNu HT-200To400 Madgraph LO 360

W]etsToLNu HT-400To600 Madgraph LO 48.98

W]etsToLNu HT-600To800 Madgraph LO 12.8

W]JetsToLNu HT-800To1200 Madgraph LO 5.261

W]JetsToLNu HT-1200To2500 Madgraph LO 1.334

W]JetsToLNu HT-2500ToInf Madgraph LO 0.03089

W offshell WToENu M-200 13 TeV Pythia 8 LO 6.236
WToENu M-500 Pythia 8 LO 0.2138e

WToENu M-1000 Pythia 8 LO 0.01281

WToENu M-3000 Pythia 8 LO 2.904e-05

WToMuNu M-200 Pythia 8 LO 6.236

WToMuNu M-500 Pythia 8 LO 0.2138

WToMuNu M-1000 Pythia 8 LO 0.01281

WToMuNu M-3000 Pythia 8 LO 2.904e-05

WToTauNu M-200 Pythia 8 LO 6.236

WToTauNu M-500 Pythia 8 LO 0.2138

WToTauNu M-1000 Pythia 8 LO 0.01281

WToTauNu M-3000 Pythia 8 LO 2.904e-05

Top single top s-channel 4f leptonDecays Madgraph NLO 10.11
single top t-channel 4f leptonDecays Madgraph ~ NLO 216.99

single top tW antitop 5f inclusiveDecays PowHeg NLO 38.09

single top tW top 5f inclusiveDecays PowHeg NLO 38.09

ttbar 13 TeV MCRUNR2 74 V9 ext3-v1 PowHeg NLO 831.76

ttbar Mtt-1000toInf 13 TeV MCRUN?2 74 V9 extl-v2 | PowHeg NLO 18.0602

Drell Yan DYJetsToLL M-10to50 Madgraph LO 18610
(Z — 17) DYJetsToLL M-50 Madgraph LO 6104
DYJetsToLL M-100t0200 Madgraph LO 226

DYJetsToLL M-200t0400 Madgraph LO 7.67

DYJetsToLL M-400to500 Madgraph LO 0.423

DYJetsToLL M-500to700 Madgraph LO 0.24

DY]JetsToLL M-700to800 Madgraph LO 0.035

DYJetsToLL M-800to1000 Madgraph LO 0.03

DY]JetsToLL M-1000to1500 Madgraph LO 0.016

DY]JetsToLL M-1500t02000 Madgraph LO 0.002

DY]JetsToLL M-2000t03000 Madgraph LO 0.00054

Drell Yan ZToLL M_50_120 Powheg NLO 1975
(Z —ee, ZToLL M_120_200 Powheg NLO 19.3
Z — ufi) ZToLL M_200_400 Powheg NLO 2.73
ZToLL M_400_800 Powheg NLO 0.241

ZToLL M_800_1400 Powheg NLO 0.01678

ZToLL M_1400_2300 Powheg NLO 0.0013

ZToLL M_2300_3500 Powheg NLO 8.95e-05

ZToLL M_3500_4500 Powheg NLO 4.13e-06

ZToLL M_4500_6000 Powheg NLO  4.560e-07

ZToLL M_6000_Inf Powheg NLO 2.066e-08

T+ jets GJets HT-40To100 Madgraph LO 23080
GJets HT-100To200 Madgraph LO 9110

GJets HT-200To400 Madgraph LO 2281

GJets HT-400To600 Madgraph LO 273

GJets HT-600ToInf Madgraph LO 94

Diboson WW 13 TeV Pythia 8 LO 63.21
WZ 13 TeV Pythia 8 LO 22.82

7713 TeV Pythia 8 LO 10.32

Table 5.2: Simulated MC samples for the considered SM background contributions.
For each background sample the generator used and its (N)LO cross-section
x branching fractions are specified. Leptonic decays are indicated with L =
1e,T.

Fig. shows the resulting correction factor for different M;,, and both additive and
factorized combination. Both combination methods can be equally motivated: For the
additive approach the assumption is made that electroweak corrections are of addi-
tive nature and thus can be added for all orders of QCD corrections. The factorized
approach on the other hand assumes the electroweak corrections to be the same for
all orders of QCD corrections. This analysis follows the recommendation of the Les
Houches working group [55] to use the additive combination method for determining
k while determining the difference to the factorized combination as its uncertainty.

3abbreviation for Fully Exclusive W and Z production.
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o ((N)NLO)/o (LO)

0.5

M, [GeV]

Figure 5.1: Higher order corrections for the W SM background in the single-electron
channel for different M;,,. Both additive and factorized combination meth-
ods are shown. In the analysis, the additive approach is used for the cor-
rection factor k. The subsequent uncertainty on k is determined from the
difference to the factorized method.

5.4 Physics objects

In this section, the physics objects relevant to this analysis - electrons and missing trans-
verse energy - are presented.

5.4.1 Electron

Electrons are selected from the electron candidates present in the events triggered by
the high-level electron trigger using the High Energy Electron Positron (HEEP) identi-
fication criterion documented in [56}57]. In this analysis, HEEP version 6.0 is used as
recommended for Run-2.

Electron trigger
In this analysis, either a high-pr or low-pr trigger requirement is used. For the high-

pr trigger, which is also used in [49], at least one of the following high-level electron
triggers have to be triggered, with a minimum p of 105 GeV or 115 GeV, respectively:

e HLT_Elel15_CaloIdVT_GsfTrkIdT_vx*

e HLT_Elel05_CaloIdVT_GsfTrkIdT_vx*

An offline pr cut of 130 GeV is applied to avoid trigger-turn-on effects and to remain
in the flat efficiency plateau [49] shown in Fig.
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Figure 5.2: Electron trigger efficiency depending on the electron transverse momen-
tum for the barrel (left) and endcap region (right). For pr 2 130 GeV

~

the trigger efficiency reaches a constant value of € ~ 1 for both considered
high-pr electron triggers. A tag and probe method was used with MC truth
matching to a Drell-Yan MC sample. Figure from [58].

Unless explicitly stated, a high-pr trigger with pr > 130 GeV is used. For the low-
pr trigger, at least one of the following electron triggers have to be triggered with a
minimum pr of 27 GeV:

e HLT_Ele27_eta2pl_WP75_Gsf_v*

o HLT_Ele27_eta2pl_WPLoose_Gsf_vx

In this case, an offline pr cut of 35 GeV is used.

HEEP 6.0 identification criteria

Tab. shows the variables used for the HEEP 6.0 identification in order to select a
well isolated high energy electron or positron.

[ HEEP variable [ Barrel [ Endcap
Er > 35 GeV
1] range [7sc| < 1.44 [ 157 < [nsc] < 2.5
isEcalDriven true
[Apseed] < 0.004 [ < 0.006
[Agin] <0.06
2 <4005 < 3+005

full 5)55 Tinin - < 0.03

full 5x5 EZ* / E>® > 0.94 or EI*° /E> > (.83 -

EM + hadr. depth 1 isolation | <2 GeV +0.03- Er +0.28-p GeV | <25 GeV+0.28-p GeV (Er < 50 GeV)

<725 GeV +0.03 - (Er —50 GeV) GeV+
+0.28 - p GeV (ET > 50 GeV)

track isolation (track pr) <5
inner layer lost hits <1
|y < 0.02 [ < 0.05

Table 5.3: High Energy Electron Positron (HEEP) 6.0 identification criteria. Different
criteria are used for the barrel and endcap regions.

The HEEP variables are described in [57]. The main variable is the transverse energy,
which is derived from Er = Egyperciuster - Sin 6, where 6 is the polar angle between the
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electron track at the inner layer of the tracker and the extrapolated interaction vertex. A
supercluster refers to a collection of calorimeter clusters, which collect radiated energy
from a local energy maximum deposited in a basic cluster. In Tab. 1sc refers to
the pseudorapidity of the electron supercluster with respect to the detector cluster. By
requiring isEcalDriven, the electrons are identified using ev techniques rather than
the tracker-driven ParticleFlow algorithm. The latter is not validated for non-isolated
low energy electrons or high-energy electrons.

|Angeed| and |Agin| refer to the difference of ¢ or 77 of the inner layer track position and
the supercluster.

The ratio % refers to the hadronic energy H of the CaloTowers centered on the position
of the electron (r = 0.15) and the supercluster energy E. The variable 0y, refers to the
variance of energy in the 5x5 crystal block around the seed crystal.

Further HEEP variables consider the lepton isolation in hadronic calorimeter depth
and track pr isolation. The variable dy, is the minimum distance in the transverse
plane from the beamspot. For the isolation criteria, the respective variable is evaluated
within a specific cone size and an isolation condition is imposed.

5.4.2 Missing transverse energy

Physics objects may be reconstructed using specialized approaches as in the case of
electrons presented above, or by using the ParticleFlow algorithm, which combines
the information from all subdetector systems [59]. By reconstructing all particles in the
detector, the missing transverse energy is determined via

EMISS — _Y.pr . (5.4.1)

Collision products which escape detection in the detector and cannot be reconstructed
thus contribute to Er]?iss. Such particles can be neutrinos, non-SM particles or non-
identified particles, as e.g. very forward particles with # > 5 which are outside the
calorimeter acceptance. Furthermore, detector noise effects or inactive detector cells
also contribute, as do potentially unaccounted physics processes as pile-up, underlying
events, the beam halo or influences of cosmic radiation [60]].

In this analysis, E* is used as provided in the MINIAOD format (p£MET), which con-
tains jet energy scale corrections (type-1I correctionﬁ) and their propagations.

The applied correction is based on the energy response of the reconstructed jets in the
event with the intent to remove biases due to possible non-linear and 7-dependent

calorimeter responses [60]. Here, ak4PFJetsCHS jets with pr > 15 GeV were used. A
list of recommendend ET"** filters has been applied to further enhance ErTmSSﬂ

“The used jet energy scale corrections are Summer15_25nsV6_DATA.db for data samples and
Summer15_25nsV6_MC.db for MC samples.

5primary vertex filter, CSC beam halo filter, HBHE noise filter, HBHEiso noise filter, ee badSC noise
filter
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5.5 Event selection

The basic event selection consists of the electron trigger requirement, a minimum of-
fline pr of 130 GeV (high-pr trigger) or 35 GeV (low-pr trigger) as well as My >
50 GeV.

The analysis aims to select events in which the lepton recoils against the missing trans-
verse energy. To select the characteristic lepton + EMisS signature and to suppress the
SM background, advantage is taken of back-to-back kinematics. In a balanced event,
the ratio pr/E™ is expected to be a distribution centered around one, while the angu-
lar distribution A¢ is expected to show a maximum at 7. In this analysis, the kinematic
cut variables pr/ETS and A¢ may either be defined as static or Mr-dependent.

The static kinematic cut variables previously used in the /s = 8 TeV analysis [5] are
as follows:

o Ap > 25
e 0.4 < pr/EMS <15

Furthermore, Mr-dependent kinematic cut variables are explored and their influence
on the analysis sensitivity is evaluated. By requiring a certain minimal signal efficiency
for each bin of a Mr distribution, Mr-dependent functions for pr/ E’ET’niSS and A¢ are
determined. This approach is discussed in Ch.

In the following, preselection refers to the basic selection while for the full selection the
kinematic cuts are applied as well.

5.6 Pile-up reweighting

The effect of pile-up refers to the number of additional interactions in the same bunch
crossing, which increases the number of vertices in a given event [61]. The effect is
considered in the simulations by superimposing minimum bias interactions in order
to provide the same conditions.

The number of additional interactions per luminosity section can be determined by av-
eraging the number of reconstructed primary vertices per event, while considering a
vertex reconstruction efficiency of ~ 70%. An alternative method is to measure the in-
stantaneous luminosity for each bunch crossing and to multiply with the total inelastic
cross-section. In this analysis, the latter presents the recommended method to deter-
mine pile-up, with the vertex counting method is used as a cross-check [61]]. Fig.
shows the number of primary vertices before (left) and after pile-up reweighting for
the MC simulation (right).

5.7 Multijet background estimation

Fig. shows the distributions pr/ETS and A¢ at preselection, which exhibit a sig-
nificant disagreement between data and MC simulation. At this stage, only trigger and
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Figure 5.3: Number of primary vertices per event. Left: before pile-up reweighting,
right: after pile-up reweighting for the MC simulation.

identification requirements are imposed, and no kinematic cuts have been applied yet.
The source of this disagreement are QCD multijet contributions, which in contrast to
the /s = 8 TeV analysis are non-negligible for /s = 13 TeV.
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Figure 5.4: Kinematic distributions pr/EX and A¢ before including the data-driven
QCD multijet background contribution.

The QCD multijet background is due to jets misidentified as prompt electrons. As
available QCD MC simulations cannot be used because of the unknown amount of
higher order corrections needed, they also do not provide sufficient statistics and a
data-driven approach is therefore used instead.
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Fig. shows the ABCD method from [62,5] used to determine the multijet back-
ground, whose shape and normalization is derived from data. The signal region is
defined as 0.4 < pr/ E‘%‘iss < 1.5, while the QCD region is defined as pr/ E’%‘iss >15. A
tight-to-loose ratio is measured in the QCD region which represents the control region
between the non-isolated (region C) and isolated (region D) events. This ratio is then
used to scale the non-isolated events to the isolated ones in the signal region.
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Figure 5.5: Left: ABCD method to determine the data-driven QCD multijet back-
ground. Right: resulting fake probability dependent on pr, which is de-
termined by the tight-to-loose ratio of isolated to non-isolated electrons.

Fig. shows the kinematic distributions pr/ETS and A¢ after the inclusion of the
data-driven QCD multijet background, which shows a good agreement. While the
method is self-predicting in the QCD region, the corresponding events are not consid-
ered in the final distribution.

5.8 Systematic uncertainties

Systematic uncertainties are considered in the analysis for the simulated SM back-
ground, the data-driven multijet contribution and the signal. For each systematic un-
certainty the quantity is shifted either by +1¢ or within its limits to evaluate its influ-
ence in the analysis.

The systematic uncertainties are grouped in global and object-related uncertainties.
Considering global systematic uncertainties, an uncertainty of 4.6% is considered for
the luminosity. Furthermore, systematic uncertainties of pile-up reweighting and the
higher order corrections for the W background are considered. As stated in Sec. [5.3.1}
the difference between the additive and factorized combination methods is used as the
uncertainty on the higher order correction factor.

The theoretical uncertainty related to the choice of the PDF set is estimated using the
updated PDFALHC prescription, which is a combination of the CT14, MMHT14 and
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Figure 5.6: Kinematic distributions pr/ET and A¢ after including the QCD multijet
background determined with a data-driven technique.

NNPDF3.0 PDF sets. The combination is done using either a Hessian or MC represen-
tation of the the PDF uncertainties, which differ in the assumption of the underlying
distribution to be (multi-)Gaussian [55]. For both channels, a symmetric Hessian PDF
set with a number of 30 eigenvectors is used.

The electron-related uncertainties include the systematic uncertainty on the energy
scale and resolution as well as on the electron identification. Systematic uncertainties
from Run-1 are used for the energy scale and resolution [49]. For the energy scale, a
systematic uncertainty of 0.4% (0.8%) for the barrel (endcap) region is used. For the en-
ergy resolution, a Gaussian smearing of 1.2% (2.4%) is applied to the MC simulation.
For the electron identification, a HEEP efficiency of 0.04% (0.1%) as well as a HEEP
scale factor of 0.1% (0.2%) is used [56].

Furthermore, the systematic uncertainty on the jet energy scale and resolution is con-
sidered by using the CMSSW jet energy corrections version 6.

Fig. shows the relative uncertainty of the considered systematic uncertainties in
the analysis binned in Mr. The dominant source of systematic uncertainties is the
systematic uncertainity of the PDF, followed by the electron energy scale and pile-up
uncertainty.

5.9 Final M7 distribution

Fig. [.8Heft shows the final Mt distribution after the electron trigger selection and
after all cuts have been applied, which includes the kinematic cut selection discussed

in Sec. a lower bound on the transverse mass mt > 50 GeV and an offline pr cut
of 130 GeV.
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Figure 5.7: Relative systematic uncertainties binned in Mr. The PDF uncertainty con-
situtes the most dominant systematic uncertainty, followed by the electron
energy scale.
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Figure 5.8: Left: Final Mt distribution after electron trigger selection and after all ap-
plied cuts. Right: cumulative Mt distribution.

Fig. 5.8 right shows the cumulative M distribution, which is constructed via

N(Mr) = 52, N(x).

A deficit of data with respect to the SM background is visible in the Mt distribution
for M 2 700 GeV. This sample contains one event with a maximum value of Mt =
1.95 TeV. This event contains a well isolated reconstructed electron with a clean track,
which exhibits a good agreement with the supercluster energy measurement. An event
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display is provided in Sec. 9.1 of the appendix.

The deviations of data and SM background contributions are interpreted as 95% CL
exclusion limits. In the following, two interpretations including the production of a W’
boson and dark matter are considered.

5.10 Limit determination

Following [49], a modified CLs method described in [63,(64] is used to determine the
significance of deviations of data from the Standard Model prediction. The profile
likelihood ratio is used as the test statistic g, and is given by

L(datalu, 6,)

YRR 5.10.1
L(data|z,0) ( )

gy = —2In

Systematic uncertainties are included as nuisance parameters 6. A given signal strength
fi and nuisance parameter § maximizes the considered likelihood £, while a likelihood
including 6, has been maximized for a given signal strength y [58].

A 95% CL limit corresponds to a CL; ratio CLs < 0.05, which is given by

P (g = 5| s(0) +b(6))
= s ) 10

The 95% CL limit is thus determined by tuning the signal strength parameter y.

5.11 Sequential Standard Model W’ interpretation

The first interpretation in terms of physics beyond the Standard Model is a hypothetical
SSM W’ boson. 95% CL exclusion limits are determined dependent on the mass of the
W' boson.

5.11.1 SSM W' signal generation

The simulation of the W’ signal is performed using Pythia 8.2 with tune CUETP8M1
using the parton distribution function set NNPDEF3.0. A full detector simulation using
GEANT4 with subsequent trigger emulation and event reconstruction is performed
for different masses of the W/ boson. A mass range of 1 - 5.8 TeV with a step size of
200 GeV is considered.

Fig. [5.9/shows the characteristic shape of the Mt distribution for signals with different
W’ masses of 1, 3.6 and 5 TeV. The signal shape shows a Jacobian peak at approxi-
mately its W/ mass and extends gradually into the lower Mt region.
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Figure 5.9: Left: W’ signal shape on generator level. Right: reconstruced SSM W’ sig-
nals for two W’ masses of 1.0 and 2.0 TeV compared to the SM prediction.

5.11.2 Exclusion limits

Reconstructed W’ signals with W’ masses of 1.0 TeV and 2.0 TeV are shown in Fig.
in the full selection. Fig. left shows the signal reconstruction efficiency for
different W' masses. The efficiency is predominantly flat in the considered W' mass

range.
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Figure 5.10: Left: W’ signal selection efficiency dependent on m(W’). Right: expected
and observed 95% CL limits on W’ production.

Expected and observed 95% CL limits for the considered W’ mass range of 1 - 5.8 TeV
are shown in Fig. right. For the expected 95% CL limit, the +1¢ and 4-2¢ bands

44



5.12. DARK MATTER INTERPRETATION

are shown in green and yellow color bands, respectively. The theoretical cross section
determined from NNLOP| calculations is shown with the uncertainty on the PDE. The
intersection of the theoretical cross section and the observed limit yields the excluded
cross section ey and excluded W' mass (myy/)exc. W' masses up to 3.75 TeV can
be excluded at 95% CL. This result has been included in a physics analysis summary
along with the results of the single-muon channel, which excludes W' masses above
4 TeV [49]. Furthermore, both channels can be combined to produce 95% CL limits
while gaining from significantly improved statistics. This way, W’ masses up to 4.4 TeV
can be excluded.

5.12 Dark matter interpretation

In this section, deviations of data from the expected SM background in the final Mr
distribution will be interpreted in terms of dark matter and 95% CL exclusion limits
are determined for the model parameter space.

5.12.1 Dark matter signal generation

The dark matter interpretation utilizes simplified models for the description of the
dark matter production mechanism. Models introduced in Ch. with an axial-
vector, vector, scalar and pseudoscalar coupling mediator are considered, with their
respective Feynman diagrams shown in Fig. and Depending on the cou-
pling mechanism, different MC generators are used to generate the signal. For an
axial-vector and vector coupling mediator, Madgraphb is used with simplified models
provided by ]J. Kopp et al. [28] and L. Basso [33]. While this setup has already been
used for the determination of the production cross sections in Ch. it is now used
to simulate the hard processes.

The implementation by J. Kopp et al. has been used for the generator studies of this
analysis, while the implementation by L. Basso was used in the CMS signal production.
Both model implementations yield comparable results in both production cross section
and My signal shape.

Considering scalar and pseudoscalar coupling mediators, the JHU generator is used.
The JHU generator generates a single-produced X resonance, which in this case is the
mediator particle. The subsequent decay into dark matter is simulated with the ex-
ternal boltdmdec tool, which is chained to the output of the JHU generator. With the
current implementation, the simulation of the mediator decay is independent of mpj.
Nevertheless, results in parameter reach can be determined for different choices of
Mneqd-

Fig. 5.11}eft shows the distribution in My for an axial-vector coupling mediator model.
A parameter selection motivated by large changes in Mt shape is shown, which con-
sists of Meq = 50, 500 and 2000 GeV and a fixed mpy = 10 GeV. It is apparent from
Fig. p.1T}right that the effect of quark interference and thus the choice of ¢ influences

®next-to-next-to leading order
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Figure 5.11: Simulation of axial-vector coupling dark matter signals using Madgraph5.
Shown is the M7 distribution for mediator masses of M,.q = 50, 500 and
2000 GeV and constant mpys = 10 GeV (left) as well as the quark interfer-
ence cases ¢ = 0, £1 for My,eq = 500 GeV and mpy = 10 GeV (right).

the shape of the Mt distribution, which directly translates into different exclusion lim-
its, as the limit determination is sensitive towards the shape of Mt. Both axial-vector
and vector coupling mediator models yield similar shapes in the Mt distribution.
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Figure 5.12: Simulation of dark matter signals with mediator masses of My,eq = 50, 500
and 2000 GeV and constant mpy = 10 GeV using the JHU generator. Left:
scalar coupling, right: pseudoscalar coupling.

The Mr distributions for a scalar and pseudoscalar coupling mediator model simu-
lated with the JHU generator are shown in Fig. A strong dependence of the shape
of the Mt distribution with respect to the mediator mass M4 is apparent.
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5.12.2 Selection of parameter sets for full detector simulation

For a subset of the simplified model parameter space consisting of My,eq, MpM, §5M
and gpu;, a full detector simulation using GEANT4 is performed. As this process is
computationally expensive, the subset should include a parameter selection which
dominantly affects the resulting exclusion limits, thus changes the shape of the Mr
distribution. In order to investigate the simplified model parameter space the Dark
Matter Forum, a joint collaboration of the ATLAS and CMS experiment was founded.
Part of this analysis has been contributed for considerations for the mono-W channel.
The findings of this working group have been published in [65]. Considering mono-W
searches, the main discriminant quantity in terms of sensitivity is the mediator mass
Meqd and whether the mediator is produced on-shell. The shape of the Mt distribu-
tion is predominantly independent of the chosen mediator width I';;,o4 and therefore of
the coupling parameters gsp; and gpps. This Mt shape independence is verified in [65].

Tab. shows the resulting selection of parameters agreed upon in the Dark Matter
Forum collaboration, of which full detector simulation signal samples are available in
the CMS MC production. The coupling strengths are set to gsp = gpm = 1. A heavy
mediator of My,eq = 10 TeV has been included to approximate the EFT approach.
Mediator masses with only one corresponding mpys are further included to probe the
transition region between the on- and off-shell mediator production.

mMpMm Mineq (GeV)
(GeV) 10 20 50 100 195 200 295 | 300 500 995 1000 1995 | 2000 10000
1 AVP | AVP | AVP p AV,P AV,P AVS,P P AVS,P
10 P AVP | AVP ANVP AV | AVP AVSP SP AVSP
50 AV AV S,P AV,P AV | AVP S,P AVP | AVSP
100 ANV | AV P AV | AVP AVSP AVP | AVSP
150 ANV ANV AV A VP ANVS,P AVP | AVSP
500 ANV P AVP | AVSP
1000 ANV AV P ANVS,P

Table 5.4: Simplified model parameter set for the mono-W channel as available in the
CMS MC production. For each combination of My,eq and mpps, the letters
denote the coupling type for which a MC signal sample is available from the
CMSSW 7.4.X MC production. A, V, S and P indiciate axial-vector, vector,
scalar and pseudoscalar coupling, respectively.

5.12.3 Event reweighting

In order to consider parameters which are not included in the selection shown in Tab.
event-by-event reweighting is performed. Considering axial-vector and vector
coupling mediator models, DM signal samples with full detector simulation are avail-
able for destructive interference ({ = +1) in the CMS MC production. In order to
determine exclusion limits for other quark interference cases { = 0 and { = —1, event
reweighting is used. The DM signal is simulated using Madgraph5 with Neyents = 200k
for each value of ¢ and pairs of My,eq and mpy1. Weights are then produced by dividing
the normalized My distribution with ¢ = 1 by the normalized M7 distribution with
either { = 0 or { = —1. The full detector simulation sample with { = +1 is reweighted
using the obtained weights.
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5.12.4 Reconstructed dark matter signals

Fig. [5.13}eft shows the Mr distribution of a reconstructed DM signal for My,eq = 1 TeV
and mpys = 10 GeV (axial-vector coupling) compared to the SM background contribu-
tions. Fig. [5.13}right shows the M,.4-dependent signal reconstruction efficiency. The
low signal efficiency for ¢ = +1 is due to the high SM background contributions in the
low Mr region. The signal efficiency becomes flat for My,eq > 2 TeV.

2.2 fb! (13 TeV)

I I
—— Data

10° - CMS miss
Private work eJrET e Wl
< 0.5
> 10 ij 4 g F
i = g’u't”et zZ Moy=10 GeV (e+MET)
o 10° F = 7/, 4 ~0.45— pseudoscalar, pre-selection
o =2 Diboson Zﬁ E e pseudoscalar, full selection
2 N I .

E 10 DM AV, M, =1 TeV, m,,=10 GeV w 04— scalar, pre-selection
3 10! = Systematic uncertainties = o scalar, full selection
,_,>J 0.35— axial-vector (§=+1), pre-selection

10° FE s axial-vector (§=+1), full selection

0.3

107 C

102 & 0.25;

10° ¢ 0 2 e

10" ’ 0.15

105 , : 1{
O 20F j eSS
% Lsr PN + | 0.05
L ettt P
O o5fF ‘+ﬂﬂ+“‘ | " 0”'\\\\\\\\\\\\\\\\\\\\\

500 1000 1500 2000 0 2000 4000 6000 8000 v 10?82\/)
MT(GeV) 'med

Figure 5.13: Left: reconstructed DM signal for different coupling types with Mg =
100 GeV. Right: signal reconstruction efficiency.

5.12.5 Optimization strategies

Two methods of optimizing the analysis results are explored. First, an optimization
of the kinematic cut values may yield an improved signal selection efficiency. Fur-
thermore, utilizing a low-pr trigger may present the opportunity to include transverse
momenta below pr = 130 GeV in the analysis, which is of particular interest as the
dark matter signal rate shows a local maximum below this threshold. A low-pr trigger
may thus further improve the signal selection.

Mr-dependent kinematic cuts

For high M7, the Standard Model background has a small contribution. Looser kine-
matic cuts in this region compared to stringent cuts in the low Mr region containing
large contribution of the Standard Model background may thus be chosen. The opti-
mization is performed by maximizing the signal efficiency € and significance s for each
bin of size 50 GeV in the Mt distribution and each bin in the kinematic cut variable
range. The signal efficiency € is defined as the ratio of the number of events after and
prior application of a certain cut. With the predicted number of signal and background
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events N; contained in a given bin, the significance is defined as

w/ng"i‘Nbg.

For a given Mt bin and kinematic cut variable, the bin contained in the possible range
of the variable with the highest significance down to a minimal signal efficiency of
50% is chosen. The resulting Mr-dependent cut variable is then fitted to obtain the cut
function f(Mr). Fig. shows the optimized Mr-dependent cut variables pr/ETss
and A¢. The influence of the kinematic cut optimization is evaluated in Sec.
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Figure 5.14: Mr-dependent kinematic cut functions pr/ EITniSS (left) and A¢ (right) com-
pared to the static kinematic cut values introduced in Ch. shown in
red.

Low-p7 trigger

By considering a lower value for the minimum transverse momentum of the lepton,
the low-pr trigger introduced in Ch. [5.5| can be further utilized. Fig. shows the
Mr distribution after all applied cuts with a modified minimum lepton transverse mo-
mentum of pr > 35 GeV and the resulting improved signal selection efficiency.

5.12.6 Exclusion limits in the simplified model parameter space

After establishing the selection for the simplified model parameter space, 95% CL ex-
clusion limits can be determined for the axial-vector, vector, scalar and pseudoscalar
mediator coupling models. Upper exclusion limits on the production cross section
times branching ratio are determined for pairs of My,eq and mpys shown in Tab.
Two-dimensional representations of the four-dimensional simplified model parameter
space are then determined in order to evaluate the parameter reach. In the following,
Dirac dark matter is considered unless stated otherwise.
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Figure 5.15: Left: M7 distribution after low-pr trigger selection and after all applied
cuts. Right: signal reconstruction efficiency for different coupling types
and a low-pr and high-pr trigger.

Axial-vector coupling mediator model

Meq-dependent upper expected and observed 95% CL exclusion limits for an axial-
vector coupling mediator model are shown in Fig. for two exemplary DM masses
of 1 GeV and 50 GeV. Destructive interference ({ = +1) and a fixed DM coupling
strength of gppr = 1 is considered. For the expected 95% CL exclusion limit, the +1c
and £20 bands are shown in green and yellow color bands, respectively. The the-
oretical production cross section determined from Madgraph5 calculations is shown
for different mediator widths. A minimal mediator width using either g5y = 0.25
or gspy = 1.0 and both a broad (I'yeq = Mmpeq/3) and narrow width approximation
(Tmed = Mmeq/871) are considered. For mpp; = 1 GeV the resonant enhancement
for on-shell mediator production is visible throughout the considered mediator mass
range, while for mpy; = 50 GeV both off- and on-shell mediator production can be
seen.

In order to evaluate the overall parameter reach of the considered simplified model,
the lowest excluded production cross section o, for all intersections of the theoretical
production cross section with the observed 95% CL exclusion limit is determined for
all available pairs of (Myeq, mpum). If possible, the accompanying intersections with
the expected 95% CL exclusion limit as well as the £1 expected 95% CL limit bands
are determined. Of all considered signal samples, 0.y denotes then the lowest and
therefore best excluded production cross section. To evaluate the parameter reach in
the simplified model parameter space, a two-dimensional representation is shown in
Fig. [5.17Heft. For each point (Myeq, mpu) indicated in the figure, the production cross
section for the parameter set (Myeq, MmpMm, §sMm, $DM) has been determined. A nearest-
neighbor interpolation is performed to include the space between the calculated mass
points, which is shown as a heatmap visualization. The decline in production cross
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Figure 5.16: M, .4-dependent upper expected and observed exclusion limits for an
axial-vector coupling mediator model. Left: mpy =1 GeV, right: mpy
=50 GeV.

section is visible for subsequent heavier M,.q and mpy, as well as a sharp decrease
for the off-shell mediator production. The best excluded production cross sections ey
corresponding to the observed and expected 95% CL exclusion limit are inlcuded as
contours, indicating their reach in the parameter space. For the narrow width approach
using I'meq/ Mmed = 1/87, mediator masses up to 550 GeV and dark matter masses
up to 175 GeV can be excluded.

Fig. p.17}right adds further contours with different corresponding mediator widths. It
becomes apparent that for destructive interference (¢ = +1), the sensitivity is limited
for broad mediator widths.

The effect of quark interference for { = 0, —1 is included in Fig. Due to the
enhanced cross section especially for constructive interference ({ = —1), the sensitivity
of the analysis is increased. While a minimal width using gs)r = 0.25 yields excluded
mediator masses of Myeq S 1.25 TeV , the upper bound of excluded mediator masses
rises as high as Myeq < 2.25 TeV for a narrow width approach using I'yeq = Mpedq/ 87

The influence of the optimization strategies discussed in Ch. is evaluated. Fig.
5.19% left shows the simplified model parameter reach utilizing a low-pr trigger with
a decreased minimum transverse lepton momentum pr > 35 GeV. In Fig[5.19%right
optimized Mr-dependent kinematic cut functions have been used. The systematic un-
certainty is increased in the low-Mry region as visible in Fig. left, which becomes
accessible by using the low-pr trigger. Compared to the original approach shown in
Fig. 5.17 right, the optimization strategies do not increase the analysis sensitivity. This
tinding also holds true for other mediator coupling types.

The parameter reach for an axial-vector coupling mediator model and Majorana DM is
shown in Fig. In the case of Majorana DM, the theoretical production cross section
differs by a factor of two compared to Dirac DM [66,67]. Considering the narrow width
approach, mediator masses up to 2.5 TeV can be excluded for { = —1 with excluded
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Figure 5.17: Two-dimensional representation of the production cross section in the
Mpeqa-mpm plane for an axial-vector coupling simplified model. Left:
heatmap visualization of the simplified model production cross section
interpolation with contours indicating the best excluded production cross
section corresponding to the observed and expected 95% CL exclusion
limit. Right: added contours corresponding to 95% CL exclusion limits
using different mediator widths.
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Figure 5.18: Simplified model parameter reach for an axial-vector coupling mediator
and different interference cases. Left: { = 0, right: { = —1.

dark matter masses up to 850 GeV. For ¢ = +1, mediator masses up to 750 GeV and
dark matter masses up to 225 GeV can be excluded.
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Figure 5.19: Impact of optimization methods on the simplified model parameter reach,
shown for axial-vector coupling with ¢ = +1. Left: Inclusion of low-pr
events with pr > 35 GeV using a low-pr trigger. Right: mr-dependent

optimized kinematic cuts.
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Figure 5.20: Simplified model parameter reach for an axial-vector coupling mediator
model with Majorana dark matter and different interference cases. Left:

¢ = +1,right: { = —1.

Vector coupling mediator model

For vector coupling mediator models, similar 95% CL exclusion limits are expected
as for axial-vector coupling, as both couplings yield comparable production cross sec-
tions as well as a comparable shape of the Mt distribution. Fig. [5.2THeft shows upper
expected and observed exclusion limits for a fixed mpy; = 1 GeV. Best exclusion limits
Uexcl are determined for all considered values of mp) and are shown for { = +1 in Fig.
b.21}right for different mediator widths and couplings gsy. The resulting parameter
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reach is comparable to the axial-vector coupling model.
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Figure 5.21: Left: M,,.q-dependent upper expected and observed exclusion limits for
a vector coupling mediator model and an exemplary DM mass of mpy
=1 GeV. Right: simplified model parameter reach for a vector coupling
mediator.

Quark interference with ¢ = 0, —1 is considered in Fig. which yields similar
results as for axial-vector coupling shown in[5.18|
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Figure 5.22: Simplified model parameter reach for a vector coupling mediator and dif-
ferent interference cases. Left: { = 0, right: { = —1.

Scalar and pseudoscalar mediator models

The determination of the production cross section using the JHU generator is indepen-
dent of mppy, as the decay of the mediator is performed by an external program which
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does not modify the cross section. Therefore for a scalar and pseudoscalar coupling
mediator model the best obtained bounds are shown. For a scalar coupling mediator
model, Fig. [5.23}left shows the best expected and observed 95% CL limits. Here, me-
diator masses up to 150 GeV and dark matter masses up to 50 GeV can be excluded. In
the case of a pseudoscalar coupling mediator model, Fig. [5.23}right shows the best ex-
pected and observed 95% CL limits. Here, dark matter masses up to mpp; < 150 GeV
corresponding to Mp,eq < 400 GeV can be excluded.
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Figure 5.23: Left: Simplified model parameter reach for a scalar coupling mediator.
Right: pseudoscalar mediator

5.12.7 Comparison with direct- and indirect-detection searches

In the following, a subset of the results presented above will be compared to bounds
on the dark matter scattering cross section set by direct- and indirect-detection exper-
iments introduced in Ch. In particular, axial-vector and vector coupling with
destructive interference (¢ = +1) is considered. Upper exclusion limits derived using
axial-vector coupling are compared to spin-dependent searches, while results obtained
using vector coupling are compared to spin-independent searches. The comparison
depends on the considered dark matter production mechanism, as lower bounds de-
termined with collider searches are only valid for the specific considered model and
considered parameter set, while direct- and indirect-detection experiments may re-
main valid for different production models as well [18].

Exclusion limits derived using scalar and pseudoscalar coupling mediator models may
in principle also be compared to spin-independent and spin-dependent searches re-
spectively. However due to the independence of the production cross section determi-
nation on mpy the following presentation is only shown for vector and axial-vector
coupling.

The upper 95% CL exclusion limits presented in Ch. [5.12.6| are translated to DM-
nucleon scattering cross sections following the official recommendation from the LHC
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Dark Matter Working Group [18]]. For the spin-independent case, the scattering cross
section is given by

2 2 .2
B (gSM)‘ZD M (5.12.1)
T Mmed
with the reduced mass of the DM-nucleon system
U= _MnMDM (5.12.2)

My +mpp
Taking N, and the universal coupling strength gs»s into account, the coupling between
the mediator and the nucleon f(gsp1) becomes f(gsy) = 3gsm-

For the spin-dependent case, the scattering cross section is given by

3f2(gsM) 8D MMy
M

med

Osp = (5.12.3)

in which the coupling f(gsy) now depends on the type of nucleon considered in the
scattering process. For protons and neutrons, the term is given by

P (gsm) = Al gu+ AN gq 4+ AL g (5.12.4)

with values for A} provided by [9]

Ay =A] = 084 (5.12.5)
A=Al = —043 (5.12.6)
As = —0.09. (5.12.7)

Precise determination of the nucleon spin include contributions of strange quark-anti-
quark pairs, even though nucleons have zero strangeness [68]. Strange quarks affect
the nucleon spin through their presence as sea quarks. Assuming equal coupling to
the quark flavours the coupling term now becomes f(gsa1) ~ 0.32 gsum [18].

Fig. shows the upper 90% CL limits on the DM-nucleon cross section determined
by direct- and indirect-detection searches and the 95% CL collider limits presented in
this analysis for both the spin-independent (top) and spin-dependent case (bottom).
The exclusion limits derived in Ch. for different mediator widths including
the narrow width approach using I'eq = Mpeq/ 87 and different coupling strengths
gsm = 0.25 and gspr = 1.0 have been translated using formulas[5.12.T}and [5.12.3] For
the spin-independent case, results from the LUX, CDMS and CRESST collaborations
are shown. For spin-dependent DM-proton scattering, the figure includes the results
from the direct-detection PICO experiment as well as specific indirect-detection anni-
hilation channels from the Ice-Cube and Super-Kamiokande experiments (xx — tf and
XX — bb, respectively).
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The comparison is valid under the assumption that x is the sole constituent of dark
matter in the universe. Experimental bounds set by direct and indirect searches will
weaken if more constituents have to be considered, unlike bounds set by collider
searches [18].

For spin-independent searches, the CMS search results derived in the previous sec-
tion surpass the lower bounds set by the direct- and indirect-detection experiments for
mppm < 2 GeV and a narrow width approach. Otherwise the LUX, CDMS and CRESST
experiments set the lowest bounds on the DM-nucleon scattering cross section. For the
spin-dependent case, the collider search exceeds the bounds set by the (in)direct detec-
tion experiments for DM masses up to 200 GeV. This holds true in particular for light
dark matter with mpy; < 5 GeV, as this region is inaccessible to the spin-dependent
direct- and indirect-detection experiments.

5.13 Results

In this chapter, 2.2 fb~! of recorded data with CMS in 2015 at y/s = 13 TeV have been
analyzed in the transverse mass distribution for the mono-electron channel. The final
Mr distribution exhibits a deficit of data with respect to the SM background contribu-
tion for Mt 2 700 GeV. Two interpretations of physics beyond the Standard Model
have been investigated and 95% CL exclusion limits have been determined.

The production of a W’ boson can be excluded for W' masses up to 3.75 TeV using
the single-electron channel. The combination of the results presented in this thesis
with the single-muon channel allows the exclusion of even heavier W' masses up to
4.4 TeV [49].

Simplified models have been used to model the dark matter production in Run-2. The
simplified model parameter reach has been explored for axial-vector, vector, scalar and
pseudoscalar couplings.

For axial-vector and vector coupling, mediator masses up to 550 GeV and dark matter
masses up to 175 GeV can be excluded using a narrow width approach (¢ = +1). The
exclusion limits have been compared to (in)direct detection experiments. For spin-
independent searches, the mono-electron CMS search results exceed the bounds set by
(in)direct searches for light dark matter mpy; < 2 GeV. The CMS search is competitive
in the spin-dependent case, in which (in)direct detection bounds are exceeded for a
large range of mpysr < 200 GeV.

Simplified models provide an opportunity to study scalar and pseudoscalar coupling
mediators. Mediator masses up to 150 GeV with dark matter masses up to 50 GeV can
be excluded for scalar coupling. For pseudoscalar coupling, mediator masses up to
400 GeV and dark matter masses up to 150 GeV can be excluded.
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and 95% CL exclusion limits from the mono-electron CMS analysis.
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Chapter 6

Impact of the High-Luminosity LHC
and upgraded CMS detector on dark
matter searches

In the previous chapter, exclusion limits on the dark matter parameter space have
been determined at a center-of-mass energy of 13 TeV using an integrated luminos-
ity of 2.2 fb !, which corresponds to the available certified data from the year 2015 for
analyses involving missing transverse energy in Run-2. The integrated luminosity is
expected to further increase starting in 2016 up to 300 fb~! in the following years, with
the center-of-mass energy reaching 14 TeV.

The High-Luminosity LHC (HL-LHC) upgrade project is designed to increase the in-
tegrated luminosity up to 3000 fb~! with a run period of ten years. In this chapter,
the impact of the increased luminosity and center-of-mass energy on the DM search
in the mono-electron channel is investigated. The increased luminosity is expected to
enhance the sensitivity of the dark matter search and thus the reach in parameter space
for new physics beyond the standard model.

In the following, the HL-LHC project is discussed with a focus on the accompanying
CMS detector upgrades. The project itself is documented in the Technical Proposal
document [69]. The simulation methods of the upgraded detector are presented and
expected 95% CL exclusion limits of the DM search in the mono-electron channel are
extrapolated to the upgraded conditions. Selected results of this chapter have been
included in the Technical Proposal itself.

6.1 The High-Luminosity LHC project

Fig. shows the timeline of the projected LHC performance. Currently the LHC
operates in Run-2 of Phase-I, with the next long shutdown scheduled for 2018 - 2019
(LS2). In this timeframe, the luminosity of the LHC will be increased beginning with
a modified bunch formation in the Proton Synchrotron. Improvements to the injector
chain will yield bunches with higher intensity and lower emittance, thus providing an
integrated luminosity of % ~ 300 ! by 2023 [69]. Further modifications to increase
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the luminosity are scheduled for the LS3, as by 2023 the beam-focussing quadrupoles
at the collision region will have to be replaced due to radiation damage. After LS3,
Phase-II of the HL-LHC is expected to begin. Modifications to the CMS detector com-
ponents will be required to accomodate the very high luminosity conditions, which are
described in the following chapter.
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Figure 6.1: Projected LHC performance showing peak luminosity (left axis, red color)
and integrated luminosity (right axis, blue color) over time. Long shut-
down periods are denoted as "LS". The HL-LHC project is expected to
be prepared in the LS3 period, after which the integrated luminosity is
planned to increase up to 3000 fb~'. Figure from [69].

6.2 CMS detector upgrades

An overview of the CMS upgrades is given in Ch. 1.5 of [69], on which this section
is based. The integrated design luminosity of the CMS detector is % = 300 fb~!.
To maintain detector performance up to this integrated luminosity, Phase-I upgrades
according to the Phase-I Technical Proposal [70] are performed, which affect the pixel
detector, the hadron calorimeter and the hardware trigger.

As the CMS detector reaches its integrated design luminosity goal, simulations show
that detector upgrades will become necessary after 300 - 500 fb ™!, as the detector com-
ponents experience aging effects due to radiation damage. As pile-up is increased
from 25 simultaneous interactions per bunch crossing at the beginning of Run-2 to ap-
proximately 140 simulatneous interactions in the HL-LHC phase, the upgraded tracker
and endcap calorimeter components are furthermore optimized for these high pile-up
conditions. The increased pile-up is a necessity of higher luminosity which cannot be
avoided, as the number of bunches remains fixed at ~ 2800 per beam.

The radiation damage is due to charged particles produced at a high rate of 5 - 10”/s
in Phase-II in the pp collisions. Of these charged particles, pions are mostly relevant
to this process as they ionize the detector material. Photons from 7t° decay further
produce electromagnetic showers in the calorimeter. Pions also may induce nuclear
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Figure 6.2: Exemplary event from Run-1 with 78 reconstructed vertices illustrating the
effect of pile-up. Figure taken from [69].

interactions in the calorimeters, producing cascades from which particles also may be
backscattered to other dectector components. In the tracker, the radiation produces de-
fects in the silicon lattice, thus producing leakage currents or trapped charge carriers
which decreases the detector output signal. Considering the electromagnetic calorime-
ter, which is comprised of PbWOj, crystals, and in the case of the hadron calorimeter,
brass and plastic scintillating tiles, the main radiation exposure effect concerns the em-
bedded wavelength-shifting fibers, as they exhibit a loss in transmission by more than
90% in high-luminosity simulations.

The increased pile-up also has to be adressed during the Phase-II upgrade, which de-
grades both the trigger performance and the offline reconstruction.

Radiation damage simulations show that for Phase-II the silicon tracker and endcap
calorimeters have to be replaced. The silicon tracker will have to be completely re-
placed in LS3. The new silicon tracker will have four times the granularity as the cur-
rent installed tracker. The pixel system will further feature up to ten additional pixel
disks which allow extended coverage up to || ~ 4. The calorimeter endcaps will be
replaced by the High Granularity Calorimeter (HGC). The muon endcaps in the region
1.5 < || < 2.4 are not supported by redundant components, thus additional muon
chambers will be installed to maintain a good trigger performance. The additional in-
stalled chambers will consist of gas electron multiplier chambers in the vincinity of the
magnetic field, and resistive plate chambers in the outer regions. Overall coverage will
be extended with the installation of the additional chambers to  ~ 3.

Other compontents included in the upgrade process are the beam radiation protec-
tion and luminosity measurement, the trigger system, the data aquisition system and
software as well as computing.

6.3 Simulation of Phase-II conditions

To simulate Phase-II detector conditions with increased coverage || ~ 4, a more gran-
ular silicon tracker as well as considering ageing effects of the components, both a full
and a parametrized simulation of the CMS detector are utilized. The full detector simu-
lation based on GEANT4 as presented in Ch. is extendend to accomodate the Phase-II
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detector with an increased pile-up of 140 interactions. Additionally, a parametrized de-
tector simulation using DELPHES is used. The DELPHES configuration cards utilized
in [71] are used to model the Phase-I and Phase-II detector conditions. For Phase-I,
ageing effects of the detector components are considered as well. The configuration
cards can be found in Sec. 9.2/ of the appendix .

The physics object performance in the full simulation, in particular the electron and
ET" performance for Phase-II is discussed in [69].

6.4 Dark matter exclusion limits

In Ch. |5|exclusion limits on dark matter have been determined using simplified mod-
els. Here, expected exclusion limits on the production cross section are extrapolated
for luminosities up to 3000 fb~! using the EFT approach. The EFT-derived expected
limits are shown in Fig. [6.3}Heft and serve as a conservative indication for the simpli-
tied model parameter reach for Phase-II, as the EFT approach corresponds to the heavy
mediator mass region.

6.4.1 Effective field approach

Extrapolated 95% CL exclusion limits on the dark matter production cross section
times branching ratio using the EFT approach have been determined in a previous
extrapolation study in the mono-W channel for Phase-II by [71]. This study discusses
multiple interpretations beyond the SM including the dark matter production mod-
elled by the EFT approach. The 95% CL exclusion limit on the production cross section
times branching ratio are shown in Fig. [6.3}left. A constant dark matter mass of mpy
=10 GeV has been used. The extrapolation is shown for integrated luminosities rang-
ing up to high-luminosity conditions of 3000 fb~! and for the different interference
cases. Comparable excluded cross sections for ¢ = 0 and { = —1 result from similar
signal efficiencies.

Fig. [.3fright shows the extrapolated exclusion limit on the contact interaction scale
A, which is obtained by a translation of the expected limit on the process cross section
given by

4
Otheory * 7\
4 . y theory
Aexpected - o (64.1)
expected

with the production cross section Oineory and Apeory as well as the expected exclusion
limit on the cross section Oexpected-

6.4.2 Simplified models

The sensitivity of a simplified model with an axial-vector coupling mediator presented
in Ch. is estimated. An interaction scale A of ~ 5000 GeV corresponding to
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Figure 6.3: Left: extrapolated 95% CL exclusion limits on the DM production cross
section times branching ratio using the EFT approach with mpy = 10 GeV
and different values of . The extrapolation is shown for luminosities up
to 3000 fb~!. Right: extrapolated exclusion limits on the contact interaction
scale A for different values of ¢ as a function of the integrated luminosity.
Figures from [71].

3000 fb~! for constructive interference as seen in Fig. right falls into the region
where both DM production models are valid, thus the EFT approach and simplified
models yield comparable results.

Simplified model process cross sections for pairs of (mppr, Meq) using a narrow width
approach (I'med = Mmed/87) with couplings |gpm| = |gsm| = 1 are determined.
Exclusion limits on the process cross sections times branching ratio from Fig. [6.3}left
are shown as solid contour curves in Fig. |6.4] for the interference cases { = £1. For
¢ = 0, the parameter reach lies between ¢ = +1 and exclusion limits are included in
Sec. 9.3| of the appendix. The resulting projections are compared to the 90% CL limits
of the mono-jet analysis and the neutrino background published in [30].

Both analyses employ a DELPHES detector simulation. The mono-jet analysis scales
the \/s = 8 TeV limits to the different scenarios assuming that the underlying per-
formances of the CMS mono-jet search in terms of signal efficiency and background
suppression remains unchanged [30]. The mono-jet projection for high-luminosity con-
ditions of 3000 fb! is in close proximity of the neutrino background boundary.

Considering the mono-electron channel, constructive interference yields the highest
projected reach in both mediator mass and DM mass. In this case and for an integrated
luminosity of 300 fb™!, the LHC is expected to probe beyond the direct-detection
bounds, whose ultimate reach is set by the neutrino background. The high-luminosity
LHC with 3000 fb~! is expected to probe even further beyond a mediator mass of
5500 GeV or a DM mass above 2000 GeV. Different interference cases yield a lowered
projected reach. The projected reach is significantly decreased for destructive inter-
ference, with excluded mediator masses expected to be lower than excluded mono-jet
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Figure 6.4: Production cross sections for grid pairs of (Mued, mppm) determined from
a simplified model for axial-vector coupling for ¢ = +1. For ¢ = 0, refer
to Sec. of the appendix. The solid contours indicate projected 95% CL
limits from the mono-electron analysis, compared to the projected 90% CL
limits from mono-jet analysis results [25] marked as dotted contours. In
both analyses the projected cross section limits have been calculated using
a DELPHES simulation. The transition region between on- and off-shell
mediator production is indicated as a solid magenta line. The neutrino
background, also from [25], which is the irreducible background for direct-
detection experiments, is shown as a dashed magenta curve.

analysis projections.

Compared to the bounds set on A obtained by the EFT approach, the projected reach
of the mediator mass in the simplified model for constructive interference is increased.
Fig. right shows a limit of A ~ 5000 GeV for 3000 fb~!, whereas for the same
luminosity a mediator mass of M,.q ~ 5800 GeV is within the projected reach in the
case of { = —1. The latter however is heavily dependent on the mediator width I'yeq,
as larger values of I';,oq decrease the projected reach of Myeq.
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6.4.3 Sensitivity to detector performance

In the following, the detector performance for both Phase-I and Phase-II including the
“aged” scenario for Phase-Iis discussed. Fig. [6.5}eft shows the electron reconstruction
efficiency for ¢ = 0 for both phases as well as ageing affecting the detector perfor-
mance. A single electron selection has been applied, such that 200 GeV < Mt <
250 GeV. Detector ageing effects become mostly apparent below Mt < 1500 GeV as
shown in Fig. [6.5right.
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Figure 6.5: Detector performance for different scenarios including Phase-I “ageing”
effects imposed on the tracker and endcap calorimeters. Left: signal effi-
ciency for an axial-vector DM signal with a mass of mpy = 10 GeV and
¢ = 0. Right: corresponding Mt spectrum. Figures from [71].

The sensitivity estimation of the simplified model presented in Sec. is compared
to the “aged” Phase-I scenario. Fig. [6.6/shows a comparison of the different scenarios
with the “aged” Phase-I scenario, indicated as dashed contours for { = 1. For ¢ = 0,
refer to Sec. of the appendix. Aged detector conditions affect the projected reach
of the considered simplified model. Considering constructive interference, the M,eq
sensitivity is decreased by ~ 200 GeV for 3000 fb™!. This difference would require the
Phase-II detector to record an additional luminosity of ~ 1000 fb~! compared to the
exclusion limit of the Phase-I “aged” detector.

6.4.4 Conclusion

The High-Luminosity LHC is expected to provide a significant increase in sensitivity
of the dark matter search. For axial-vector coupling simplified models and a narrow
width approach, it can potentially probe beyond heavy mediator masses of 2 TeV. Con-
sidering constructive quark interference, this parameter reach is extended above me-
diator masses of 5 TeV and dark matter masses above 2 TeV, which potentially probes
beyond the neutrino background.
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Production cross sections for grid pairs of (Myed, Mpp) determined from a
simplified model for axial-vector coupling for ¢ = +1. For the ¢ = 0, refer
to Sec. [9.3|of the appendix. Contours indicate projected 95% CL limits de-
rived by the EFT approach, of which solid contours represent Phase-II con-
ditions and dashed contours indicate Phase-I “aged” conditions. The tran-
sition region between on- and off-shell mediator production is indicated as
a solid magenta line. The neutrino background, also from [25], which is
the irreducible background for direct-detection experiments, is shown as a
dashed magenta curve.



Chapter 7

Unitarity violation in quark
interference models

This chapter discusses the limitations of the dark matter production models in the
mono-W channel involving the effect of quark interference, as introduced in Ch.
and shown again in Fig. The production cross section is significantly enhanced
for constructive interference (¢ = —1) and coupling to one quark flavour only (¢ = 0),
as shown in Fig. During the writing of this thesis, multiple publications [19,
20,21] showed that the enhancement in cross section is due to an unitarity-violating
production of longitudinal W bosons. This chapter discusses the implications for the
analysis based on these findings.

Figure 7.1: Feynman diagrams with the same initial and final state showing the effect
of quark interference in the mono-W channel as shown in Ch. The
DM production mechansim may couple differently to the SM quarks, as
indicated by the coupling strength A;.

The concept of quark interference in the mono-W channel has been first proposed
in [26]. BELL et al. showed that the interference cases ¢ # +1 give rise to a produc-
tion of longitudinal W bosons when considering the EFT approach [19]. This causes
the violation of the Ward identity, and as a consequence, violates the SM weak gauge
symmetry. This finding has been extended to simplified models involving quark in-
terference as well [20]. The most recent publication at the time of writing does not
allow interference for simplified models [21], however presents possible solutions to
the problem short of not considering the effect of quark interference alltogether. A pro-
posed solution is to consider a small difference in coupling values to each quark type
only, which however significantly reduces the enhancement of the production cross
section. The sensitivity of the mono-W channel is thus limited when considering an
axial-vector and a vector coupling mediator. Another proposed solution is to intro-
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duce an additional interaction between the spin-1 mediator and the W boson, which is
proportional to the difference between the left-handed couplings AL and AL [21].

In order to provide a comparison to other analyses, the results of this analysis have
been presented for models involving quark interference { = —1 and ¢ = 0 as well.
They have however to be treated with caution. A future analysis may incorporate
the dark matter production with an extended simplified model as proposed in [21],
therefore retaining the effect of quark interference without violating unitarity. Both
approaches may then be compared in terms of reach in simplified model parameter
space.
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Conclusion

In this thesis, data collected in 2015 by the CMS experiment at /s = 13 TeV have
been analyzed in the mono-electron channel. Deviations in transverse mass from the
Standard Model prediction have been interpreted in terms of both a new vector boson
W’ and dark matter. The transition of the dark matter production mechanism from the
effective field approach used in Run-1 to simplified models utilized in Run-2 has been
presented.

While no evidence for new physics has been found, constraints on the mass of the new
vector boson and dark matter parameter space have been set. A SSM W' interpretation
can be excluded for W’ masses below 3.75 TeV using the single-electron channel. The
combination of the results presented in this thesis with the single-muon channel allows
the exclusion of even heavier W’ masses up to 4.4 TeV.

Concerning dark matter, simplified models with different coupling structures have
been investigated. For axial-vector and vector coupling, mediator masses up to 550 GeV
and dark matter masses up to 175 GeV can be excluded using a narrow width approach
(¢ = +1). The exclusion limits have been compared to (in)direct detection experi-
ments. For spin-independent searches, the mono-electron CMS search results exceed
the bounds set by (in)direct searches for light dark matter mpy; < 2 GeV. The CMS
search is competitive in the spin-dependent case, in which (in)direct detection bounds
are exceeded for a large range of mpys < 200 GeV.

Simplified models also provide an opportunity to study scalar and pseudoscalar cou-
pling mediators. Mediator masses up to 150 GeV with dark matter masses up to 50 GeV
can be excluded for scalar coupling. For pseudoscalar coupling, mediator masses up
to 400 GeV and dark matter masses up to 150 GeV can be excluded.

The High-Luminosity LHC is expected to provide a significant increase in sensitivity
of the dark matter search. For axial-vector coupling simplified models and a narrow
width approach, it can potentially probe beyond heavy mediator masses of 2 TeV. Con-
sidering constructive quark interference, this parameter reach is extended above me-
diator masses of 5 TeV and dark matter masses above 2 TeV, which potentially probes
beyond the neutrino background.
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Chapter 9

Appendix

9.1 Event displays

Fig. shows the event display exhibiting the currently largest transverse mass Mr
measured in the mono-electron channel.

9.2 DELPHES data cards

The following DELPHES cards have been used for the CMS detector upgrade studies
presented in Ch. [6}

e JetStudies_Phase_I_140PileUp_MuonResolutionInverse_rms_Eff96.tcl
o JetStudies_Phase_I_140PileUp_aged_MuonResolutionInverse_rms_Eff96.tcl

e JetStudies_Phase_II_140PileUp_conf4_MuonResolutionInverse_rms_Eff96.tcl

The cards can be found athttps://github.com/vkutzner/upgradestudies.
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Figure 9.1: Event display showing the event with the highest transverse mass mr =
1.95 GeV in the single-electron channel. The electron is well isolated and
has a transverse momentum of pr = 998 GeV. A missing tranverse mo-
mentum of EXsS = 998 GeV is present in the event (run 260627, luminosity
block 324, event 568831331).
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9.3 Impact of the HL-LHC on dark matter searches
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Figure 9.2: Production cross sections for grid pairs of (Mpeq, Mpym) determined from a

simplified model for axial-vector coupling for { = 0. The solid contours
indicate projected 95% CL limits from the mono-electron analysis, com-
pared to the projected 90% CL limits from mono-jet analysis results [25]
marked as dotted contours. In both analyses the projected cross section
limits have been calculated using a DELPHES simulation. The transition
region between on- and off-shell mediator production is indicated as a solid
magenta line. The neutrino background, also from [25], which is the irre-
ducible background for direct-detection experiments, is shown as a dashed
magenta curve.
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Production cross sections for grid pairs of (Mmed, mpum) determined from a

simplified model for axial-vector coupling for { = 0. Contours indicate pro-
jected 95% CL limits derived by the EFT approach, of which solid contours
represent Phase-II conditions and dashed contours indicate Phase-I “aged”
conditions. The transition region between on- and off-shell mediator pro-
duction is indicated as a solid magenta line. The neutrino background, also
from [25], which is the irreducible background for direct-detection experi-
ments, is shown as a dashed magenta curve.
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