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with the ATLAS Detector

ABSTRACT

Dark Matter production at colliders may be evinced in topologies with an energetic jet recoiling
against large missing transverse momentum, known as the “monojet” final state. This thesis presents a
search for new physics in a sample of monojet events obtained from proton—proton collision data corre-
sponding to an integrated luminosity of 3.2 fb~1 and center—of-mass energy /s = 13 TeV collected
in 2015 with the ATLAS detector at the Large Hadron Collider. Monojet events are required to have
at least one jet with a transverse momentum above 250 GeV and no leptons. Several signal regions are
constructed with sequential missing transverse momentum thresholds ranging from E2' > 250 GeV
to B > 700 GeV. The number of events observed in data is consistent with Standard Model pre-
dictions. In the absence of an excess, limits are placed on the dark matter production cross section and

compared to constraints from direct detection experiments and other collider searches.
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Introduction

Several astrophysical and cosmological anomalies observed in the universe are inconsistent with our cur-
rent understanding of gravitation and particle physics [1]. The existence of a new non-luminous, non—
interacting “dark matter” (DM) particle could explain these phenomena. Several theories [2] propose that
dark matter will take the form of a weakly interacting massive particle (WIMP), which would couple very
weakly to the Standard Model and might be produced in proton-proton collisions at the LHC.
Although WIMP Dark Matter is invisible to the ATLAS detector, the creation of Dark Matter can be
inferred when it is produced in association visible particles such as jets, photons, or electroweak bosons.
This event topology is known as the “mono-X” signature, and is typified by a visible particle “X” recoiling
against the missing transverse momentum vector missing transverse momentum . Mono-X searches with
the ATLAS experiment [3] look for new physics in signal regions composed of events with large missing
transverse momentum, strict quality requirements on “X”, and alepton veto to reduce contributions from

processes such as W — fv. Background processes are constrained using control regions constructed by



inverting signal region vetoes. The monojet search looks for dark matter production in association with
jets from initial state radiation [4]. It is the most sensitive mono-X channel, as X (the jet) has a5 coupling
to initial state quarks, as opposed to « for a photon or o, fora W or Z boson.

This dissertation presents dark matter searches in monojet states with the ATLAS [3] experiment with
proton—proton center—of—mass energies of 13 TeV in data corresponding to an integrated luminosity of 3.2
fb~L. Results are interpreted within a simplified model framework, and the complementary of mono-X
search limits with dijet resonance constraints and dark matter direct detection experiments are presented.

Chapter 1 provides an overview cosmological evidence for dark matter, including galactic rotation curves,
and gravitational lensing, and the cosmic microwave background power spectrum. Weakly interacting
massive particles are presented as a well-motivated candidate for dark matter.

Chapter 2 presents a short discussion of Dark Matter detection strategies, including reviews and indirect
detection experiments and their complementarity with LHC searches. The WIMP simplified models used
as benchmark signal models in this thesis are presented, and specific mediator and parameter choices are
motivated.

Chapter 3 provides an overview of the Large Hadron Collider and Chapter 4 reviews the detector sys-
tems of the ATLAS experiment. Chapter s covers the reconstruction of physics objects at ATLAS, includ-
ing jets, electrons, muons, and missing transverse energy.

Chapter 6 presents the criteria used to select events that are used in the analysis, and provides details on
the Monte Carlo simulation used to estimate background an signal yields.

Chapter 7 covers the background estimation strategy. All of the backgrounds and the corresponding
techniques for estimating their contributions to the monojet topology are discussed. Analysis uncertainties
and the results of background fits are presented.

Chapter 8 presents the analysis results and interpretation. The final results are used to set limits on
the production of Dark Matter. These LHC limits are then compared to the results of direct detection
experiments and other LHC searches.

Chapter 9 discusses limitations of the analysis, possible avenues toward increasing sensitivity, and future

prospects for searching for Dark Matter at the LHC. Chapter 10 concludes the thesis.
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Cosmological Dark Matter

The kinematics of galaxies, the dynamics of galactic clusters, and anisotropies of the cosmic microwave
background are all incompatible with modern gravitation and known matter. These anomalies are all
consistent with the existence of a new “dark” particle. This chapter presents an overview evidence for
cosmological dark matter and WIMP dark matter motivations.

While many of these anomalies can be resolved by modifying dynamical laws rather than introducing a
new kind of matter [s], there is no single modified dynamical theory that accounts for all of the anomalies
while satisfactorily describing the observed universe [1]. As such, the following overview of cosmologi-
cal anomalies discusses them in the framework of the Dark Matter hypothesis, rather than introducing

additional contrivances.



1.1 Garactic RoTaTtioN CURVES

Galactic kinematics indicate that something is missing from our understanding of cosmology or gravita-
tion. The kinematics of a galaxy can be studied via the Doppler shift of the 21-cm line emitted by galactic
hydrogen. In this way the circular velocity can be mapped as a function of the distance from the galactic
center. The expected circular velocity according to Newtonian dynamics is v(r) = /G M (r)/r, where
M(r) = 4 [ p(r)r?dr and p(r) is the dynamical mass density profile. When compared with the dis-
tribution of visible mass in a galaxy, determined with optical surface photometry, a massive discrepancy
between this visible mass and the dynamical mass is observed, as shown in Figure r.1. Additional non-
luminous “dark” mass in galaxies would account for this difference [1]. The fact that the observed v(r) is

approximately constant implies the existence of a dark halo with M (r) oc 7 and p(r) o< 772,
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Figure 1.1: Rotation curve of dwarf spiral galaxy NGC 6503 [6]. Circular velocity v, is plotted as a function of
distance to the galactic center. The gravitational contributions of gas (dotted) and stellar matter (dashed) cannot
explain the observed radial velocity. However, an additional halo of dark matter (dash-dotted) would explain the

observed dynamics, shown as the three-parameter dark halo fit (solid).



1.2 Gavractic CLUSTERS

The mass and kinematics of a galactic cluster can be determined with several different methods. All of the
techniques discussed below reveal a discrepancy between the visible and dynamical or gravitational mass
of galactic clusters. Specifically, the visible mass is much smaller than the gravitational mass, implying the
prevalence of invisible dark matter at galactic cluster scales.

The virial theorem [7] as applied to the observed distribution of radial galactic velocities relates the total
kinetic energy of the objects to the total gravitational potential energy under the assumption that the ob-
jects are contained in the gravitational potential well. This technique yielded one of the first observations
of dark matter in a galactic cluster via the substantial discrepancy between visible and dynamical mass [8].
Similarly, the x-rays produced via thermal bremsstrahlung of hot emitting gas can be used to estimate the
kinematics of non-stellar mass, and reaveal a similar discrepancy [9].

Gravitational lensing can be used to determine the mass of heavy objects. According to General Rela-
tivity, light propagates along geodesics which deviate from straight lines when passing near intense gravi-
tational fields. A strong field can bend light rays from a single source in a way that allows multiple rays to
reach an observer, resulting in multiple images of the source object, as shown in Figure 1.2. The distortion
and multiplication of background sources can be used to infer the shape of the gravitational potential well
[10]. This principle is applied to galactic clusters to determine the total gravitational mass and examine the

gravitational mass not associated with visible mass, as shown in Figure 1.3.

Observer

Figure 1.2: Diagram of gravitational lensing. A strong gravitational field can bend light rays from a single source in a
way that allows multiple rays to reach an observer, resulting in multiple images of the source object.
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Figure 1.3: The reconstructed mass density not associated with visible galaxies in galactic cluster CL 0024 shown as
a contour plot (white contours), superimposed on an image from the Hubble Space Telescope for reference [11].
The mass density is determined from gravitational lensing. On scales larger than 10 kpc the distribution of dark
matter becomes smooth. Mass density contours for this dark mass are shown at intervals of 0.1 3. in projected

mass density, where ¥, = 4497 h d, é7M ® pc2. The dimensionless distance ratio d, é7 = 1 4 0.15 contains the
uncertainty in the source redshift. / is a parameter in the range 0.5 < h < 0.75 reflecting the uncertainty in the

value of the Hubble constant H for the rate of expansion of the universe: h = 00 kmipe

1.3 THE CosMIC MICROWAVE BACKGROUND

In the early universe, free electrons, photons, and baryons acted as a tightly coupled photon-baryon fluid [12].
As the universe expanded and cooled to 3000K, electrons combined with protons to form neutral hydro-
gen, decoupling photons from matter. The cosmic microwave background (CMB) is the thermal back-

ground radiation created by these photons.



The CMB is remarkably smooth, unlike the distribution of matter in the universe. While inhomo-
geneities in the distribution of matter grow due to gravitational instability, radiation pressure keeps the
distribution of photons uniform. Nevertheless, there are small fluctuations in temperature of the CMB,
known as the power spectrum. The position and amplitude of acoustic peaks in the power spectrum put

strong constraints on cosmological density parameters [13], as shown in Figure 1.4.
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Figure 1.4: Sensitivity of a CMB power spectrum model to four fundamental cosmological parameters [13]: the
curvature of the universe {2y, (a), the dark energy density 24 (b), the physical baryon density Qh? (c), and the
physical matter density €2,,,22 (d). Measuring the position and amplitude of acoustic peaks in the observed power
spectrum of Figure 1.5 puts strong constraints on these cosmological density parameters.



J@\ {  Commander
[ NILC
i [ \ t  SEVEM |

6000

o
— 8
T j SMICA
E! \ b Plik
N o
~ O \
Q 8 | < \jf\\d/(\ —
& )
‘ “)‘/(F\«\"*um«""'"‘"x
%3%mmmmﬁ
o | l | B
500 1000 1500 2000
14

Figure 1.5: The CMB power spectrum measured by Planck [14], showing the fluctuations in temperature AD? 7T as
a function of multipole moment £ for five foreground-cleaned maps of the CMB. The multipole moment is
inversely proportional to the angular scale of the fluctuations ¢ o< 1/6.

The CMB power spectrum as measured by the Planck Collaboration [14] is shown in Figure 1.5. From

analysis of the power spectrum, the abundance of baryonic matter in the universe is found to be:

Qph? = 0.022 (11)

where h is the Hubble constant in units of 100 km s™! Mpc™1. However, the matter density is found to
be:
Qnmh? =0.14 (12)

This discrepancy is attributed to non-baryonic dark matter, with a relic density of:

Q.h?=0.12 (13)

Thus dark matter must comprise ~ 30% of the total energy density of the universe and ~ 86% of all

matter in the universe.



1.4 THE STANDARD MODEL OF PARTICLE PHYSICS

The Standard Model of particle physics is a quantum field theory that describes all known fundamental
particlesand their interactions [15-20]. The Standard Model is a powerful and accurate model, successfully

predicting a wide range of experimental results, as shown in Figure 1.6.
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Figure 1.6: Summary of selected Standard Model cross-section measurements as a function of center—of—mass
energy from 7 TeV to 13 TeV [21]. The Standard Model successfully predicts a wide range of experimental results for
various energies and interactions.

In the Standard Model, the fundamental constituents of matter are spin 1 /2 particles known as fermions.
Their interactions are mediated by integer spin particles called gauge bosons. Strong interactions are medi-
ated by gluons g, electromagnetic interactions by the photon v, and weak interactions by the W and Z°
bosons (often truncated to W and Z). Finally, the spin-zero Higgs boson H arises from the Higgs mech-
anism of electroweak symmetry breaking. The fermions are arranged into three generations of quarks and

leptons. Quarks (u, ¢, t and d, s, b) interact with all three forces, charged leptons (e, p, ) interact via
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electromagnetic and weak interactions, and neutral leptons (ve, v, V7) interact only via the weak force.
Each particle also has a corresponding antiparticle with the same mass and opposite quantum numbers.

No particle in the Standard Model can explain the cosmological phenomena presented in Section 1.
Dark Matter is nonluminous, noninteracting, and long-lived, which rules out the bosons, quarks, and
charged leptons. Dark matter is non—baryonic, and thus cannot be a neutral combination of quarks such
as the neutron. Finally, neutrinos are too light to account for the observed relic density of Dark Matter;
the CMB power spectrum implies Q,h? < 0.0067 [1]. A viable dark matter candidate must be found
beyond the Standard Model (BSM).

.5 WIMP DARK MATTER

There are many potential particle candidates for dark matter, including sterile neutrinos [22], axions [23],
and Kaluza—Klein states [24]. A stable weakly interacting massive particle is predicted by supersymme-
try (2] and several other BSM theories [1]. This thesis will focus on the motivation and theoretical frame-
work for thermal WIMP dark matter of the Dirac fermion variety.

WIMP dark matter would exist in thermal equilibrium in the early universe before freezing out and
leaving a relic density, similar to the decoupling of the CMB. When the temperature of the universe 7'
exceeds the mass of the particle m,, equilibrium abundance is maintained by annihilation of the particle
with its antiparticle X into lighter Standard Model particles xx — f f and vice versa. However, once
the universe cools to T < m,, the equilibrium abundance drops exponentially until the rate for the
annihilation reaction falls below the expansion rate H, at which point the interactions which maintain
thermal equilibrium “freeze out” leaving a relic cosmological abundance of x and ¥. The relic density is

approximately [2]:

3x 1072 cm3s1

{ov)

where (o) is the annihilation cross section. The relationship between, (ov), the relic density, and uni-

Qxhg (1.4)

versal expansion are shown in Figure 1.7.
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Figure 1.7: Comoving number density of a WIMP in the early universe [2]. The dashed curves show the predicted
abundance as a function of the thermal annihilation cross section (ov). The solid curve shows the equilibrium
abundance as a function of z, a dimensionless parameter which scales as 1/T". As the universe cools the interactions
which maintain thermal equilibrium “freeze out” leaving a relic cosmological abundance of WIMPs. A higher
thermal interaction cross section leads to a later freezeout and therefore lower relic density.

If a new particle with weak-scale interactions gyweax ~ 0.1 and a mass of ~ 100 GeV exists, then its

annihilation cross section is approximately [2]:

(00) ~ Gear (M) 72 ~ 10" Pem’s ™! (rs)

Using Equation 1.4, this corresponds to an expected relic density is Qwimph2 ~ 0.01. This is remarkably
close to the measured dark matter relic abundance is Q.h? = 0.12, especially considering that there is
no reason for a weak-scale interaction to have any relation to the cosmological parameter 2. This coin-
cidence is known as the “WIMP miracle”, and is compelling motivation to search for new particles at the

electroweak scale.

12



Detecting Dark Matter

Although all evidence for dark matter is gravitational, the WIMP dark matter hypothesis allows for the pos-
sibility of detecting particle dark matter through other channels. If WIMPs were in thermal equilibrium
with Standard Model particles in the early universe, they must have some nonzero coupling to ordinary
matter. This chapter presents an overview of experimental strategies to detect cosmological dark matter,
prospects for dark matter production and detection at the Large Hadron Collider, and simplified models
of dark matter.

There are three principal strategies for detecting WIMP dark matter:
* Dark matter production at a particle collider via WIMP pair production.
* Direct detection of dark matter via cosmological WIMPs scattering oft ordinary matter.
* Indirect detection of dark matter via cosmological WIMP pair—annihilation into ordinary matter.

These three processes are illustrated in Figure 2.1.
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Figure 2.1: Diagrams depicting collider production of dark matter (left), direct detection (center), and indirect
detection (right).

2.1 DARK MATTER AT COLLIDERS

If dark matter couples to standard model particles, it may be possible to create dark matter at a particle col-
lider through f f = xx. One advantage of collider searches is that they are independent of astrophysical
uncertainties on the density and velocity of cosmological dark matter.

There is no clean, distinct signature for dark matter production at a collider. Any WIMPs produced in
a collision would be invisible to all detector systems. Therefore, instead of directly looking for dark matter
production, collider searches look for WIMPs produced in association with other particles.

Invisible dark matter produced in association with a visible particle “X” appears as tracks and energy
deposits consistent with X recoiling against nothing in a particle detector. Conservation of momentum can
be applied to the energy measured in the transverse plane to construct the missing transverse momentum
(EXs). For an event in which all visible objects are perfectly reconstructed, the Ef¥** perfectly corresponds
to the vector sum of transverse momentum of any invisible particles.

At a proton—proton collider such as the LHC [25], a hadronic jet is a natural choice for X, as a gluon
is likely to be produced as initial state radiation from the initial colliding partons. The resulting final state
with ajetand E%ﬁss is called the monojet topology.

Even if a WIMP is discovered at the LHC, the existence of a new massive, stable, invisible particle would
not be sufficient enough to prove that the new particle is cosmological dark matter. Results from direct
detection experiments, indirect detection observations, and cosmological measurements are needed to val-

idate any discoveries from collider searches.
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2.2 DIRECT DETECTION

If our galaxy is embedded in a halo of WIMP dark matter, then hundreds to thousands of WIMPS must
pass through every square centimeter of the Earth’s surface every second [2]. Direct detection of these
particles may be possible by observing the nuclear recoil from DM-nucleus elastic scattering, although the
weak coupling of WIMPs would make this interaction very rare. Direct detection experiments attempt to
measure, and distinguish from background, the tiny energy deposited by the very occasional DM-nucleus
interaction. Alternatively, without any such signal these experiments set a strong limit on the rate of in-
teractions between the local dark matter halo and atomic nuclei [26].

Two classes of interactions are probed with direct detection techniques. First, axial-vector and pseu-
doscalar interactions result from couplings to the spin content of a nucleon, and are therefore spin—dependent
(SD). The cross sections for these interactions are proportional to J(J + 1), where J is the total nuclear
spin. Because this coupling is independent of the number of nucleons in the target nucleus, little sen-
sitivity is gained by using heavier target nuclei. However, scalar and vector mediator scattering is spin—
independent (SI). The cross sections for both of these interactions increase dramatically with the mass of
the target nuclei. For a scalar interaction with zero momentum transfer, the cross section for a WIMP to

scatter from an atomic nucleus is:

4m?2
o= T

(Zf+(A=2)f,)° (2.1)

where m, is the DM-nucleon reduced mass, f;, is the DM-proton coupling, f, is the DM-neutron cou-
pling, and Z and A — Z are the numbers of protons and neutrons in the nucleus, respectively. Similarly,
the vector interaction cross section is:
2
T

77 bar

(Qpr +(A- Z)fn)2 (2.2)

The direct detection limits on spin-independent interactions are much stronger than spin-dependent scat-

tering in current experiments which use heavy atoms as targets [1].
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There are large number of direct detection experiments use different target nuclei and different detec-
tion technologies. The relevant experiments for the results discussed in this thesis are XENONIoo [27],
LUX [28], and PICO [29, 30]. XENONIoo and LUX employ liquid xenon detection masses in time-
projection chambers to identify individual particle interactions, whereas PICO uses a bubble detector of
superheated chlorofluorocarbon (Freon) as the active mass and is more sensitive to spin-dependent inter-
actions. The qualitative dependence of various detector properties on a direct detection limit is shown in

Figure 2.2. An overview of different direct detection limits is given in Figures 2.3 and 2.4.

Reference
limit

Cross section

Smaller target
nucleus

Lower
energy
threshold

Increased
Exposure

WIMP mass

Figure 2.2: Illustration of a hypothetical limit on the DM-nucleon interaction cross-section[31] as function of
WIMP mass (black) from a direct detection experiment (black), with limit variations corresponding to changes in
the detector design or properties (colored lines).

Direct detection limits set some of the strongest bounds on WIMP-matter interactions. However, these
experiments cannot detect light dark matter with marget > M, when dark matter is too light for DM-
nucleus recoil to be observable. Additionally, they lose sensitivity for high values of dark matter mass.
Given the expected local dark matter relic density, as the mass of the particle becomes larger the expected

dark particle flux through the earth becomes smaller.
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Figure 2.4: Exclusion upper-limits for the spin-dependent DM-nucleon cross-section assuming pure proton

coupling (left) and pure neutron coupling (right). [31].

2.3 INDIRECT DETECTION

Cosmological WIMPs may pair—annihilate into Standard Model particles. Indirect detection experiments
search for evidence of energetic particles created by dark matter annihilation. The Fermi Large Area Tele-
scope [32] (Fermi-LAT) is an imaging, wide field-of-view, high-energy ~y-ray telescope which is sensitive to
~y-ray energies from 20 MeV to 300 GeV. Fermi-LAT places 95% CL constraints on the self-annihilation
cross section from observations of dwarf spheroidal galaxies [33] for both x¥ — vy and xx — ff with

subsequent 7y-ray cascades. Cross section limits as a function of m,, are presented in Figure 2.6.

7



The galactic dark matter halo model predicts a high density of dark matter at the center of our galaxy.
In fact,the inner Milky Way is expected to be the brightest source of dark matter annihilation radiation
in the sky. However, this region is also astrophysically complex, containing the supermassive black hole
Sagittarius A* and a myraid of other stellar objects. Separating the dark matter annihilation signal from
backgrounds is challenging. Nevertheless, when known gamma ray sources are subtracted from the spec-
trum measured by Fermi-LAT, an excess remains in the galactic center. This excess could be consistent
with dark matter annihilation [34] as shown in Figure 2.5, but may also be explained by more mundane

sources of gamma radiation [3s, 36].
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Figure 2.5: The gamma ray spectrum within 0.5° (left) and 3° (right) of the dynamical center of the Milky Way
Galaxy, measured by Fermi-LAT [34]. The dashed line denotes the predicted spectrum from a 28 GeV dark mactter
particle annihilating to bb with a cross section of cv = 9 x 1026, The dotted and dot-dashed lines denote the
contributions from the previously discovered TeV point source located at the Milky Way’s dynamical center and
the diffuse background, respectively. The solid line is the sum of these contributions. This excess may also be
consistent with more mundane sources of gamma radiation [3s, 36].

2.4 INTERPRETATION FRAMEWORK

A simplified model framework allows LHC dark matter results to be compared with direct and indirect

dark matter detection experiments and dark matter relic density measurements [38, 39].
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Figure 2.6: Fermi-LAT upper limits on the cosmological Majorana fermion DM annihilation cross-sections (ov) as
a function of DM mass for various channels [33]. Each plot shows the cross section upper limit on xx — f f
assuming a 100% branching fraction into f f for various species of f f: e*e™, ut, u* =, bb, 77" and WHTW ~.
The dashed gray curve corresponds to the thermal relic cross section from Reference [37] needed to explain the relic
abundance of dark matter. When the upper limit on (ov) is smaller than the thermal relic cross section the model
may be considered excluded. However, different assumptions for the DM particle species and branching fractions
change the limits on (ov) and the predicted thermal relic cross section.

2.4 SIMPLIFIED MODELS

A theory of dark matter is needed to interpret production cross section limits from collider searches and
relate these bounds to constraints from direct direct and indirect detection experiments. Several theories

offer a complete theoretical framework that could account both the Standard Model and dark matter.
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However, the preferred theoretical treatment remains agnostic to any physics beyond the dark matter par-
ticle and its interaction with the Standard Model [38].

An effective field theory [40] would comprise the most general treatment of dark matter and Standard
Model interactions, without relying on any assumptions on mediator particles and their masses. How-
ever, the EFT approach breaks down if the momentum transfer of the interaction approaches the scale
of new physics. The large momentum transfer inherent in LHC WIMP pair production threatens EFT
validity [41].

Unlike EFTs, simplified models are able to describe correctly the full kinematics of dark production at
the LHC at the cost of adding an additional particle which mediates the interaction [38]. This mediator
particle connects the Standard Model quarks to dark matter WIMPs through an s—channel or t—channel
exchange. The model depends on four parameters: mass of the dark matter particles m.,, mass of the
mediator Mmed, the flavor-universal coupling between the mediator and the quarks g, and the coupling
between the mediator and dark matter particles g,. The mediator is assumed to have minimal width, only
decaying to dark matter or quarks.

As direct detection experiments provide powerful constraints on spin independent DM-matter interac-
tions, only models with a pseudoscalar mediator ¢ or axial vector mediator A are considered in this thesis.

The Lagrangian for the pseudoscalar mediator model is:

L .9 _
Ly = —igydX1°X — i 75 > uwd’q (23)
q=u,d,s,c,b,t
where y, = v/2m, /v are the quark Yukawa couplings with the Higgs vacuum expectation value v = 246
GeV. The mediator to dark matter coupling is parameterized by g, rather than by a Yukawa coupling
Yy = V/2m, /v to remain agnostic to the mass generation mechanism for dark matter. Assuming that all

particles are kinematically accessible, the mediator width is:

2 9\ 1/2 9 9 9\ 1/2 9 9 3
PR GLCY UL § I 71 G I
7 " 8r m3 — 167 m3 327302

2

(2.4)

2
(20
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where

Jo(x) = z arctan® <\/11—733> (2.5)

The first term in Equation 2.4 corresponds to the decay to dark matter, the second to quarks, and the third

to gluons. The Lagrangian for the axial vector mediator model is:

La=—g AV X —90 >,  Audr’q (2.6)
q=u,d,s,c,b,t

and the corresponding width is:

g2ma m2 3/2 g2ma m2 3/2
[y=2X 1—4—% + 2 21412 (2.7)
127 mg

assuming that the particles are kinematically accessible. The first term corresponds to the decay to dark
matter and the second to the decay to quarks.

Couplings are subject to perturbativity bounds [42]:

9q» 9y < 4m (2.8)

but otherwise the specific choice of couplings for a given model is a matter of preference, although cou-
plings cannot be reduced arbitrarily without coming into tension with thermal relic density motivations.

Models with other couplings are examined, but the main results of this thesis are presented for couplings:

gq = 0.25 gy =1 (2.9)

This choice allows for a consistent comparison across collider results within a given simplified model, en-
suring that the mediator has I'ped/Mmed =~ 10% and that the theory is far from the strong coupling
regime. Additionally, the choice of g, > g4 and g = 0.25 for spin-1 mediators is motivated by the
desire to circumvent dijet constraints from the LHC and earlier hadron colliders, although as shown in

Figures 8.6 and 8.7 this is best achieved with g, = 0.1 and g, = 1.5.
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2.4.2 DIRECT DETECTION

Direct detection experiments set limits on the DM-nucleon scattering cross section for both spin—independent
and spin-dependent interactions. As pseudoscalar and axial-vector bosons mediate the latter, only the SD
case is considered below. Additionally, unlike other interactions the pseudoscalar mediator case has ad-
ditional velocity-suppression in the non-relativistic limit [39]. As a consequence, direct detection experi-
ments are not sensitive to pseudoscalar interactions. Only the axial-vector mediator limits are compared
to direct detection experiments in this thesis.

The spin-dependent scattering cross section for an axial vector mediator is:

31%(99) 9212

5 (2.10)
™m2

0SD =

where f is the nucleon form factor and i is the DM-nucleon reduced mass. If the coupling g, is equal

for all quarks then f(g,) = 0.32g,, and the scattering cross section may be written as:

2/1TeVN4/ 2
~ 94 % 10~ %2em? - <9q9x> ( ) ( nx ) '
75D e 2s) Uimg ) \1Gev (1)

This relation is used to translate limits on the dark matter production cross section to limits on the DM-

nucleon scattering cross section, as shown in Figure 8.s.

2.4.3 INDIRECT DETECTION

Indirect detection experiments set limits on the cross section for dark matter to annihilate to a single
particle-anti-particle final state. These limits assume that dark matter is a Majorana fermion, which can
be compared to limits on Dirac fermion dark matter though a simple rescaling by a factor of two [39].
The axial-vector mediator annihilation process xX — A — qq is helicity suppressed [38]. As such, only

interpretation for the pseudoscalar mediator is considered. The annihilation into a ¢ final state for the
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Figure 2.7: An example comparison of an LHC result to the Fermi-LAT upper limit on xx — u [39]. The LHC
limit is intended for illustration only and is not based on real data. Models corresponding to the phase space to the
left of the LHC contour and above the Fermi-LAT contour are considered excluded. LHC results are expected to
have superior sensitivity at low values of dark matter mass.

pseudoscalar mediator model is [39]:

3m2 2022 m2
(ovrel)q = 9 5 2 iqg;( > ez T p— (2.12)
mv? ( s~ mX) + MI'; ms

In principle this expression can be used to compare LHC limits to constraints from indirect detection
such as Fermi-LAT, but the 3.2 fb—! ATLAS results lack sensitivity to the pseudoscalar mediator models.
A qualitative comparison using a hypothetical LHC limit is shown in Figure 2.7. LHC results are expected

to have superior sensitivity at low values of dark matter mass.

2.5 RELIC DENSITY CALCULATION

The relic density measured by the Planck experiment provides an additional constraint to any dark matter
model. The relic density of thermal WIMP dark matter strongly depends on the strength of the coupling

between dark matter and Standard Model particles. If the coupling is large, dark matter will readily decay
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into matter and the relic abundance will be smaller. If the coupling is small, dark matter will freeze out
when the universe is smaller and the corresponding relic density will be higher. The calculation of the dark

matter relic abundance for the simplified models relies on the following assumptions:
* Dark matter only couples to the Standard Model via the mediator.
* No additional undiscovered particles couple to the mediator.
* No additional undiscovered particles couple to dark matter.

A numerical calculation of the relic density is performed using the program MadDM [43], which con-
siders all tree-level 2 — 2 interaction modes between DM and SM particles. The processes are thermalized
and the resulting relic density is computed.

Figure 2.8 shows the dark matter relic density in the mycq — mpwm plane for the benchmark scalar,
pseudo-scalar, vector, and axial vector mediator simplified models [38]. Solid contours indicate regions
where the calculated relic density is consistent with the observed value. Regions where the relic density
is either higher or lower than the observed value are referred to as over- and under-abundance regions,
respectively. In all coupling scenarios, over-abundance of dark matter is observed for m, < Mpeq. The
size of this region is generally anti-correlated with the coupling strength g,. For larger values of g, dark
matter can more easily annihilate into quarks, reducing the expected relic density and decreasing the size
of over-abundance regions. In the axial vector mediator model the generic overabundance region extends
to higher m,, than in the vector mediator case. The region of under-abundance along m, = M,eq/2 is
generated by resonant DM annihilation into the mediator particle. The calculated relic density for models

with scalar and pseudo-scalar couplings is additionally shaped by top—quark processes.
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Figure 2.8: The predicted relic density Qh? in the (M.ediator m.y) plane for a vector (top left) and axial-vector
mediator (top right), both with couplings g, = 0.25 and g, = 1.0, and for a scalar (bottom left) and
pseudo-scalar mediator (bottom right) with couplings g, = g, = 1.0 [44]. The contour lines correspond to the
region where the relic density is consistent with the value Qh2 = 0.1185 =+ 0.0020, as measured by the Planck
collaboration. Red regions correspond to an over-abundance of dark matter, while pale blue regions indicate an
under-abundance. In all coupling scenarios, over-abundance of dark matter is observed for m, < Mpeq. The size
of this region is generally anti-correlated with the coupling strength g,. For larger values of g4, dark matter can
more easily annihilate into quarks, reducing the expected relic density and decreasing the size of over-abundance
regions. In the axial vector mediator model the generic overabundance region extends to higher 1m,, than in the
vector mediator case. The region of under-abundance along m,, = Mneq/2 is generated by resonant DM
annihilation into the mediator particle. The calculated relic density for models with scalar and pseudo-scalar

couplings is additionally shaped by top—quark processes.
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The Large Hadron Collider

The Large Hadron Collider (LHC) is the world’s largest and most powerful particle collider [25]. It consists
of 27 kilometers of over 8000 superconducting magnets and accelerating structures designed to achieve a
proton-proton collision center of mass energy of /s = 14 TeV at an instantaneous luminosity of 1 x
103 cm~2 571, The unprecedented center-of-mass energy and luminosity allows for the discovery of the
Higgs Boson, precision measurements of the Standard Model, and the ability to search for and constrain

the production of BSM particles such as dark matter candidates.

3.1  ACCELERATOR DESIGN

Protons accelerated in the LHC originate from a bottle of hydrogen gas. An electric field strips the elec-
trons from the hydrogen to create protons, which are then passed to a series of accelerators: Linac 2 accel-
erates the protons to so MeV, the Proton Synchrotron Booster (PSB) pushes the protons to 1.4 GeV, the

Proton Synchrotron (PS) brings the beam energy up to 25 GeV, and the Super Proton Synchrotron (SPS)
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Figure 3.1: A diagram of the LHC ring [ 45] with the four main experiments. ATLAS and CMS are general purpose
experiments, while ALICE analyzes heavy ion collisions and LHCb studies B physics. Betatron beam cleaning is
located in octant 7 and momentum cleaning in octant 3 [46]. 3 is roughly the width of the beam squared divided
by the emittance, and determines the instantaneous luminosity of any collision point as described in Section 3.2.

accelerates the protons to 450 GeV. Finally, the protons are transferred to the LHC.

A single magnetic dipole field cannot be used to collide two counter-rotating proton beams as in particle—
anti—particle colliders. The LHC uses a twin-bore [47] design in which both proton rings are contained
within one cryostat but subject to separate magnetic fields and vacuum systems, with common sections
only at the insertion regions where the experimental detectors are located [25]. The beams are bent around

the ring with a 8.33 T magnetic field produced by superconducting dipole magnets, which are cooled to a
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temperature of 1.9 K with superfluid helium.

Within the ring protons are accelerated with RF cavity systems running at 400 MHz. After accelerating
the proton beams from the injection energy of 450 GeV to 7 TeV, the RF acceleration compensates for the
7 keV of energy lost per beam per revolution due to synchrotron radiation. The LHC receives protons in
bunches of approximately 10! particles, which accelerated around the ring in RF buckets. Each collision
event can result in multiple proton—proton interactions, of which only one might occasionally manifest
interesting physics. The superfluous collisions are known as pileup.

The two beams collide at four experiments around the ring: ATLAS (A Toroidal LHC ApparatuS),
CMS (the Compact Muon Solenoid), ALICE (A Large Ion Collider Experiment), and LHCb (3, 48-s0].

Figure 3.1 shows a schematic of the LHC ring and experiments.

3.2 INSTANTANEOUS LUMINOSITY

The rate of physics events for a specified physics process Revents expected from the accelerator is depen-
dent on the instantaneous luminosity L of the machine and the cross section o of the physics process:
Revents = Lo. The instantaneous luminosity of the LHC is determined by numerous factors related to

beam parameters and conditions [45]:

. Nanbfrev'Yr

L= dme, " (3.1)

Ny is the number of protons per bunch and ny, is the number of bunches per beam. ficy is the revolution
frequency of the accelerator, and is fixed by the size of the LHC tunnel and the velocity of the protons.
7 is the relativistic Lorentz factor. €, is the normalized transverse beam emittance, a measurement of the
average spread of the particles in position and momentum space. 3* is the 3 function at the interaction
point, which relates the emittance to the Gaussian width of the beam with opeam = /€ - 8. Finally, F'is
a geometric factor related to the crossing angle of the beams at the interaction point. If the crossing angle

Ocissmall, then FF ~ 1/,/1 + (&%)2 where o is the RMS length of each bunch.

The instantaneous luminosity can be maximized by tuning the parameters of equation 3.1. Increasing

the number of bunches in the beam or the number of protons per bunch raises the luminosity. However,
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Parameter [unit] Nominal design value Operating value in 2015

Beam Energy 7 TeV 6.5 TeV

Peak instantaneous luminosity 10%*cm? 571 5 x 1033 cm? 571
Bunch spacing 25 ns 25 ns
Intensity per bunch 1.15 x 101 p 1.15 x 101 p
Number of filled bunches 2808 1825

Fow 11245 kHz -

g* 55 cm 80-40 cm

o* 16.7 pm 13 pm

0. 285 prad -

O, 7.55 cm —

F 0.84 -

Table 3.1: LHC nominal [25] and operational parameters [51]. Unchanged values are omitted.

this number cannot be increased arbitrarily as too many particles in the beam can lead to damage to the
detectors or accelerator if control of the beam is lost. A smaller crossing angle will result in higher luminos-
ity, but can also create collisions outside of the interaction point [46], which is not ideal for reconstructing
the results of the collision or avoiding damage to expensive detector systems. The main parameter which
can be controlled by the LHC operation is 3*, where lower 8* corresponds to higher luminosity. The
target peak luminosity for both the ATLAS and CMS experiments is L = 103* cm?s! [25]. The main

parameters of the LHC beam are displayed in Table 3.1.

3.3 BEAM CLEANING AND BEaM HaLo

The proton beams are not perfect. Off—-momentum and off-orbit particles circulating in the LHC ring are
known as “beam halo”. These particles are largely absorbed by the collimation system to avoid damaging
accelerator and detector components. At special beam cleaning insertions (shown in Figure 3.1) primary
collimators intercept particles that have drifted from the beam core. A secondary collimator is designed
to stop any particles that that scatter from the primary collimator and remain in the beam, known as sec-
ondary halo. The combined efficiency of this system is greater than 99.9% *, but some particles persist

in the beam as tertiary halo. The cleaning process is shown in Figure 3.2. A small fraction of the beam

"Local beam cleaning inefficiency is the ratio of losses in a segment of beam to distance-normalized losses in the
collimator system: € = N5%/(As - Ngoj) where As = 10 cm [52].
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halo intersects with the collimators close to interaction points, and the subsequent particle showers will
interact with detector systems. Additionally, protons in the beam can scatter off of residual particles in the

vacuum system, creating another source of non—collision interactions with detector systems [46].

Beam propagation

Unavoidable losses

:I?f-lmari_.'
—halo
1 "
$ Shower
pé‘i’g?na::er =5 " Tertiary halo p-u,e
<= 1um ) b e > a
EE 3 & 5
& E’ Shower § % g
@
wn o <

Figure 3.2: Scattering and absorption of the beam halo by the LHC collimation system [46].
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The ATLAS Detector

A Toroidal LHC Apparatus (ATLAS) is a particle detector built to study proton-proton collisions at en-
ergies up to /s = 14 TeV at the LHC [3]. ATLAS is a multi-purpose detector capable of measuring
of Standard Model physics processes with extreme precision and searching for evidence of new physics at
hitherto unexplored energies. Particles created in proton—proton collisions can pass through four detector

systems:
* The inner detector (ID), which measures the momentum charged particles

* The electromagnetic (EM) calorimeter, which measures the energy of electrons and photons and

contributes to the energy measurement of hadronic showers
* The hadronic calorimeter, which measures the energy of hadronic showers

* The muon spectrometer, which measures the momentum of muons

This chapter reviews the geometry and materials of these detector systems.

32



25m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tfracker
Semiconductor tracker

Figure 4.1: A full diagram of the ATLAS detector [3].

ATLAS uses a right-handed coordinate system with origin at the proton—proton interaction point in
the center of the detector, z-axis along the beam pipe, and x—y plane transverse to the beam direction,
as shown in Figure 4.2. Cylindrical coordinates (7, ¢) are used in the transverse plane, ¢ being the az-
imuthal angle around the beam pipe. The pseudorapidity 7 is defined in terms of the polar angle 6 as
n = —Intan(#/2) " . Particles traveling perpendicular to the beam pipe will have = 0 and particles
traveling parallel to the beam pipe will have n = F00. The ATLAS detector has nearly 47 coverage in
solid angle around the interaction point with layers of tracking detectors up to |n| = 2.5, calorimeters up
to || = 4.9, and muon chambers up to |n| = 2.7.

Figure 4.1 shows an overview of the detector. Cylindrical “barrel” elements of the detector surround
the beam line cylindrically in the central low-7 region. In the forward high-7 region “endcap” elements

are arranged as disks perpendicular to the beam line.

"Pseudorapidity is the massless approximation of rapidity, the angle used to parameterize boosts in special rela-
tivity.
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Figure 4.2: The ATLAS coordinate system. The z direction corresponds to the beam axis, while 2 and y define the
transverse plane. 6 is the angle relative to the beam axis and ¢ is the azimuthal angle. 7, the pseudorapidity,
approaches infinity at small angles relative to the beam axis.

4.1 MAGNETIC FIELD

Magnetic fields can be used to measure the momentum of a charged particle via the relationship between
the Lorenz force and the particle speed F' = qv x B. ATLAS exploits this to measure the particle
momentum in the inner detector and the muon spectrometer with two independent magnet systems.

The inner detector is surrounded by a solenoid providing a 2 T axial magnetic field which bends particle
tracks in the transverse plane to allow for particle momentum measurement. The magnetic field in the
muon spectrometer is provided by a system of three large air-core toroid magnets. These magnets provide
1.5t05.5 T - m of bending powerat 0 < || < 1.4 and approximately 1 to 7.5 T'- m in the endcap region
of 1.6 < |n| < 2.7. Figure 4.3 shows the predicted field integral as a function of || [3].

A simulation of the magnetic field is necessary to study particle reconstruction and generate the expected
detector signatures of various physics processes in simulation. The magnetic field is modeled using the
geometry and electric current in the toroid and solenoid systems in conjunction with perturbations from

the calorimeter iron. The precise location and deformation of each toroid under the field is determined by
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fitting the simulated magnetic field to magnetic field readings from sensors in barrel and endcaps.
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Figure 4.3: (Left) Geometry of magnet windings and tile calorimeter steel, showing the eight barrel toroid coils
interleaved with the endcap coils [3]. (Right)Predicted field integral as a function of || for the ATLAS magnet

system [3].

4.2 INNER DETECTOR

The inner detector is the closest detector system to the beamline, and is the first system traversed by par-
ticles created in a proton—proton collision. The inner detector provides precise and efficient tracking for
charged particles using pixel and silicon microstrip (SCT) trackers in conjunction with the straw tubes
of the Transition Radiation Tracker (TRT). Figure 4.4 shows the layout of each of these components.
Specific parameter values are given in Table 4.1.

Proton—proton collisions in the ATLAS detector are not singular. Up to twenty or more proton—
proton collisions can occur in each event, as shown in Figure 4.5s. The inner detector has enough fidelity
to assign particles and jets to different primary vertices and correct the measurement of missing transverse
energy for contributions from low-energy particles. Information about track vertices is also used to dis-
tinguish and measure secondary vertices to identify tracks consistent with the decay of long-lived particles
such as 7 leptons, kaons, lambda baryons, and B-hadrons. Additionally, inner detector tracks are used to
identify electrons and measure their position, identify photon conversions, and measure the momentum

of muons in combination with the muon spectrometer.
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Figure 4.4: Layout of the ATLAS Inner Detector system [53]. A 10 GeV charged particle at p = 0.3 will
successively traverse the beryllium beam-pipe, the four cylindrical silicon-pixel layers, the four cylindrical double
layers of silicon-microstrip sensors, and approximately 36 axial straws modules in the barrel transition-radiation

SiL1cON DETECTORS

tracker 3].

4.2.1
Parameter Pixels SCT TRT

1) coverage 2.5 2.5 2.0

Number of hits on track 4 8 36

Radius of innermost layer (cm) 5.0 30 56

Total number of channels 8 x 107 8 x 10° 3.5 x 10°
Cell size (R¢ x z/R) 50pm x 400um 80pum x 12cm 4mm x 70cm
Resolution in R¢ (um) 10 16 170
Resolution in Z/ R (uum) 8o 580

Table 4.1: ATLAS inner detector parameters [3].
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Figure 4.5: A candidate Z boson event in the dimuon decay with 25 reconstructed vertices [54]. The upper left
image shows tracks and energy deposits in the transverse plane, the right-center image shows the same features in
the R-z plane, and the bottom image is a magnified view of the interaction point. Muons created by the Z boson

decay are highlighted in yellow. This event was recorded on April 15th 2012.

The innermost three to four layers of the inner detector are the pixel detectors, followed by four layers of
SCT detectors. Both of these systems are silicon detectors. This type of detector consists of a bulk material
that is made of a n-type Si semiconductor wafer. The passage of a charged particle creates electron-hole
pairs that are separated by the electric field. These detectors allow for a huge resolution improvement over

previous detectors such as spark, cloud, bubble, or wire chambers. However, the systems are much more
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expensive, require complex cooling, and are more susceptible to radiation damage.

The pixel detectors are optimized for high resolution position measurements close to the beam line and
consist of three layers in the endcap and four in the barrel. The high granularity of this system is crucial
for precision tracking and vertex reconstruction. The intrinsic accuracies of the sensors are 10 ym in R-¢
and 115 pm in 2 (or R for the endcap).

The semiconductor tracker (SCT) consists of 6.4 cm long sensors that are connected into strips with a
strip width of 80 um [3]. Each SCT layer has two semiconductor planes with strips placed at a 40 mrad
angle to allow the measurement of the second coordinate. There are four layers of detector pair for a total
of eight position measurements in ¢ and four in z for a particle passing through the system. The intrinsic
accuracies are 17 pm in R-¢ and 580 pm in 2 (or R in the endcap).

Both the pixel and SCT detectors have readout times faster than the 25 ns LHC bunch interval, allowing

for the differentiation of hits from different bunch crossings.

4.2.2 TRANSITION RADIATION TRACKER

The transition radiation tracker (TRT) is the outermost layer of the inner detector. The TRT is a gaseous
detector that consists of multiple straw tubes arranged parallel to the beam line in the barrel and radially
in the endcap. The 4 mm diameter straw tubes are filled with a 70/27/3% gas mixture of xenon, carbon
dioxide, and oxygen to provide tracking of charged particles. Although the spatial resolution of 170 m is
less precise than the silicon detector systems, the longer lever arm allows TRT hits to contribute more to
the track momentum measurement.

The TRT makes use of the transition radiation that is emitted when a charged particle passes through
the boundary of two regions with different dielectric constants. This radiation creates ionization in the
gas volume and the resulting cascade produces a signal that is proportional to the amount of energy lost in
the transition radiation, which in turn is proportional to the Lorentz factor of the particle passing through
the detector. The transition radiation measurement is primarily used for discrimination between electrons

and pions or other charged hadrons.
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4.3 CALORIMETERS

The calorimeter systems surround the inner detector. The ATLAS calorimeters measure the energy and
position for of electrons, photons, mesons, and hadronic jets, and are used to calculate the missing trans-

verse momentum in each event.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr eleciromagnetic
barrel
LAr forward (FCal)

Figure 4.6: Layout of the ATLAS calorimeter system [3].

4.31 ELECTROMAGNETIC CALORIMETERS

The ATLAS electromagnetic (EM calorimeter) calorimeter measures the energy of electrons and photons.
When a high-energy photon or electron is incident on a thick absorber, photon pair production and elec-
tron bremsstrahlung will generate more electrons and photons with lower energy than the original particle.
The number of particles in this electromagnetic shower is proportional to the energy of the original parti-

cle. The longitudinal intensity of the shower attenuates exponentially with distance [ss]:

I(z) = Iye~*/Xo (4.1)
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where I is the intensity, = is the distance traveled, and X is the radiation length. The ATLAS EM
calorimeter is designed to have more than 22 radiation lengths in the barrel and 24 in the endcap [3] to
ensure that the shower is contained.

The EM calorimeter is a sampling calorimeter with alternating layers of lead and liquid argon (LAr) con-
structed using an accordion geometry. The calorimeter is segmented into four segments, three of which
are shown in Figure 4.7. A thin LAr presampler layer corrects for energy lost before a particle reaches
the calorimeter. Next, the preshower detector provides a precise measurement of particle 7 to enhance
photon—pion discrimination and contribute to the measurement of shower direction. The third and thick-
est section is designed to absorb the majority of the shower energy, and the final section is used to correct
the energy measurement for leakage outside the calorimeter. The EM calorimeter is divided into a barrel
portion that extends to |n| < 1.475 and an endcap portion going from 1.375 < || < 3.2. The region
where these two units overlap is called the “transition region”. The calorimeter is segmented by 77 and ¢

into “cells.” Sequential longitudinal cells are called “towers.”
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Figure 4.7: Diagram of the EM calorimeter in the barrel with visible calorimeter segmentation. [3].
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4.3.2 HapRONIC CALORIMETERS

The hadronic calorimeters are the second calorimeter system shown in Figure 4.6 and are designed to mea-

sure the energy of hadrons. Three different calorimeter technologies are used for the hadronic calorimeters:

1. The TileCal is a scintillating tile calorimeter that uses steel as the absorber and plastic scintillator

tiles as the active material.
2. The hadronic endcap (HEC) uses LAr as the active material and copper as the absorber.

3. The forward calorimeter (FCal) is another LAr calorimeter that uses an inner module with copper

absorbers and an outer module with tungsten.

The hadronic calorimetry in the range || < 1.7 is provided by a scintillator-tile calorimeter (Tile),
which is separated into a central barrel and two smaller extended barrel cylinders, one on either side of the
central barrel. The HEC covers || > 1.5 and the FCal extends the coverage to || = 4.9. Hadronic
shower attenuation is measured with the hadronic interaction length A. The hadronic calorimeter depth
is approximately 9.7\ in the barrel and 10 in the endcap. The outer calorimeter supports contribute an
additional 1.3\. Together this is sufficient to limit punch-through of showers to the muon system [3]. As
in the EM calorimeter, the hadronic and forward calorimeters are segmented into four and three layers,

respectively [56].

4.3.3 LIQUID ARGON DETECTORS

LAr calorimeters are used in both the EM and hadronic calorimeter systems. Although the detector sys-
tems have different geometries and absorber materials, the readout, calibration, and monitoring systems
are designed to be uniform across the LAr systems [56].

When charged particles traverse the detector they ionize the liquid argon located in the gap between
electrodes and absorbers. The ionization electrons are subject to an electric field which draws them to-

wards the electrode, inducing a current proportional to the energy deposited in the liquid argon, shown
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Figure 4.8: The LAr detector signal shape produced in the electromagnetic barrel (triangle) and after shaping
(dotted line) [56].

in Figure 4.8. The calorimeter signal s; is used to compute the cell signal amplitude A [57]:

N, samples

A=Y aj(sj—p) (42)

j=1

where p is the ADC pedestal and a; are the Optimal Filtering Coefhicients (OFC) computed per cell. The

signal peak time t) is obtained with [57]:

N, samples

1
bl = — bj(s; — p) (4.3)

i=1
where b; are time-OFCs. In a perfectly timed detector all signals produced in-time particles tce;p must
be close to zero. The measured pulse in a given LAr calorimeter cell is compared to the expected pulse
shape from simulation of the electronics response, a useful metric for discriminating between noise and

real energy deposits The quadratic difference i‘efﬁr between the measured and expected pulse shapes is
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defined as [57]:

Nsamples
ar = ) (s;— A (9= 79))", (4-4)
j=1

where A is the measured amplitude of the signal, 7 is the measured time of the signal, s; is the amplitude

. . . . . . . . LA . . .
of each sample, j, in ADC counts, g; is the normalized predicted ionization shape and g; is its derivative.

LAr

The number of samples used to calculate this variable is Namples = 4. Qcayf

is stored as a 16-bit unsigned

16

integer and any values above 2°°-1 are set to the maximum value.

4.4 MUON SPECTROMETER

The outermost detector system is the muon spectrometer, which measures the momentum and position
of muons. Four different technologies are used in this system. Muon Drift Tubes (MDT) and Cathode
Strip Chambers (CSC) are used for precision tracking. Resistive Plate Chambers (RPC) and Thin Gap
Chambers (TGC) are used for for triggering (described in Section 4.5) in the barrel and endcap respectively.
The entire muon system covers the range 0 < |1| < 2.7 and is shown in Figure 4.9.

The MDTs are gaseous detectors filled with a 93 /7 % mixture of argon and CO3 with trace amounts
of water. A charged particle traversing the tube will ionize the gas, creating electrons that drift towards
the wire at the center of the tube. The drift time of the electron cascade can be used to reconstruct the
trajectory of the particle through the tube with an an average resolution of 80 ysm per tube. The maximum
drift time is approximately 700 ns. The tubes are oriented so that they give precision measurement in 7
and run along ¢.

MDTs provide muon tracking up to |17| < 2.7, but in the innermost layer of the endcap only spans
up to || < 2.0 [3] because individual MDT tubes can only sustain a hit rate of 150 Hz /cm?, which is
exceeded in this region.

Muon tracking in the innermost endcap region of 2.0 < || < 2.7 is performed with the CSCs. This
system is composed of multiwire proportional chambers filled with an an 80/20% gas mixture of argon
and COy [3]. Charged particles passing through the chambers ionize the gas, and electrons are drawn to

two sets of cathode readout strips one for precision measurement and the other perpendicular to the first
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Figure 4.9: The ATLAS muon system [3].

to provide the transverse coordinate. The drift time is approximately 40 ns.

As the two precision tracking technologies have particle drift times greater than the 25 ns LHC bunch in-
terval time, systems with more precise timing measurement are needed to assign muons to specific proton—
proton collisions. In the barrel region (|| < 1.05) RPCs are used for triggering. These gaseous electrode-
plate detectors consist of two resistive plates separated by a distance of 2 mm and filled with a gas mixture
used is294.7/5/0.3% mixture of CoHaF4, Iso-C4H; 0, and SFg. The thin gas gap results in a quick signal
response time of approximately 5 ns.

In the endcap, TGCs serve as the trigger chambers and provide azimuthal coordinate measurement.
The TGCs are multiwire proportional chambers that contain a gas mixture of CO3 and n-pentane. They
have finer spatial resolution as compared to the RPCs to maintain the muon trigger transverse momentum
threshold at high 7 and distinguish muon hits from signals arising from neutron and photon background

in the endcap.
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4.5 TRIGGER SYSTEM

The LHC provides ATLAS with O(10°) proton—proton collisions per second. However, limited band-
width, processing power, and storage capacity limits the recorded events to O(10?) per second. Fortu-
nately only a subset of all proton—proton collisions are useful for physics measurements and searches.
These interesting events are selected by the ATLAS trigger system. The trigger system saves events with
signatures of physics objects such as muons, electrons, missing transverse momentum, or jets.

The trigger consists of two levels. A fast, hardware-based system called the Level-1 (L1) trigger consists
of independent dedicated detector sub-components that can seed regions of interest (Rols) for further
analysis downstream. The RPCs and TGCs in the muon system and coarsely grained sections of calorime-
ter cells called towers are used to construct Rols. Once regions of interest are seeded, a software-based
system called the High Level Trigger (HLT) reconstructs objects and integrates information from differ-
ent parts of the detector. At each stage, all information in an event passing a trigger is sent to the next level
of processing.

The maximum trigger rate that the L1 trigger can handle is 75 kHz. In the HLT, the rate of events
written to disk is approximately 400 Hz. Figure 4.10 shows the trigger rates for different L1 triggers in

2015 for ATLAS [58].
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Figure 4.10: ATLAS trigger rates for Level-1 triggers as a function of instantaneous luminosity in 2015 operation.
These are single object triggers for electromagnetic clusters (EM), muons (MU), jets (J), missing energy (XE), and 7
leptons (TAU). The threshold of the trigger is given in the legend entry in GeV [58].
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Object Reconstruction in ATLAS

The characteristic event topology of dark matter production in the ATLAS detector is a jet with large trans-
verse momentum (pr) recoiling against missing transverse momentum (E2'). As such, a detailed under-
standing of how hadronic objects interact with the detector is needed to constrain background arising
from non-collision processes. Additionally, Standard Model background processes are studied in a sim-
ilar event topology with additional electrons or muons. The following chapter covers the reconstruction
of jets, leptons, and missing energy in the ATLAS Detector. An illustration of various particles interacting

with the ATLAS Detector is shown in Figure s.1.

5.1 INNER DETECTOR TRACKS

Any long-lived charged particle produced in a proton—proton collision will interact with the inner detector
and create hits in the different systems described in Section 4.2. These tracks are used to identify electrons

and muons traversing the inner detector and are used to characterize the charged particle content of jets.
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Figure s.1: Illustration of particle interactions in ATLAS [59]. Charged particles leave tracks in the inner detector,
photons and electrons leave energy deposits in the EM calorimeter, hadrons leave energy deposits in the hadronic
calorimeter, and muons will pass through all systems and leave tracks in the muon spectrometer.

The inside-out algorithm is used to identify tracks created by particles originating directly from the
proton—proton collision or from the decay of a particle with lifetime shorter than 3 x 10~ s [60]. First,
three dimensional space points are constructed from hits in the Pixel and SCT detectors. Triples of points
are used to construct track seeds, which are then extended by adding additional points using a combina-
torial Kalman filter [60]. After ambiguities in the silicon detector track candidates are resolved, the tracks
are extended to include the TRT hits. The efhiciency of track extension at different stages of the algorithm
is shown in Figure 5.2.

Tracks are reconstructed within the full acceptance of the ID || < 2.5 from individual hits of charged
particles in the ID sub-detectors. Tracks are required to have transverse momentum of at least 400 MeV,

in addition satisfying the following quality criteria [61]:

48



1. Number of silicon hits > 7

2. Number of hits shared with other tracks < 1
3. Number of silicon holes' < 2

4. Number of pixel holes < 1

Reconstructed tracks are used to identify primary vertices with an iterative vertex finding algorithm [62].
First, a seed vertex is taken at global maximum in the distribution of track z coordinates at the closest ap-
proach to the beamspot. Then, an adaptive vertex fitting algorithm is used to assign tracks to the seed
vertex. Any tracks incompatible with the seed vertex are used to construct new seed vertices, and this pro-
cedure is repeated until no unassociated tracks are left in the event or no additional vertex can be found.

Two variables are used to characterize a track’s distance from the interaction point. The distance at the
closest approach to the z—axis is dy. The z-coordinate at the point of closest approach to the z—axis is 2.

Anillustration of these two track impact parameters is shown in Figure s.3.
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Figure s.2: Efficiency to extend a track reconstructed in the pixel detector to the SCT (left) and efficiency to extend a
silicon detector track to the TRT (right) [61]. The Tight track criteria require more hits in the ID systems
compared to the Loose criteria. Both of the efficiencies are affected by the amount of material between the

respective detector volumes.

"Missing track points, also called “holes”, are defined as intersections of the reconstructed track trajectory with a
sensitive detector element that do not result in a hit.
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track track

Figure 5.3: Illustration of the track impact parameters in the z-y and z—R planes. dj is the shortest distance from a
track to the z—axis. 2 is the z-coordinate of the track point closest to the z—axis.

5.2 JET RECONSTRUCTION AND CALIBRATION

A quark or gluon produced in proton-proton collisions cannot be measured directly in ATLAS. Instead,
a parton will produce a collimated spray of hadrons known as a jet. A jet leaves energy deposits in the EM
and hadronic calorimeters, and charged particles will create tracks in the inner detector.

Jets are reconstructed in ATLAS by constructing “topological clusters” from the energy deposits in the
calorimeters [63, 64]. Seed cells are chosen with energy measurements exceeding four times the amount of
expected noise 0. Adjacent cells with at least 20 energy measurements are added to the cluster, and then
a final layer of clusters with positive energy above Oc are included. The clusters are further grouped into
jets using the anti-kr jet clustering algorithm [65] with a distance parameter of R = 0.42.

The energy response of the calorimeter must be properly characterized in order to reconstruct the true
jet energy. The details of the jet energy calibration are presented in reference [66]. First, jets are built from
cells calibrated with the EM calibration, which correctly measures the energy deposited by electromagnetic
showers in the calorimeter. The jet energy is corrected for pile—up effects, then correction factors depen-

dent on energy, 7, and other qualities are applied. These stages of ATLAS jet calibration are shown in

*R appears in the denominator of the clustering distance metric and determines the radial size of the jet in 1-¢
space.
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Figure s5.4: The stages of EM jet calibration [66].

Figure s.4. The energy calibration of a jet needs to account for several different effects:

1. Calorimeter non-compensation: the different calorimeter responses to electromangetic and hadronic
showers. Corrections are derived from the jet energy response (JES) in Monte Carlo and in data with
balanced y—jet events. In principle, the energy of the photon and the jet should be equivalent, and

any discrepancy is due to non-compensation.

2. Dead material and leakage: energy lost in inactive areas of the detector or not contained in the
calorimeter, respectively. These effects are mitigated with correction factors that depend on the
topology of energy deposits in the calorimeter. For example, a shower with most of its energy in
the outermost layer of the calorimeter was likely not fully contained, resulting in a smaller measured

energy compared to the true energy.

3. Out—of—calorimeter jer: energy of particles which are not included in the reconstructed jet. This
effect is compensated for with by studying the JES, the difference between the true particle energy

and the reconstructed energy in simulation.

4. Energy deposits below noise thresholds: clusters are only formed by energy deposits which are much
larger than the background noise. To determine the true energy of ajet, jet calibration must account
for particles that do not form clusters and particles that fall outside the region of the topological

clustering algorithm.

5. Pile-up: multiple proton—proton collisions in the same bunch crossing and residual signals from

other bunch crossings will affect the energy deposition of jets. This effect is reduced using an area-
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based subtraction method to remove the pile-up energy density and a residual pile-up correction to

adjust the measured jet momentum as a function of the total amount of event pile-up.

The EM jet energy scale response as a function of jet 1) is shown in Figure s.s.
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Figure s.5: Jet response pi® /p* of EM-scale jets after calibration as a function of true jet 77 in simulation [67]. Jet
response is affected by detector geometry. The response is lower in transition regions where a jet will deposit energy
in multiple calorimeter systems.

520 TRACK ASSOCIATION

Tracks in the inner detector are assigned to to jets through ghost association [68] that treats them as 4-
vectors of infinitesimal magnitude during jet reconstruction. In addition to the baseline track require-
ments, jet tracks are required to have transverse momentum of at least soo MeV and are either used in the
fit to the selected primary vertex or have the longitudinal impact parameter with respect to the primary

vertex satisfying | 2o sin | < 3.0 mm.

5.3 JET IDENTIFICATION AND CLEANING

Jets produced in proton-proton collisions must be distinguished from misidentified jets of non-collision

origin. The main backgrounds for jets coming from collision events are the following:
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1. Beam induced background (BIB) due to proton losses upstream of the interaction point. These
proton losses induce secondary cascades leading to muons that can reach the ATLAS detector and
become a source of background for physics analyses [69]. The energy depositions created by these
muons can be reconstructed as fake jets with energy as high as the beam energy. The rate of BIB is
proportional to the beam current and depends on the operational conditions of the LHC, such as

machine optics, collimator settings, residual gas densities, and filling scheme.

2. Cosmic-ray showers produced in the atmosphere overlapping with collision events. Since ATLAS

is deep underground, the particles reaching the ATLAS detector are predominantly muons.

3. Calorimeter noise from large scale coherent noise or isolated pathological cells. Calorimeter cells
which are permanently or sporadically very noisy are masked? prior to the jet and missing transverse
momentum reconstruction. The former is always masked in the event reconstruction, while the
sporadically very noisy cells are masked on an event-by-event basis. Events are discarded if they
are identified as having a large amount of coherent noise. Most of the noise is already identified
and rejected by the data quality inspection [70] performed shortly after the data taking based on
standardised quality criteria. A small fraction of calorimeter noise remains undetected and needs

to be rejected by additional criteria.

The two first sources of background are referred to as non-collision backgrounds.

JET QUALITY VARIABLES

Several variables were introduced to discriminate fake and good jets (defined in Appendix A) in Refer-
ences [69, 71] and can be divided into three categories: variables based on signal pulse shape in the LAr
calorimeters, energy ratio variables, and track-based variables. Pulse shape variables provide good discrim-
ination against noise in the LAr calorimeters. The energy ratio variable and track-based variables are effec-
tive at rejecting calorimeter noise in the LAr and Tile calorimeters, in addition to rejecting beam-induced

background and cosmic muon showers.

*The fraction of cells permanently masked is smaller than one per mil and the fraction of cells that are condition-
ally masked is smaller than one per mil.

53



In order to reject fake jets due to significant coherent or sporadic noise in the LAr calorimeters, the

characteristic ionisation signal shape can be used to discriminate between real and fake energy deposits.

LAr

o) introduced in Section 4.3.3 is used to define several jet-level quantities:

The cell-level quantity (

* (Q) : The average jet quality is defined as the energy—squared weighted average of the pulse quality

of the calorimeter cells (Q%4F) in the jet. This quantity is normalized such that 0 < (Q) < 1.

. fi(zA’: Fraction of the energy in the LAr calorimeter cells of a jet with poor signal shape quality

defined as Q%4 > 4000.

. ngC: Fraction of the energy in the HEC calorimeter cells of a jet with poor signal shape quality

defined as l“e‘ﬁr > 4000.

Finally, since sporadically noisy cells in the calorimeter can generate large fake energy deposits as well as
large fake negative energy deposits, a variable, Eyeq, summing the energy of all cells with negative energy is
introduced. The presence of negative energy in a good jet is due to the electronic and pile-up noise. The
distributions of these four variables can be found in Figure 5.6 in the good and fake jets enriched samples.

In the good jet enriched sample, the variables (Q), fi(iAr and ngC have a high population of jets at zero.
Values different from zero are due to electronic and pile-up noise which can distort the measured pulse

shape. Non-zero values are also caused by differences in the pulse shape between data and the expecta-

LAr

tion used in the calculation of Q.

Since the simulation uses a consistent pulse shape, it predicts values
closer to zero generated only by the electronic and pile-up noise. Simulated distributions are therefore not
shown for these three variables. In the fake jets enriched sample, the variables (Q), f{QAr and ngC contain
a higher proportion of jets with larger values. Values close to one are mainly due to large coherent noise or
sporadically very noisy cells in the calorimeters and intermediate values are mainly due to beam-induced
background.

Most of the jets have a low value of [Epneg| < 50 GeV, except a population of fake jets with [Epeg| > 60
GeV which also has large values of ngC. Those jets are mainly due to sporadic noise bursts in the HEC [71].

Good agreement is observed between data and the simulation in the good jets enriched sample at low values

but discrepancies in the tails are observed where the simulation over—predicts the data.
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Figure 5.6: Distributions of f{(iAr (a), ngc (b), (Q) (c) and Ep¢g (d) in the good jets enriched sample for data (black
points). Monte Carlo (blue histogram) is not expected to model the jet pulse quality variables and thus is only
shown for (d). Distributions from the fake jets enriched samples are superimposed (red points). Good jets tend to
have (Q), fiéAr and ngC at zero. Deviations from zero are due to electronic noise and differences between the
measured and expected pulse shape, which is exacerbated for fake jets. The population of fake jets at |Eqeg| > 60

GeV is due to sporadic noise bursts in the HEC [71].

ENERGY RATIO VARIABLES

Jets originating from beam-induced background or calorimeter noise tend to be more localised longitudi-

nally in the calorimeters than jets from proton-proton collisions. Therefore, the jet energy deposits along
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the expected direction of the shower development can be employed to discriminate between good jets and
jets arising from non-collision backgrounds. The electromagnetic fraction (fgum) is defined as the ratio of
the energy deposited in the electromagnetic calorimeter to the total energy of the jet. Similarly, the HEC
energy fraction (fggc) is defined as the ratio of the energy deposited in the HEC calorimeter to the total
energy. The ATLAS calorimeters are segmented in depth and the maximum energy fraction in any single
calorimeter layer (f max) can be used as a discriminating variable between fake and good jets. All of these
ratio variables are computed at the electromagnetic energy scale. The distributions of three variables can
be found in Figure 5.7. Figure 5.8 shows fBA' as a function of the electromagnetic fraction for the fake and
good jets enriched samples.

Good jets have a smooth distribution for these three variables. Jets that fall outside of the HEC accep-
tance exhibit a peak at fygc = 0. The fake jets distribution has very high or very low values for both
fem and fygc, and high values for f ax. Good agreement is observed between data and the simulation for

good jets.

TRACK BASED VARIABLES

Most real jets contain charged hadrons which can be reconstructed by the ID tracking system for jets in
the tracker acceptance. The jet charged fraction (fcp,) is defined as the ratio of the scalar sum of the p7 of
the tracks coming from the primary vertex (see Section s.1) associated to the jet divided by the jet pr . This
variable is used to discriminate between jets produced in collision events from fake jets, for jets within the
tracking acceptance.

The ratio between the jet charged particle fraction and the jet energy fraction in the layer with maximum
energy deposit (feh /f max) was also found to discriminate between good and fake jets.

The distributions of these variables are given in Figure 5.9 for jets with |1| < 2.4 and Figure 5.10 shows
the jet charged fraction as a function of the electromagnetic fraction for the fake and good jets enriched
samples. The fake jets have low values for fh, and fen /f max While only a small fraction of good jets have

low values. Good agreement is observed between data and the simulation for good jets.
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JET QUALITY SELECTION

Two selections to identify fake jets are defined: BadLoose and Bad Tight. The BadLoose selection, initially
introduced in References [69, 71]*, is designed for high good jet efficiency, while maintining as high fake

jet rejection as possible. A jet is identified as a BadLoose jet if it satisfies at least one of following criteria:

L fupc > 0.5and | f5¢ [> 0.5and (Q) > 0.8

2. | Eneg [> 60 GeV

3. fgm > 0.95 and LArQuality > 0.8 and (Q) > 0.8and | 7 |< 2.8
4. fmax > 0.99and | 7 |< 2

5. fgm < 0.05and f, < 0.05and | 7 |< 2

6. fgm < 0.05and | n |> 2

#This working point was called Looser in these references.
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The first two criteria are introduced to identify jets mainly due to sporadic noise bursts in the HEC. The
third selection has the purpose to identify jets due to large coherent noise or isolated pathological cells in
the electromagnetic calorimeter. The last three requirements are more general and are used to identify
hardware issues, beam-induced background and cosmic muon showers.

The BadTight selection is designed to provide a much higher fake jet rejection with an inefhiciency for
good jets of up to a few percent. It adds a single criterion which is based on the ratio between the fc, and
f max. This ratio is very efficient at discriminating fake jets (which have preferentially fo, close to 0 and f ax
close to 1) and jets from proton-proton collisions which have preferencially f, > 0 and f . < 1asshown
in Figure 5.9. A jet is identified as a Bad Tight jet if it is a BadLoose jet or if it satisfies: fop /fmax < 0.1 for
In| < 2.4.

These criteria were initially introduced in the ATLAS search for new phenomena in final states with
an energetic jet and large missing transverse momentum [72]. This analysis is one of the those which
needs the most restrictive jet selection due to the similar event topology of non-collision backgrounds and
the final states analysed. Usage of BadTight criteria in this search reduced the non-collision backgrounds
to a negligible level compared to the Standard Model backgrounds from proton-proton collisions for this
analysis that is highly sensitive to calorimeter noise, beam-induced background, and cosmic muon showers.

Ajetisidentified as a Loose jet if it is not identified as a BadLoose jet, and a jet is identified as a Tight jet
if it is not identified as a BadTight jet. Figure s.1x show kinematic distributions for the fake jets enriched
sample before the jet quality selection and after applying the Loose and Tight jet selections. The Tight
selection provides very good rejection of the fake jets enriched sample, in particular at high jet transverse
momentum. The peaks at ¢ = 0 and £, which are characteristic of beam background [69], are elimi-
nated by the Tight selection. It should also be noted that the beam-induced background peaks at low |7|

values due to the requirements on the jet transverse momentum and the jet timing [69].

JET SELECTION EFFICIENCY MEASUREMENT

The efliciencies of the jet quality selections are measured using a “tag-and-probe” method. Good dijet

events, as described in Appendix A, are selected by modifying the jet transverse momentum criterion to be
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before and after the jet quality selection. The Loose criteria does not have strong rejection power, but the Tight
criteria rejects O(10%) of the fake jets. Surviving events have low jet pr and HM1SS,
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greater than 20 GeV instead of 70 GeV.

The tag jet is required to pass the Tight version of the jet quality selections, and to be back-to-back
in the transverse plane with the probe jet. Among the two leading jets, each jet can play the role of the
probe jet as long as the other jet satisfies the tag criteria. The sample of probe jets is used to measure the
jet quality selection efficiency defined as the fraction of probe jets that are not rejected by the jet quality
selection criteria as a function of 77 and pr of the probe jets.

The resulting efficiencies for anti-kr jets with R = 0.4 for the two selection criteria are shown as a
function of 1) for pr > 100 GeV in Figure s.12. The jet quality selection efficiency of the Loose selection is
greater than 99.9% over all 7 bins except in one bin at very high 7. The Tight selection efficiency is lower
in the central-n region due to the cut on fo, /f max. Otherwise, the Tight selection has > 99.5% efficiency
over all ) bins except in one bin at very high 7.

Similarly, Figure 5.13 shows the jet quality selection efficiencies ¥ as a function of pr for various 7) ranges.
The jet quality selection efficiency of the Loose selection is greater than 99.5% over all p7 bins. The Tight
selection efficiency is lower in the central-n) region due to the cut on fep /f max. Otherwise, the Tight se-
lection has an efficiency greater than 95% over all pr bins. Jet quality selection efficiencies in data are

compared to the simulation and very good agreement is observed.

SIt should be noted that for jets with pr < 50 GeV and within the tracker acceptance, additional criteria were
designed to select jets from the hard-scatter and to reject pile-up jets using the jet-vertex-tagger described in Refer-
ence [73]. When this tagger is employed, an inefficiency at selecting signal jets is introduced which is of the order
of 10% for pr =20 GeV. The jets rejected by this tagger have a large overlap with those rejected by the fer, /fmax
requirement of the tight selection, making the efficiency of the tight cut close to 100% at 20 GeV for jets selected
using the jet-vertex-tagger.
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(pyTHIA ). The Tight criteria is only defined within || < 2.4.
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Figure 5.13: Jet quality selection efficiency for anti-k jets with R = 0.4 measured with a tag-and-probe technique
as a function of pr in 7 ranges, for the Loose and Tight selection criteria. Only statistical uncertainties are shown.
The lower portion of the figure shows ratios of efficiencies measured in data and Monte Carlo simulation.
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5.4 ELECTRONS AND MUONS

Electrons traversing the ATLAS detector are recorded as tracks in the inner detector and energy deposits in
the electromagnetic calorimeter. Electrons with pr > 7 GeéVand || < 2.47 are reconstructed. In the EM
calorimeter, seed clusters are constructed with a sliding window algorithm 6 that searches for towers with
transverse energy larger than 2.5 GeV. Cluster kinematics are reconstructed using an extended window.
In the ID, seed tracks are selected that are incompatible with pions and have pr > 1 GeV. These tracks
are re-fit to ID hits using a Gaussian Sum Filter (GSF) algorithm to estimate electron parameters [74].
Electron candidates are built by matching seed tracks to seed clusters [75]. The energy is taken from the
calibrated cluster, and the 77 and ¢ directions are taken from the matched track.

Electron candidates must be distinguished from hadronicjets or converted photons. Calorimeter shower
shapes, transition radiation, track-cluster matching quantities, track properties, and variables measuring
bremsstrahlung effects are used to construct a set of electron identification criteria. A likelihood-based
multivariate analysis technique evaluates several properties of the electron candidates and calculates an
overall probability for the object to be signal or background [75]. Figure 5.14 shows the algorithm’s recon-

struction efficiency for true and fake electrons for three different identification criteria.
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Figure 5.14: Reconstruction efficiency as a function of electron Er for both true electrons (left) and hadrons (right)
for three different identification criteria [75]. Tighter quality requirements result in decreased efficiency but
increased rejection.

®The sliding window has a size of 3 x 5 in units of 0.025 x 0.025 in 7) X ¢, corresponding to the granularity of
the EM calorimeter middle layer
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Muons pass through all layers of the ATLAS detector, leaving tracks in the ID and muon spectrometer.
Muon reconstruction begins by building local straight line tracks, called segments, in each muon chamber.
These segments are fit to larger tracks traversing the entire muon spectrometer, called “standalone” muon
tracks. The standalone tracks are matched to ID tracks construct “combined” muons with both tracks
determining the momentum and direction of the muon [76]. Combined muons are reconstructed with
In| < 2.5and pr > 10 GeV. Muon identification criteria are constructed using the x? match between
the ID and MS tracks, the number of hits in the ID, overall ID and MS track fit quality, and additional

variables. Figure s.15 shows the muon reconstruction efficiency.
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Figure s5.15: Muon reconstruction efficiency as a function of muon 7 [76]. At |n| < 0.1 the ATLAS muon
spectrometer is only partially instrumented to allow for cabling and services to the calorimeters and inner detector.

5.5 MissING TRANSVERSE ENERGY

Long-lived particles that do not interact via the strong or electromagnetic forces will pass through ATLAS

without interacting with any of the detector systems. Although the net longitudinal momentum of the
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incoming partons that collide is not known 7, protons have no net momentum in the plane transverse to
the beam line. Therefore, if all particles in the final state can be reconstructed in the ATLAS detector, by
conservation of momentum the total transverse momentum should be zero. Similarly, if the final state
contains one or more invisible particles the reconstructed topology will have nonzero total transverse mo-
mentum. The magnitude of the momentum vector that restores transverse momentum conservation is
called missing transverse momentum (E25),

EIsS s reconstructed using calibrated objects, and is calculated as [77, 78]:

E;niss — E;niss, e E;nissy vy + Erzniss, T4 E;Eniss’ jets + E;niss, iz + E;qiss, soft

Eéniss — E;niss, e Elr/niss’ v + E;Jniss, T L E.;niss, jets + E;niSS, 12 + E?rJniss, soft (S'I)
The terms for jets, charged leptons, and photons are the negative sum of the momenta for the respective
objects. Double-counting of objects in the detector is avoided by keeping track of calorimeter deposits,
which are associated to objects in the following order: electrons (€), photons (), hadronically decaying
tau-leptons (7), jets, and muons (y2). The soft term is calculated from ID tracks not associated with any of

the jets, electrons, or muons entering the E}"*° calculation.

7Each colliding parton carries an fraction of the proton’s momentum
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Part III

Searching for Evidence of Dark Matter in

Mono-Jet Events
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Event Selection

The mono—jet topology must be defined by a specific set of cuts applied to the events collected by the
ATLAS Detector. This is the “signal region”: a part of event phase space in which dark matter production
may be evident. Background processes will also produce events that enter this signal region. W and Z
bosons produced in association with jets, top quark processes, and diboson events are all backgrounds to
Dark Matter production.

Any excess of observed events above the number expected from known physics may be evidence of
dark matter. The contribution of background processes must be well understood in order to determine if
a signal is arising from true new physics or poor background modeling. This chapter describes the Monte

Carlo simulation, data sample, and signal region event selection.
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6.1 Data SAMPLE AND TRIGGER

The data sample considered in this thesis was collected with tracking detectors, calorimeters, muon cham-
bers, and magnets fully operational, and corresponds to a total integrated luminosity of 3.2 b1, The
data were selected online using a trigger logic that selects events with E:,”i‘iss above 70 GeV, as computed at
the final stage of the two-level trigger system of ATLAS. With the final analysis requirements, the trigger
selection is fully efficient for EX > 250 GeV, as determined using a data sample with muons in the final

state, as shown in Table 6.1.

Sample SR CR1pu CR1p + muon trigger
Z — vv MC 0.998 £ 0.001
W — puv MC 1.000 £ 0.003  0.998 £ 0.001 0.998 + 0.001
my, = 50GeV,my = 10TeV  1.000 £ 0.001
Data 1.000 £ 0.001 1.000 £ 0.002

Table 6.1: Trigger efficiency for the E¥'* trigger requirement for different samples in different regions with jet pr
> 250 GeV. The turn-on point for Z — vv in SR is around E'FSS = 150 GeV, while the plateau is reached around
Emis = 210 GeV.

6.2 BACKGROUND AND SIGNAL SIMULATION

The kinematics of all Standard Model background processes are estimated using Monte Carlo simulation.
The estimation of yields from these processes is described in Chapter 7. The kinematics and cross sections
of WIMP signal models is also determined from Monte Carlo. This section describes the generators and
settings used to simulate these background and signal processes.

Events containing W or Z bosons with associated jets are simulated using the SHERPA-2.1.1 [79] gen-
erator. Matrix elements (ME) are calculated for up to two partons at next-to-leading order (NLO) and
four partons at leading order (LO) using the Comix [80] and OpenLoops [81] matrix element generators
and merged with the SHERPA parton shower (PS) [82] using the ME+PS@NLO prescription [83]. The
CT1o [84] parton distribution function (PDF) set is used in conjunction with a dedicated parton shower
tuning developed by the authors of SHERPA. The MC predictions are initially normalized to next-to-

next-to-leading-order (NNLO) perturbative QCD (pQCD) predictions according to DYNNLO [8s, 86]
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using MSTW2008 90% CL NNLO PDF sets [87].

For the generation of ¢t and single top-quarks in the W ¢-channel and s-channel the POWHEG-BOX
v2 [88] generator with the CT1o PDF sets in the matrix element calculations is used. Electroweak t-channel
single top-quark events are generated using the POWHEG-BOX vr generator. This generator uses the
four-flavor scheme for the calculations of NLO matrix elements with the fixed four-flavor PDF set CT1o.
The parton shower, fragmentation, and underlying event are simulated using PYTHIA-6.428 [89] with
the CTEQ6L1 [90] PDF sets and the corresponding Perugia 2012 set of tuned parameters (P2o12 tune) [91].
The top-quark mass is set to 172.5 GeV. The EvtGen vi.2.0 program [92] is used to model the decays of
the bottom and charm hadrons. Finally, diboson samples (W W, W Z, and Z Z production) are generated
using SHERPA-2.1.1 with CT10 PDFs and are normalized to NLO pQCD predictions [93]. The diboson
samples are also generated using POWHEG interfaced to PYTHIA-8.186 and using CT1o PDFs for studies
of systematic uncertainties.

WIMP signals are simulated in POWHEG-BOX v2 [94-96] using revision 3049 of the DMV model
implementation of WIMP pair production with s-channel spin-1 mediator exchange at NLO precision in-
cluding parton showering effects, introduced in Ref. [97]. Renormalization and factorization scales are set
to Ht/2 on an event-by-event basis, where Hr =  / m%x + p% j1tPrj1is defined by the invariant mass
of the WIMP pair () and the transverse momentum of the hardest jet (pr ;1). A Breit—Wigner distri-
bution is chosen to describe the mediator propagator. Events are generated using the NNPDF30NLO [98]
parton distribution functions and interfaced to PYTHIA-8.205 with the ATLAS A14 tune for parton
showering. Couplings of the mediator to WIMPs and quarks are set to g, = 1 and g, = 0.25, lead-
ing to narrow-width mediators with I'y /ma S 5%. A grid of samples is produced for WIMP masses
ranging from 1 GeV to 1 TeV and mediator masses between 10 GeV and 2 TeV * .

Diftering pileup conditions as a function of the instantaneous luminosity are taken into account by
overlaying simulated minimum-bias events generated with PYTHIA onto the hard-scattering process.
The MC-generated samples are processed with a full ATLAS detector simulation [99] based on the GEANT 4

program [100]. The simulated events are reconstructed and analyzed with the same analysis chain as for

"In the generation of the samples, the bornktmin and bornsuppfact MC parameters [94] are set to 150 GeV and
1TeV, respectively, in order to suppress the generation of events at low Exmiss,
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the data, using the same trigger and event selection criteria.

6.3 OBJECT SELECTION

The signal region is defined using the jets, leptons, and missing transverse momentum in each event. The
reconstruction of these objects is covered in detail in Chapter 5. Additional cuts and requirements are

applied to the objects used in the analysis, described below.

6.3.1 JETS

Jets are reconstructed from energy deposits in the calorimeters using the anti-kt jet algorithm [101] with
the radius parameter (in 17—¢ space) set to 0.4. The measured jet transverse momentum is corrected for de-
tector effects, including the noncompensating character of the calorimeter, by weighting energy deposits
arising from electromagnetic and hadronic showers differently. In addition, jets are corrected for contri-
butions from pileup, as described in Ref. [102]. Jets with corrected pr > 20 GeV and || < 2.8 are
initially considered in the analysis. In order to remove jets originating from pileup collisions, for central
jets (|| < 2.4) with pr < 50 GeV a significant fraction of the tracks associated with each jet must have

an origin compatible with the primary vertex, as defined by the jet-vertex tagger [73].

6.3.2 LEPTONS

The presence of leptons (electrons or muons) in the final state is used in the analysis to define control
samples and to reject background contributions in the signal regions (see Chapter 7). Electron candidates
are initially required to have pr > 20 GeV and |n| < 2.47, and to satisfy the loose electron shower
shape and track selection criteria described in Refs. [103, 104 ]. Overlaps between identified electrons and
jets in the final state are resolved by discarding jets if their separation AR = /(An)2 + (A¢)? from an
identified electron is less than o.2. The electrons separated by A R between 0.2 and 0.4 from any remaining
jet are removed.

Muon candidates are formed by combining information from the muon spectrometer and inner track-

ing detectors as described in Ref. [103] and are required to have p > 10 GeV and || < 2.5. Jets with
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p1 > 20 GeV and less than three tracks with pp > 0.4 GeV associated with them are discarded if their

separation AR from an identified muon is less than 0.4. The muon is discarded if it is matched to a jet

that has at least three tracks associated with it.

6.3.3

MisSING TRANSVERSE MOMENTUM

The ER is reconstructed using all energy deposits in the calorimeter up to pseudorapidity || = 4.9.

Clusters associated with either electrons or photons with pr > 20 GeV and those associated with jets

with pr > 20 GeV make use of the corresponding calibrations for these objects. Softer jets and clusters

not associated with these objects are calibrated using tracking information [105]. As discussed below, in

this analysis the E77* is not corrected for the presence of muons in the final state.

6.4 SIGNAL REGION EVENT SELECTION

The following selection criteria, summarized in Table 6.2, define the signal region.

Events are required to have a reconstructed primary vertex for the interaction with at least two
associated tracks with pr > 0.4 GeV and location consistent with a primary collision. When
more than one such vertex is found, the vertex with the largest summed p2T of the associated tracks

is chosen.

Events are required to have EX > 250 GeV. The analysis selects events with a leading (highest
pr) jet with pr > 250 GeV and |n| < 2.4 in the final state. A maximum of four jets with pr >
30GeV and || < 2.8 are allowed. A separation in the azimuthal plane of Ad(jet, EF') >
0.4 between the missing transverse momentum direction and each selected jet is required. This
cut reduces the multijet background contribution where the large EX'** originates mainly from jet

energy mismeasurement.

Events are rejected if they contain any jet consistent with non—collision background. Jet quality
selection criteria [106] involve quantities such as the pulse shape of the energy depositions in the

cells of the calorimeters, electromagnetic fraction in the calorimeter, calorimeter sampling fraction,
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or charged-particle fraction, as described in Section 5.2. The Loose criteria are applied to all jets with
pr > 20GeV and || < 2.8, dealing efficiently with coherent noise and electronic noise bursts
in the calorimeter producing anomalous energy depositions [107]. Non-collision backgrounds are
further suppressed by applying the Tight selection criteria to the leading jet: the ratio of the jet
charged-particle fraction to the calorimeter sampling fraction, fch/ fmax is required to be larger

than o.1. These requirements have a negligible effect on the signal efficiency, as shown in Table 6.3.

+ Events with identified muons with pp > 10 GeV or electrons with pp > 20 GeV in the final state

are vetoed.

This monojet signal region is further subdivided into inclusive and exclusive signal regions defined with
increasing E%‘iss thresholds from 250 GeV to 700 GeV, shown in Table 6.2. The effect of these cuts on

the expected yield of a representative WIMP sample is shown in Table 6.3.

Selection criteria

Primary vertex

Emis > 250 GeV

Leading jet with pr > 250 GeV and || < 2.4

At most four jets with pr > 30 GeV and || < 2.8

Ag(jet, piss) > 0.4

Jet quality requirements

No identified muons with p7 > 10 GeV or electrons with p7 > 20 GeV

Inclusive signal region
E%iss (GeV) > 250 > 300 > 350 > 400 > 500 > 600 > 700

Exclusive signal region
E%iss (GeV) 250-300 300-350 350-400 400-500  500-600 600-700 700-o00

Table 6.2: Signal region event selection criteria applied.
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SR Cut DM
Total Evts 3719 100%
Trigger 3529 95%
Event Cleaning 3529 95%
Bad jet veto 3517 95%
Electron veto 3516 95%
Pre-Selection Muon veto 3514 95%
Nieww < 4 3390 91%
Ad(jet, pis) > 0.4 3220 87%
Leading jet quality requirements 3168 85%
Leading jet with pr > 250 GéV and || < 2.4 1039 28%
missing transverse momentum > 250 GeV 958 26%
250 GeV < ERis < 300 GeV 188 5.0%
300 GeV < Emis < 350 GeV 194 5.2%
350 GeV < EMis < 400 GeV 153 4.1%
Signal Region 400 GeV < ERis < 500 GeV 196 5.3%
500 GeV < ERis < 600 GeV 106 2.9%
600 GeV < ERis < 700 GeV 54 1.5%
EDis > 700 GeV 68 1.8%

Table 6.3: Signal region selection cut flow for a simplified axial-vector model (m, = 150 GeV, m4 = 1 TeéV). The
number of signal events corresponds to the expectations for a total integrated luminosity of 3.2 fb . For each cut
level the expected events and acceptance at reconstructed level are given.
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Background Estimation

Searching for an excess of events in the monojet topology requires a detailed understanding of monojet
background processes. The principal background processes are Z — vv + jets, which is irreducible, and
W — lv +jets (¢ = e, u, T), which can manifest as monojet events when the e or 4 fail reconstruction or
identification, or the 7 decays hadronically. Understanding the W and Z boson p7 spectrum is necessary
to constrain the EX¥'* in monojet events. The W +jets, Z — vv +jets, Z — 77 +jets,and Z — pup +
jets backgrounds are estimated using MC samples normalized with data in selected control regions. The
normalization factors are extracted simultaneously using a global fit that includes systematic uncertainties
to properly take into account correlations.

Other standard model background processes include Z — ee +jets, tt, single-top, and diboson (WW,
W Z, Z Z) processes, and are determined using MC simulated samples. Contributions from top produc-
tion associated with additional vector bosons (tt + W, tt + Z, or t + Z + q/b processes) are negligible.

Multijet events can be reconstructed with fake E%** and enter the signal region selection. Additionally,
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the topology of non-collision background processes is a jet and EXi%, and will dominate the signal region
in the absence of strict jet quality criteria. The contributions from both of these processes are estimated
using data—driven techniques.

The methodology and the samples used for estimating the background are summarized in Table 7.1. In
the following subsections, details of the definition of the W/Z + jets control regions and of the data-driven
determination of the multijet and beam-induced backgrounds are given. This is followed by a description

of the background fit strategy.

Background process Method Scale Factor  Control Region
Z — vV +jets MC and control samples in data k1 -

W — ev +jets MC and control samples in data ko 1-electron
W — TV +jets MC and control samples in data ko 1—electron
W — pv +jets MC and control samples in data kq 1-muon
Z — [+ jets MC and control samples in data ks 2-muon
Z — TT +jets MC and control samples in data ko 1-electron
Z — ee +jets MC only

tt, single top MC only

Diboson MC only

Multijets data-driven

Non-collision data-driven

Table 7.1: Summary of the methods and control samples used to constrain the different background contributions
in the signal regions.

7.1 W/Z +JETs BACKGROUND AND CONTROL REGIONS

Three control regions are used to constrain the W/Z + jets background processes. They are constructed
to be kinematically similar to the signal region, enriched in background processes, insensitive to any dark
matter production, and orthogonal to the signal region selection. This is achieved by inverting the signal
region lepton veto to require the presence of one muon, one electron, or two muons respectively for each
control region.

In the course of the analysis, an additional 2—electron control region was studied for constraining the
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Z — eetjetsand Z — vv+ets background contributions. This control region provided an insignifi-
cant improvement in reducing the total background uncertainty and is not used in the full background

estimation scheme.

7.1 1-MUON CONTROL REGION

The 1-muon control region is constructed to be enriched in W — v/ + jets events. Although the full W
mass cannot be reconstructed in W — pv events, the transverse mass of the muon and neutrino can be

used to select for events containing a W boson:

mi = 2pf - P (1 — cos Ae(ph, P7™)) (7.1)

where pf7, is the muon transverse momentum and p'™*® is the invisible transverse momentum. In a pure

sample of perfectly reconstructed W — puv events, piis> = p¥.. A requirement of 30 < myp < 100 GeV
is applied to ensure that the muon pr and p%‘iss are consistent with a W boson. The muon is treated as
invisible in the calculation of missing transverse momentum so that the E'* spectrum shown in Figure 7.1
resembles the W boson pr.

This control region strongly constrains the scale factor k1 which normalizes the W' — pv + jets and
Z — vV + jets processes. As no control region can be constructed for Z — vv, the normalization of
this background needs to come from other, similar processes. Because W — puv events occur at five times
the rate of Z — pupu events, the W — pv spectrum is used to normalize Z — vv instead of a Z — 0/
sample.

The use of a W —enriched control sample to constrain the normalization of the Z — vv/+jets process
translates into a reduced uncertainty in the estimation of the main irreducible background contribution,
due to a partial cancellation of systematic uncertainties and the statistical power of the W' — uv+jets

control sample in data relative to the Z — ppu+jets control sample. A full discussion of this uncertainty

is given in Section 7.4.1.
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Figure 7.1: Distributions of the measured EX* (a), leading-jet pr (b), muon my (c), and jet multiplicity (d) in the
1-muon control region for the Eq"iliss > 250 GeV selection, compared to the background predictions before the
global fit. The error bands in the ratios include the statistical and experimental uncertainties in the background

predictions. The contributions from multijets and non-collision backgrounds are negligible and are not shown in

the figures.
Inclusive Selection > 250 > 300 > 350 > 400 > 500 > 600 > 700
Observed events (3.2 fb—1) 10481 6279 3538 1939 677 261 95
SM prediction (post-fit) 10480 £ 100 6279 £ 79 3538 £ 60 1939 £44  677£26 261+16 95+10
SM prediction (pre-fit) 10500 £ 710 6350 £460 3560+280 2010+160 70057 256+23 106=+9
Exclusive Selection [250-300] [300-350] [350-400] [400-500]  [500-600] [600-700]
Observed events (3.2 fb—1) 4202 2741 1599 1262 416 166
SM prediction (post-fit) 4202 + 65 2741 £ 52 1599 + 40 1262 £36 41620 166 + 13
SM prediction (pre-fit) 4140 £260 28004+ 190 1540 +£120 1310+ 100 444435 150+ 14

Table 7.2: Data and SM background prediction, before and after the fit, in the 1-muon control region for the
different selections. For the SM predictions both the statistical and systematic uncertainties are included.
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7.2 1-ELECTRON CONTROL REGION

The 1-electron control region is constructed to be enriched in W — ev+jetsand W — Tv+jets back-
ground processes. The electron is visible in the missing transverse momentum calculation so the E%iss
spectrum in Figure 7.2 resembles the v pr rather than the W boson p7, which gives a better suppression
of the multijet background in this control region.

This control region strongly constraining the scale factor k3 which normalizes the W — ev+jets,
W — tv+jets, and Z — TT+jets background processes. No dedicated W — 7Tv+jets control re-
gion is used because the 7 lepton in the W' — 7v+jets background process mainly decays hadronically,
resembling the signal region event topology. Instead, the normalization is taken from the leptonic tau de-
cay in the 1—electron control region, which is kinematically similar to the W' — ev+jets sample. A small
Z — TT+ets background contribution is also constrained using the W — ev+jets control sample. Un-
certainties related to the difference between W +jets and Z +jets final states, leading to potential differences

in event kinematics and selection acceptances and efficiencies, are discussed in Section 7.4.1.

Inclusive Selection > 250 > 300 > 350 > 400 > 500 > 600 > 700
Observed events (3.2 fb— 1) 3559 1866 992 532 183 72 32
SM prediction (post-fit) 3559 £ 60 1866 + 43 992 + 32 532+ 23 183 + 14 72+8 3216
SM prediction (pre-fit) 3990 £ 320 2110 £ 170 1142 £ 94 654 £ 54 216 £19 85+£8 34+3
Exclusive Selection [250-300] [300-350] [350-400] [400-500] [500-600] [600-700]
Observed events (3.2 fb~ 1) 1693 874 460 349 111 40
SM prediction (post-fit) 1693 + 41 874 + 30 460 £ 21 349+ 19 111+ 11 40+ 6
SM prediction (pre-fit) 1880 £ 150 971 £ 79 488 £ 40 439 £ 36 131+ 12 50£5

Table 7.3: Data and SM background prediction, before and after the fit, in the 1-electron control region for the
different selections. For the SM predictions both the statistical and systematic uncertainties are included.

7..3 2-MUON CONTROL REGION

Finally, the 2-muon control region is used to constrain the Z — pu+jets background contribution. An
additional cutis applied to the dimuon invariant mass 66 < m,,,, < 116 GeV,and both muons are treated

as invisible particles so that the E%iss spectrum shown in Figure 7.3 resembles the Z boson pr.
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Figure 7.2: Distributions of the measured E (a), leading-jet pr (b), electron m (c), and jet multiplicity (d) in
the 1-electron control region for the Eé’«‘iss > 250 GeV selection, compared to the background predictions before
the global fit. The error bands in the ratios include the statistical and experimental uncertainties in the background

predictions. The contributions from multijets and non-collision backgrounds are negligible and are not shown in

the figures.
Inclusive Selection > 250 > 300 > 350 > 400 > 500 > 600 > 700
Observed events (3.2 fb—1) 1488 877 505 293 100 33 15
SM prediction (post-fit) 1488 £+ 39 877 + 30 505 £ 22 293 £ 17 100 £+ 10 33+6 15+4
SM prediction (pre-fit) 1520 + 98 910 + 59 487 £ 34 271+ 19 89+ 7 32+3 13+1
Exclusive Selection [250-300]  [300-350]  [350-400]  [400-500]  [500-600]  [600-700]
Observed events (3.2 b~ 1) 611 372 212 193 67 18
SM prediction (post-fit) 611+ 25 372+ 19 212+ 15 193 + 14 678 18+4
SM prediction (pre-fit) 610 + 42 422 + 36 217+ 15 182 +13 57+4 19+2

Table 7.4: Data and SM background prediction, before and after the fit, in the 2-muon control region for the
different selections. For the SM predictions both the statistical and systematic uncertainties are included.
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Figure 7.3: Distributions of the measured E* (a), leading-jet pr (b), dimuon mass (c), and jet multiplicity (d) in
the 2-muon control region for the %iss > 250 GeV selection, compared to the background predictions before the
global fit. The error bands in the ratios include the statistical and experimental uncertainties in the background
predictions. The contributions from multijets and non-collision backgrounds are negligible and are not shown in
the figures. The shape difference observed in the dimuon invariant mass between data and simulation does not

have an impact in this analysis.
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7.2 NON-COLLISION BACKGROUND

A high—p7 jet recoiling against missing transverse momentum is also the event signature of non-collision
background (NCB) jets. Without additional jet selection criteria, non-collision background dominates
the signal region at O(100) the rate of Standard Model background processes, as shown in Figure 7.4.
Tight jet cleaning criteria have been deployed to efficiently suppress the level of NCB in the monojet signal

region, suppressing non-collision rates by O(103).
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Figure 7.4: The leading jet pr (left) and ¢ (right) distributions of the data events passing the signal region selection
without the tight cleaning criteria applied on the leading jet. The ¢ distribution shows a typical azimuthal
structure of beam-induced backgrounds. The Standard Model background indicated in the plots corresponds to
the estimates obtained for the analysis signal region, including tight jet quality requirements. The jet selection
inefficiency of the cleaning selection is O(1%), which is negligible compared to the observed excess in data. This
demonstrates the necessity of a strong non-collision background suppression for this analysis.

The residual NCB in the signal region is estimated using a data-driven method. A set of beam-induced—
background (BIB) tagging methods have been developed [108] which match® calorimeter clusters in the
LAr or Tile barrels with E7 > 10 GeV to a CSC or MDT segment which is nearly parallel to the beam
pipe. The rwo—sided no—time method is used: a match between a calorimeter cluster and a muon segment
on both the A and Csides of the detector is required, and no requirement on jet timing is applied. Extensive
studies conducted using 8 TeV data showed that the typical efficiency of this BIB tagger was around 15%,
with a mistag rate (probability of tagging a good jet as a fake jet) of less than 107°.

This BIB tagger is used for the evaluation of the residual NCB contribution in the signal region:

"Matching happens in terms of the azimuthal angular distance and of the relative radial distance between cluster
and segment.
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1. A sample enriched in BIB can be constructed by looking at events in the signal region in which the

leading jet fails the tight cleaning criteria.

2. The BIB tagging efficiency is then assessed as the ratio between the number of events tagged as BIB

and the overall number of events in this BIB—enriched region:

NCB region
o N, BIB tag .
€BIBtag — N'NCB region ’

3. The NCB yield in the SR is then estimated as the ratio between the number of SR events which are

tagged as BIB and the BIB tagging efficiency:

SR
BIB tag

M IflléB = )
€BIB tag
4. The BIB mistag rate is cross-checked as the fraction of events in the signal region which are flagged
as BIB by the tagger but pass the tight cleaning criteria:
N1 g

SR without tight
N, BIB tag

Tmistag =

The BIB tagger information was effectively introduced on September 20, 2015 and available in the last

2.7 b~ of data collected in 2015. Using this subset of data, one obtains the numbers shown in Table 7.5.

ERXs > 250 GeV ERs > 600 GeV
Nifog 24 0
Nty ea® 69653 2175
NNCBregion 275816 8521
GBIBtag 25 & 02% 25 £ 1%
imisag 0.03 + 0.4% 0%

Table 7.5: Evaluation of the BIB tagger efficiency and mistag rate in the last 2.7 b~ of data collected in 2015.
€B1B rag 1S €valuated using the inverted jet cleaning control region defined above. Errors shown are statistical un-
certainties.
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To extrapolate the total amount of NCB in the signal region for the entire 3.2 fb~!of data, one must
determine the amount of fake jets in runs in which the BIB tagger was not available.* The total number of

events in the BIB—enriched region for the entire dataset is shown in Table 7.6.

miss > 950 GeV mis > 600 GeV

NNCB region 324460 9999

Table 7.6: Number of fake jet events in the full 3.2 fb~'of data collected in 2015.

Then, assuming that the BIB tagging efficiency is constant across the data collection period, the total

R

number of events flagged as BIB by the tagger can be determined by rescaling N3rs tag

to match the fake jet
rate for the entire dataset. Therefore, the total amount of non—collision background in the signal region

can be calculated as:

NCB region

SR
NSR - 3.2 fb— 1 NBIB tag
NCB NCB region €BIB:
a;
27 b1 g

The amount of non—collision background is shown in Table 7.7. The BIB tagger efficiency can vary
between 22% and 45% when evaluated using different BIB-enriched regions, as discussed in Appendix B.
Therefore, a conservative 100% systematic uncertanty is applied to the total amount of non-collision

background in the signal region.

7.2.1 JET CLEANING PERFORMANCE

The non—collision-background rejection power of the Tight jet cleaning criteria is evaluated on a sample
of BIB-tagged events in the signal region for different Ez‘?iss regimes in Table 7.8. Only sub-percent non-

collision backgrounds remain in the signal region after applying the cleaning criteria.

*This extrapolation will not be necessary when using the reprocessed data since the tagger will be available for
the whole 2015 dataset there.
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Region NGB

ERis > 250 GeV 112 + 23
250 < ER < 300 GeV 61417
300 < B < 350 GeV 23 + 10
350 < Emis < 400 GeV 19+9
400 < EDs < 500 GeV 9+7
ERs > 500 GeV 0

Table 7.7: Total amount of non-collision background in the specified regions. Errors shown are statistical uncer-
tainties.

Emis > 250 GeV EDs > 600 GeV
N;gv::; leaning 41 frse 2.7 tb~tof data 69677 2175
Total estimated NCB w/o cleaning 324572 £ 3 9999 + 3
Ngﬁfj;h a8 51 frse 2.7 fb~lof data 24 0
Total estimated NCB with cleaning 113 £ 2 0
% Remaining NCB 0.03 £0.3% 0

Table 7.8: Amount of NCB in the signal region with and without applying the Tight cleaning criteria to the lead-
ing jet. Errors shown are statistical uncertainties.
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Figure 7.5: Selected distributions for the events in the signal region EXi > 250 GeV that are tagged as
non-—collision background, yet have leading jets that pass the Tight jet cleaning criteria.
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7.3 MULTJET BACKGROUND

The multijet background with large Eﬁ}liss mainly originates from the misreconstruction of the energy of
a jet in the calorimeter and to a lesser extent is due to the presence of neutrinos in the final state from
heavy-flavor hadron decays. In this analysis, the multijet background is determined from data, using the
jet smearing method as described in Reference [109], which relies on the assumption that the B of
multijet events is dominated by fluctuations in the jet response in the detector which can be measured in
the data. The jet smearing method requires the normalization of the smeared data in a multijet-enriched
control region. This region is defined with similar EX* and leading jet pr cuts as in the signal region

—miss

definition, but inverting the Ag(jet, PIP***) cut, requiring it to be less than o0.4. Distributions for this
selection are shown in Figure 7.6. The multijet background estimation includes both the statistical and
a100% systematic uncertainty. For the E?iss > 250 GeV and 250 < E%‘iss < 300 GeV selections, the

multijet background constitutes about 0.5% of the total background, and is negligible for the other signal

ngIOﬂS.
= — T T @ = T T T T T T T T —
() 10* e Data2015 c  14000— e Data2015 —
9} ATLAS 44444 Standard Model 4 C ATLAS 44444 Standard Model -
8 - el B Z(0. A4 +jets w - oso A B Z(0. A4 +jets —
=13TeV, 3.2t =13TeV, 3.2t
g 10 fo=1aTeV, 3207 B W(ox ea) + jets 12°°°?E STev. 200 B W(ox ea) + jets =
3 Multijets Contro"!‘slsieglon W 1a) + jets Multijets Control Reglon W(o pa) +jets ]
= ,p7>250 GeV, ET >250 GeV W(o °a) +jets 10000* p; >250 GeV, ET >25/09/ W(o °a) +jets _
2. 7775 . Z(o ) + jets . Z(o ) + jets -
o 10 7 B £+ single top - B i+ single top —
R = 77777 I Dibosons 8000/— Il Dibosons ;
ES T S o A multijets - multijets -1
e 2. F :
PP 6000— -
1 4000 -
107 2000— —
3 e ‘ =
= 2F = = 2F Z ]
@ €200 ] @« £ T s ]
© \e G //////%%%%%/////////////////////// © 1k /57/ I v/ |
= i A A Ly, i i e = E 70000 B
s Tizczilkidd 7 8 E //////7/////////////%%/5 ]
300 400 500 600 700 800 900 1000 0 2 3 6 7 8 9
E:nss [GeV] Number of jets
(a) (b)

Figure 7.6: Measured distribution of the E'* (left) and jet multiplicity (right) in the multijet control region for
the EXis > 250 GeV selection compared to the expected background. The error bands in the ratio shown in the
lower panel include both the statistical and systematic uncertainties in the background expectations. The multijets
background estimation includes both the statistical and a 100% systematic uncertainty.
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7.4 EXPERIMENTAL SYSTEMATICS

Experimental uncertainties effect expected event yields, ratios, and scale factors in the analysis, and must
be accounted for in the final limit calculation. Uncertainties on reconstructed objects such as jets or lep-
tons can arise from the energy/momentum scale or efficiencies of object reconstruction, identification, and
selection. Overall uncertainties on the event selection efficiency from the trigger and luminosity measure-
ment are also included. As described in Section 7.6, the following list of nuisance parameters are used to

model the impact of experimental systematic uncertainties on expected background and signal event yields

in different F/7**° bins:

Luminosity A 5% uncertainty has been applied to all MC event yields, to account for the uncertainty on
the knowledge of the integrated luminosity measured in data which is used for the MC normaliza-

tion.

Trigger Efficiency Nouncertainty related to the trigger efficiency is considered in the signal regions
because the efficiency plateau for the HLT_xe70 trigger is reached at the missing transverse momen-

tum values below 250 GeV already.
EG_RESOLUTION_ALL Accounts for the uncertainty on the electron/photon resolution.
EG_SCALE_ALL Accounts for the uncertainty on the electron/photon energy scale.

EL_EFF_ID_TotalCorrUncertainty Accounts for the uncertainty on the electron identification efhi-

ciency scale factors applied to MC.

EL_EFF_Reco_TotalCorrUncertainty Accounts for the uncertainty on the electron reconstruction

efficiency scale factors applied to MC.

EL_EFF_Iso_TotalCorrUncertainty Accountsfortheuncertainty on theelectronisolation efficiency

scale factors applied to MC.

JET_GroupedNP_i (i = 1...3) Accounts for the uncertainty on the jet energy scale (JES) from in—situ

analyses.
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MET_SoftTrk_ResoPara Accounts for the missing transverse momentum track soft term resolution

uncertainty (soft term projection parallel to the hadronic recoil system pr ).

MET_SoftTrk_ResoPerp Accounts for the missing transverse momentum track soft term resolution

uncertainty (soft term projection perpendicular to the hadronic recoil system pr).
MET_SoftTrk_Scale Accounts for the missing transverse momentum track soft term scale uncertainty.

MUONS_ID and MUONS_MS Account for the impact of muon identification efficiency scale factor uncer-

tainties.
MUONS_SCALE Accounts for the impact of muon momentum scale uncertainties.

MUON_EFF_STAT Accounts for the statistical component of muon identification efficiency scale factor

uncertainties.

MUON_EFF_SYS Accounts for the systematic component of muon identification efficiency scale factor

uncertainties.

Uncertainties in the absolute jet and missing transverse momentum energy scales and resolutions [102]
translate into an uncertainty in the total background which varies between +0.5% for the low—ERis
signal region bin and £1.6% for the high—Ei,niliss signal region bin. Uncertainties related to jet quality re-
quirements, pileup dependance, and corrections to the jet pr and Ejnliss introduce a £0.2% to £0.9%
uncertainty in the background predictions. Uncertainties in the simulated lepton identification and re-
construction efficiencies, energy/momentum scale and resolution translate into an uncertainty in the total
background which varies between £0.1% and £1.4% for the Iow—E%iSS signal region bin and between
+0.1% and £2.6% for the high—- E* signal region bin, respectively. Uncertainties on the luminosity

are strongly constrained by the background fit and are negligible in the signal region.

7.4.1 WZtransfer UNCERTAINTY

A wZtransfer uncertainty is assigned to the Z — vv prediction in the signal region to account for the

fact that its normalization is primarily derived from the W' — pv yield in the i-muon control region, as

90



described in Section 7.6.

Monte Carlo modeling differences between the missing transverse momentum in Z — vvand W —
pv are one source of uncertainty. Figure 7.7 shows several observables used to define the analysis are com-
pared between events from Z — vv in the signal region (EX > 250 GeV) and events from W — uv
in the single muon control region (without the invariant mass cut). The MC modeling differences are on

the order of 2-3%.
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Figure 7.7: Comparison of the truth level quantities X', jet multiplicity, leading jet p7 and Hr in the W and Z
Monte Carlo samples.

The effect from NLO electroweak corrections on the W +jets to Z +jets ratio is also included [110-112].
Dedicated parton-level calculations are performed with the same ER* and leading-jet-pr requirements
as in the E¥—binned signal regions. The studies suggest an effect on the W +jets to Z+jets ratio which

varies between about +1.9% for ERi® > 250 GeV and £5.2% for ER* > 700 GeV, although the

calculations suffer from large uncertainties, mainly due to limited knowledge of the photon PDFs in the
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proton. These results are adopted as an additional uncertainty in the Z — vv+jetsand Z — 77+jets
contributions, quoted in Table 7.9.

The final WZtransfer uncertainty used for the Z — vv prediction in the SR corresponds to the sum
in quadrature of the 3% from MC modelling and the corresponding uncertainty from the EW correction.

The values used are given in Table 7.9, where numbers are rounded up for brevity and simplicity.

Exclusive bins of E%iss (GeV)

[250-300]  [300-350]  [350-400]  [400-500]  [500-600]  [600-700]  [700-00]

EW correction by theoretical calculations

(—0.4552)%  (01%19)% (—0.7515)%  (0.2519)% (0.47Tg)%  (1.5%53)% (1.7753)%

Final WZtransfer uncertainties

+3.5% +3.5% +4.0% +4.0% +4.0% +5.0% +6.0%

Table 7.9: LO Z/W electroweak corrections as given by theoretical calculations. The large uncertainties on these
estimations are mostly coming from errors in the photon PDFs. Additionally, this table shows final WZtransfer
uncertainties, combining contributions from the MC modelling and the EW corrections differences in the W +jets
and Z+jets production.

7.5 THEORETICAL UNCERTAINTIES

Uncertainties related to the Monte Carlo predicted background yields are estimated for the W/Z +jets, tt,
single-top, and diboson processes.

Uncertainties corresponding to variations of the renormalization, factorization, and parton-shower
matching scales and PDFs in the SHERPA TW/Z +jets background samples are shown in Table 7.10. These
uncertainties translate into a +1.1% to ££1.3% uncertainty in the total background.

Theoretical uncertainties in the predicted background yields for top-quark-related processes include:
uncertainties on the absolute ¢t and single-top production cross sections, variations in the set of param-

eters that govern the parton showers and the amount of initial- and final-state soft gluon radiation, and
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Sample  [250-300] [300-350] [350-400] [400-500] [500-600] [600-700] [700-00]

Z = vv 0.51% 0.79% 0.99% 0.39% 0.81% 0.37% 0.61%
Z = 2.73% 3.50% 4.39% 2.42% 3.23% 1.82% 1.08%
W —ev 3.72% 1.90% 1.62% 1.21% 2.08% 4.70% 7.22%
W — v 0.92% 0.16% 0.33% 0.48% 0.41% 0.33% 1.32%
W — 1v 3.96% 0.95% 1.17% 1.71% 2.38% 4.54% 3.90%

Table 7.10: Final V +jets systematic uncertainties for the different Sherpa samples, as a function of
missing transverse momentum [GeV].

uncertainties due to the choice of renormalization and factorization scales and PDFs. This introduces an
uncertainty in the total background prediction which varies between 4-2.7% and +3.3%.

Uncertainties in the diboson contribution are estimated using different MC generators and translate
into an uncertainty in the total background in the range between £0.05% and £0.4%. A £100% un-
certainty in the multijet and non-collision background estimations is adopted, leading to a £0.2% uncer-
tainty in the total background for E?iss > 250 GeV.

Statistical uncertainties related to the data control regions and simulation samples lead to an addi-
tional uncertainty in the final background estimates in the signal regions which varies between £2.5%

and +10%.

7.5.1 SIGNAL SAMPLE UNCERTAINTIES

The uncertainty on the signal sample yields arises from experimental, theoretical, and Monte Carlo generator-
dependent uncertainties. The experimental uncertainties related to the jet and E%ﬁss scales and resolutions
introduce uncertainties in the signal yields which vary between £1% and £3%. The uncertainty in the
integrated luminosity is also included. Aspects of signal sample generation create uncertainties in the sig-
nal acceptance. The uncertainty related to the modeling of the initial- and final-state radiation translates
into £20% uncertainty in the acceptance. The choice of different PDF sets results in up to £20% un-
certainty in the acceptance and £10% uncertainty in the cross section. Varying the renormalization and

factorization scales introduces 5% variations of the cross section and a £3% change in the acceptance.
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7.6  SIMULTANEOUS SHAPE FIT

A simultaneous likelihood fit is performed across the the 1-muon, 1-electron, and 2-muon control re-
gions and signal region in order to normalize and constrain the background estimates. Background-only
fits which remain blind to the signal region data yield are performed separately in each of the seven inclusive
regions B > 250 GeV through EX > 700 GeV. This fit is used to set model-independent limits on
the total number of events that could be arising from new physics, presented in Section 8.3. In addition,
a fit simultaneously using all the exclusive E{Piss regions is performed. In this case, three normalization
factors are considered separately in each of the seven exclusive Ejr?iss regions, for a total of 21 normaliza-
tion factors. which uses information from the shape of the Ej’?iss distribution to enhance the sensitivity of
the analysis to the presence of new phenomena. This scheme is used to set limits on the cross section for

various dark matter simplified models, presented in Section 8.4.

SuarE F1T

The simplified shape fit strategy reduces analysis uncertainties arising from discrepancies between data and
Monte Carlo predictions of the boson pr spectrum, while using information about the E%liss spectrum
to improve the analysis sensitivity. For example, in the /s = 8 TeV version of the mono—jet analysis a
discrepancy between the expected and observed Ej’?iss shape was present in the 1-muon control region, as
shown in Figure 7.8. Instead of accounting for this discrepancy with an additional systematic uncertainty,
the background estimation scheme can be expanded to use multiple normalization factors that each scale
a different bin of Ej‘?iss. Additionally, this scheme incorporates shape information into the statistical anal-
ysis. Instead of performing a counting experiment for the entire inclusive signal region, in the simplified
shape fit a counting experiment in performed in each exclusive bin of the E'* spectrum. The seven-bin
scheme used in this analysis and shown in Table 6.2 was chosen based on the available luminosity. More

bins better exploit shape information, but also sufter from lower statistics.
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Figure 7.8: Distribution of E2* in the 1-muon control region for the 8TeV mono-jet analysis [113], compared
with the background expectation. The error bands in the ratios include the statistical and experimental
uncertainties on the background expectations. A shape disagreement is observed between the measured and
expected distributions. Instead of accounting for this discrepancy with an envelope uncertainty, the background
normalization scheme can be expanded to fit to the E’qﬂ‘i“ shape.

ANALYSIS UNCERTAINTIES

The use of control regions to constrain the normalization of the dominant background contributions from
Z — vv+jets and W +jets significantly reduces the relatively large theoretical and experimental systematic
uncertainties, of the order of 20%-40%), associated with purely MC-based background predictions in the
signal regions.

To determine the final uncertainty in the total background, the systematic uncertainties described in
Section 7.4 are incorporated as nuisance parameters in the fit, as described in Section 7.6.2. This accounts
for correlations among systematic variations. The systematic uncertainties are and are assumed to be fully
correlated across all the E%iss bins. The likelihood also takes into account cross-contamination between
different background sources in the control regions.

The precise formulation of the statistical treatment is described in the following sections.
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7.6.1  SIGNAL STRENGTH

The parameter of interest for discovering or excluding Dark Matter is the production cross section o, which
in this analysis is measured relative to the theoretical prediction for a given WIMP model opeory. This

ratio, i, is defined as

o
p= : (72)
Otheory

The statistical analysis of the signal region event yield is a hypothesis test, where the null hypothesis is
background-only with no Dark Matter production. All of the likelihoods used in the statistical analysis
of the final signal region events are parameterized as a function of y. p is a natural variable for hypothesis
testing, as ;t = 0 corresponds to a background-only hypothesis and 1t = 1 corresponds to the predicted

cross section for a particular WIMP model.

7.6.2  LikELiHOOD FUNCTION

The following section describes the the profile likelihood method [114] used for the statistical analysis of
the mono—jet search.

The likelihood function condenses all details of an analysis into a single equation. Itis a formula describ-
ing the probability of observing the number of events seen in the signal region for some particular value
of the signal strength. The observation of events in a signal region is fundamentally a Poisson counting
experiment. In a simple single-region counting experiment, the likelihood can be expressed as a Poisson

probability of observing IV events given a total number of predicted signal and background events:

L(p) =P (N[pS+ B). (7.3)

where P is the Poisson probability density function, N is the total number of observed events, y is the
signal strength scaling the the predicted number of signal events S, and B is the predicted number of
background events.

In the mono—jet analysis, the estimated yields for certain background processes entering the signal and

control regions are scaled by a normalization factor. This technique allows for more precise background es-
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timation by using data as a constraint, reducing the impact of theoretical uncertainties on the background
model. The corresponding likelihood is then a function of both the signal strength and background nor-

malization factors:

L(p,0) = P (N|uS +6B) - P(Ncr|0Bcr) - (7.4)

where 0 serves as a “nuisance parameter”, or a parameter that is not of primary interest but still enters the
likelihood. The second Poisson term enforces that the background normalization be consistent with the
number of observed events in data in the control region, NcR.

These two formulations of likelihoods have assumed a single signal region and do not take into account
any shape information of potential discriminating variables. However, the mono—jet analysis signal region
is subdivided into seven different orthogonal regions based on Er_,”?iss. The counting experiment described
above can be performed in each individual region to utilize shape information from the E%‘iss distribution.
Thus, the total likelihood becomes a product over signal regions and bins of E%iss. Additionally, more than
one background process is normalized in control regions. The following formulation of the likelihood

accounts for this by including a product over control regions in the second Poisson term:

L(p,0)= | | P | Np|pSy + E 0o B | | P Np § O Bra (7.5)
bins b bkg k ERSIEI) bkg k
1S

where the variable ¢ counts over the different signal regions, b counts over bins of E:,”i‘iss, k counts over the
backgrounds, and [ counts over the control regions, and @ represents the set of 0.

Finally, nuisance parameters for the systematic uncertainties must be included in the likelihood. Each
systematic uncertainty € is allowed to affect the expected event yields through an exponential response
function of the nuisance parameter v(6) = (1 + €)?. The value of the nuisance parameters for the
systematic uncertainty are constrained with a Gaussian term of the form g(d]6) = e~ (6=0%/2 )\ /o,
where ¢ is the central value and 6 is a nuisance parameter. An additional term is included to account for

the statistical uncertainty in the Monte Carlo samples, which adds an additional Poisson term The full

97



likelihood used in the final statistical analysis then becomes:

L(u,0)=T[ P | No|uuSs- [T vor(0:) + D ks Bro - ] vs(65)

SRsi sig. bkg k bke.
syst. syst.
T S
.6
11 2 Nw| D OreBrn 7:6)
CRsl bke k
bins b
o @6:) - TT P (€rlcibr) -
S};St bkgk

Where 0 represents the full set of nuisance parameters, 7 is an index for signal systematics, s is an index
for background systematics, and ¢ is an index for Monte Carlo samples. The fourth term of the equation
quantifies the uncertainty due to finite Monte Carlo sample size. Here, { represents the central value of
the background prediction, @ is the associated nuisance parameter, and ( = (B/§B)?, where § B is the
statistical uncertainty of B.

The best fit value of the signal strength 1 is determined by finding the values of 1+ and € that maximize
the likelihood.Once the likelihood is defined, a test statistic must be built for use in hypothesis testing,

described in Section 8.2.

7.7 FrTr REsuLTs

The results of a background—only fitin the control regions are presented in detail in Table 7.11 for E?iss >
250 GeV. Tables 7.3-7.4 collect the results for the total background predictions in each of the control
regions for the inclusive and exclusive EX selections. As the tables indicate, the W/ Z+jets background
predictions receive multiplicative normalization factors that vary in the range between 0.8 and 1.2, depend-
ing on the process and the kinematic selection. Values of the 21 normalization factors determined from
the background-only fit are shown in Figure 7.9. The effect of these normalization factors on the Ef'
distributions of each control region is shown in Figure 7.10. Good agreement is observed between the

normalization factors obtained by using inclusive or exclusive 7' regions.
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Figure 7.9: Values of the 21 normalization factors determined from the background-only fit.

Ejnli” > 250 GeV control regions 1—electron 1-muon 2-muon
Observed events (3.2 b~ 1) 3559 10481 1488
SM prediction (post-fit) 3559 £ 60 10480 =+ 100 1488 + 39
Fitted W — ev 2410 £ 140 0.4+0.1 —
Fitted W — pv 2.4+0.3 8550 + 330 1.8+0.3
Fitted W — v 462 £+ 27 435 + 28 0.14 £0.02
Fitted Z — ee 0.5+£0.1 — —
Fitted Z — pp 0.02 £ 0.02 143 + 10 1395 + 41
Fitted Z — 77 302 22 +4 0.5+0.1
Fitted Z — vv 1.8+0.1 2.3+£0.2 —
Expected tt, single top 500 + 150 1060 4 330 42 + 13
Expected dibosons 150 £ 13 260 £ 25 48 +5
MC exp. SM events 3990 + 320 10500 + 710 1520 + 98
Fitinput W — ev 2770 £ 210 0.44+0.1 —
Fitinput W — pv 2.4+0.3 8500 % 520 1.8£0.2
Fitinput W — tv 531 £ 39 500 £ 34 0.16 +0.03
Fitinput Z — ee 0.5+0.1 - —
Fitinput Z — ppt 0.02 £ 0.02 146 + 13 1427 4+ 92
Fitinput Z — 77 34+3 25+ 4 0.6 +£0.1
Fitinput Z — vv 1.8+0.1 2.2+0.1 -
Fit input tZ, single top 500 £ 160 1060 =+ 340 42+ 13
Fit input dibosons 150 + 13 260 £ 25 48+ 5

Table 7.11: Data and background predictions in the control regions before and after the fit is performed for ER* >
250 GeV. The background predictions include both the statistical and systematic uncertainties. Omitted values
are negligible. The individual uncertainties are correlated, and do not necessarily add in quadrature to the total

background uncertainty.
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Figure 7.10: Distributions of the measured E* before (left) and after (right) the simultaneous shape fit in the
1-muon control region (top), 1-electron control region (middle), and 2-muon control region (bottom). In the
pre—fit plots the error bands in the ratios include the statistical and experimental uncertainties in the background

predictions. In the post—fit plots distributions are scaled with global normalization factors extracted from the fit as

performed in exclusive missing transverse momentum bins. The error bands in the ratios include the statistical and
experimental uncertainties in the background predictions as determined by the global fit to the data in the control
regions. The contributions from multijets and non-collision backgrounds are negligible and are not shown in the

figures.
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Results and Interpretation

8.1 SiGNAL REGION YIELDS

The results of the background estimation scheme and observed data yields are presented in this section.
The observed and expected yields as determined by the fit are presented in Figure 8.1 for selected FRis
ranges. A detailed breakdown of the number of events in data and expected contributions from individual
background processes in the signal region for certain EM ranges is presented in presented in Table 8.1.
The total background results for all of the signal regions are summarized in Table 8.2.

Figure 8.2 shows several measured distributions compared to the corrected Standard Model predictions
for E%iss > 250 GeV. The the related uncertainties are determined from the global fit carried out in
exclusive E?iss bins. For illustration purposes, the distributions include the E%‘iss distributions of several
signal models.

Good agreement is observed between the data and the background predictions in each region. The

background yield for the inclusive selections is determined with a total uncertainty of £4.0%, £6.8%, and
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+12% for the [250, 00], [500, oo], and [700, oo signal regions, respectively. This uncertainty includes

correlations between uncertainties in the individual background contributions.
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Figure 8.1: Observed and expected events in the signal and control regions for ER > 250 GeV (a), EX > 700
GeV (b), 250 < EP'* < 300 GeV (c), and 400 < ER < 500 GeV (d). The expected yields include the global
normalization factors extracted from the corresponding fit. The error bands in the ratios include the statistical and
experimental uncertainties on the background predictions.
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Signal Region [ E2* bin edges in GeV] [250, co] [350,400] [500, 600] [700, o]
Observed events (3.2 b~ 1) 21447 2939 47 185
SM prediction 21730 £ 940 3210+ 170 686 =+ 50 167 £+ 20
W — ev 1710 £ 170 228 + 26 377 7T+£2
W — pv 1950 £ 170 263 + 28 44 £ 8 11+2
W — v 3980 + 310 551 £ 47 101 £15 19+4
Z — ee 0.01 £0.01 . — —
Z = up 76 £+ 30 945 5+2 2+1
Z =TT 48 £ 7 5+1 0.9+0.2 0.2+0.1
Z — vv 12520 £ 700 1940 £+ 130 443 £ 42 109 + 18
tt, single top 780 £ 240 108 + 32 19+7 3+1
Dibosons 506 + 48 82+ 8 365 15+2
Multijets 51 £ 50 6+6 1+1 04+04
Non-collision background 110 £ 110 19+19 — —

Table 8.1: Data and SM background predictions in the signal region for several inclusive and exclusive
missing transverse momentum selections. For the SM prediction both the statistical and systematic uncertain-

ties are included. In each signal region, the individual uncertainties for the different background processes can be

correlated, and do not necessarily add in quadrature to the total background uncertainty. Negligible yields are

omitted.

Signal Region (250, c0] [300, 0] [350, c0] [400, <] [500, 0] [600, o] (700, co]
Observed events 21447 6433 3494 1170 423 185
SM prediction 21730 £ 940 12340 + 570 6570 4 340 3390 + 200 1125 £ 77 441 £+ 39 167 4+ 20
Signal Region [250, 300] [300, 350] [350, 400] [400, 500] (500, 600] (600, 700]

Observed events 9472 2939 2324 747 238

SM prediction 9400 + 410 5770 + 260 3210 £ 170 2260 4 140 686 + 50 271 £ 28

Table 8.2: Data (3.2 b~ ') and SM background predictions in the signal region for the different selections. For the
SM predictions both the statistical and systematic uncertainties are included.
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Figure 8.2: Measured distributions of the E?iss > 250 GeV signal region selection compared to the SM predictions
as a function of: E2* (a), leading jet pr (b), leading jet 7 (c), jet multiplicity (d), second-leading jet pr (e), and
third-leading jet pr (f). The SM predictions are normalized with normalization factors as determined by the global
fit that considers exclusive E?iss regions. For illustration purposes, the distributions of different ADD, SUSY, and
WIMP scenarios are included. The error bands in the ratio shown in the lower panel include both the statistical
and systematic uncertainties in the background expectations. The contributions from multijets and non-collision

backgrounds are negligible and not shown. No excess is observed.
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8.2 SETTING LIMITS

In the absence of any excess, the observed data and predicted background yields are used to set model-
independent limits on new phenomena. The CLg method [115] is used to set exclusion limits in this anal-
ysis.

A test statistic is used for setting limits, and measures the degree of agreement between the data and the

hypothesized signal with strength p1 = o/ Ttheory- ©he test statistic is defined as:

_on L) 5 g
L(0.6(0))
7 =4 o1 Ludw) - 8.1
G 2 LB 0 < i< g (8.1)
0 o> p

where /1 is the value of the signal strength under test, /i is the best fit y, 0 is the best fit value of the nuisance
parameters, é is the best fit value of the nuisance parameters under the fixed y value, and L is the Poisson
likelihood of the data (as described in section 7.6.2).

Higher values of ¢, represent greater incompatibility between the data and the hypothesized value of
. Additionally, g, is protected against negative, unphysical values of the signal strength £, and does not
count excesses in the data larger than those expected by a signal strength p as evidence against the 1 hy-
pothesis.

Setting a limit on the cross section for new physics processes requires defining the following terms:

* CLgyp: the probability that the signal+background hypothesis produces a value of the test statistic

that is less than or equal to the observed value.

* CLy: the probability that the background—only hypothesis produces a value of the test statistic less

than or equal to the observed value.

* CLs: the ratio CLg14/CLy.

A 95% upper limit on the cross section is defined as the value of y that makes CL; less than 5%. This

is an exclusion interval. A 95%CL; limit makes the statement that the probability of falsely excluding a
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true signal with signal strength /s is less than 5% in the excluded range or region. Models are considered

excluded when ;1 < 1 (0 < Tgheory) for 95%CLs.
8.3 MODEL INDEPENDENT LIMITS

An upper limit is set on the number of events in each signal region that could be produced by new physics.
A simultaneous likelihood fit is performed in both the control regions for different EXi** ranges. Model-
independent 95% confidence level (CL) upper limits on the visible cross section, defined as the production
cross section o times acceptance A times efficiency ¢, are extracted using the C'L s method and considering
the systematic uncertainties in the SM backgrounds and the uncertainty in the integrated luminosity.
The results are presented in Table 8.3. Values of o X A x € above 553 b for E?iss > 250 GeV and above
19 fb for EX > 700 GeV are excluded at 95% CL. Typical event selection efficiencies € varying from
about 100% for B > 250 GeV to 96% for EF'* > 700 GeV are found in simulated Z — vv+jets

background processes.

Signal channel ()9 [fb] S9 95

obs obs exp
Emis > 250 GeV 553 1773 18641829
EXis > 300 GeV 308 988 11781574
Exis > 350 GeV 196 630 6941308
Exis > 400 GeV 153 491 4017798
Emis > 500 GeV 61 196 164753
ERs > 600 GV 23 75 84152
Emis > 700 GeV 19 61 48115
Table 8.3: Observed and expected 95% CL upper limits on the number of signal events, S and ngp, respec-

tively. This table also shows the upper limit on the visible cross section ()29 for Efi* > 250 GeV through
ERis > 700 GeV.

8.4 DARK MATTER INTERPRETATION

The results are translated into exclusion limits on the WIMP pair-production cross section for an axial-
vector particle mediating an s-channel exchange. For on-shell WIMP pair-production, wherem 4 > 2m,,
typical A X € values for signal models with a 1 TeV mediator range from 25% to 2% for B > 250 GeV

and E%‘iss > 700 GeV signal region selections, respectively.
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Figure 8.3 shows the observed and expected 95% CL exclusion limits in the m,—m 4 parameter plane
for a simplified model with an axial-vector mediator, Dirac WIMPs, and couplings g, = 1/4and g, = 1.
A minimal mediator width is assumed. In addition, observed limits are shown using =10 theoretical
uncertainties in the signal cross sections. In the region of phase space where the mediator is heavy enough to
decay into a pair of WIMPs (m 4 > 2m,, called the “on-shell regime”), the models with mediator masses
up to 1 TeV are excluded. This analysis loses sensitivity to the models in the oft-shell regime (m 4 < 2m,)
where the decay into a pair of WIMPs is kinematically suppressed. The perturbative unitarity is violated
in the parameter region defined by m, > \/7/2 m 4 [16].

Comparing the relic density predicted by the benchmark models to the measured relic density provides
some insight on the viability of a given choice of model parameters. The freezeout temperature and relic
density of dark matter can be calculated for each point of (m 4,m,) phase space in Figure 8.3, assum-
ing that all of the DM interactions are encapsulated by the simplified model, as discussed in Section 2..5.
This prediction is then compared to the the correct relic density as measured by the Planck and WMAP
satellites [117, 118]. The red line in Figure 8.3 (left) indicates where the relic density as calculated with the
simplified model agrees with the measured relic density. Below this line are models that result in an over-
production of dark matter. Models above the line predict dark matter underproduction, and require other
WIMP production mechanisms in order to explain the observed dark matter relic density. The line indi-
cates relic abundance corresponding to a single spices of Dirac fermion dark matter and a single mediator
that couples to all standard model quarks universally. As such, a given model’s incompatibility with the
observed relic abundance does not imply that the model is excluded. Instead, it implies that additional
physics not encapsulated in the simplified model is relevant for determining the dark matter relic density.

The analysis sensitivity to coupling choices in examined in Fig. 8.4. The ratios of the observed and
expected 95% CL upper limits on cross section to the predicted signal cross section for the s-channel model
with axial-vector couplings and m, = 150 GeV, m4 = 1 TeV, for different choices of the coupling
g = gq = gx- The yellow band indicates the expected +=10 ranges of limits in the absence of a signal.
Minimal mediator width is assumed. g > 0.8 is excluded.

In Figure 8.5 the results are translated into 90% CL exclusion limits on the spin-dependent WIMP-
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Figure 8.3: 95% CL exclusion contours in the 1m.,,—m 4 parameter plane. The solid (dashed) curve shows the
median of the observed (expected) limit, while the bands indicate the &=10 theory uncertainties in the observed
limit and +10 range of the expected limit in the absence of a signal. The red curve corresponds to combinations of
dark matter and mediator mass that are consistent with a dark matter thermal relic density of Q.h% =0.12, as
computed in MadDM [43]. The region where the model violates perturbative unitarity [116], defined by
My > \/7T/2my, is indicated by the hatched area.

proton and WIMP-neutron scattering cross section as a function of the WIMP mass, following the tech-
nique described in Section 2.4.2, and are compared to results from the direct-detection experiments XENON1oo
[27], LUX [28], and PICO [29, 30]. This comparison is model-dependent and only valid in the context
of this particular axial vector mediator model. In this case, stringent limits on the scattering cross sec-
tion of the order of 1042 cm? up to WIMP masses of about 300 GeV are provided by this analysis, and
complement the results from direct-detection experiments for m, < 10 GeV. The loss of sensitivity in
models where WIMPs are produced off-shell is expressed by the turn of the exclusion line, reaching back

to low WIMP masses and intercepting the exclusion lines from the direct-detection experiments at around

my = 80 GeV.
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Figure 8.5: A comparison of the production cross section limits to the constraints from direct detection experi-
ments on the spin-dependent WIMP-proton (left) and WIMP-neutron(right) scattering cross section in the con-
text of the Z'-like simplified model with axial-vector couplings. Unlike in the m,—m 4 parameter plane, the limits
are shown at 90% CL. The results from this analysis, excluding the region to the left of the contour, are compared
with limits from the XENONIoo [27], LUX [28], and PICO [29, 30] experiments. The comparison is model-
dependent and solely valid in the context of this model, assuming minimal mediator width and the coupling values
gq =025and g, = 1.

8.5 MONOJET AND DijeT COMPLEMENTARITY

Limits from dijet resonance searches (for a brief overview see Appendix C) can also constrain Dark Matter
production at the LHC by putting limits on the production of the mediator itself [119]. Although the
monojet search is sensitive to the mediator decay to Dark Matter, the mediator may also decay to quarks.
This decay channel would manifest as a resonance in the dijet mass spectrum, shown Figure C.1.

The relative exclusion power of the monojet and dijet channels is a function of the model couplings.
The dijet q¢ — A — qq cross section scales as gé, whereas the monojet g — A — XX cross section
scales as g?l g>2<. As such, monojet limits will be more powerful when the mediator A interacts weakly with
Standard Model quarks, and vice—versa.

The constraint provided by the dijet channel is important for models in which Dark Matter has a size-
abe interaction with Standard Model particles. In this case, the annihilation cross section for the WIMP

dark matter candidate is so high that it can only be a subcomponent of the total dark matter relic density,

reducing the exclusion power of direct and indirect detection experiments.
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Figure 8.6 shows the monojet and dijet exclusion of dark matter models [120]. The exclusions from
the ATLAS dijet searches are derived from limits on Gaussian-shaped resonances [121] in the dijet mass
spectrum. The search for new resonances in a dijet system accompanied by a photon or jet Initial-State
Radiation (ISR) [122] excludes mediator masses starting at 200 GeV. Results from the Trigger-object Level
Analysis [123] and the dijet resonance searches at 8 TeV [121] and 13 TeV [124] constrain the parameter space

starting from 425 GeV up to 2.5-2.8 TeV depending on the value of the dark matter mass.

III



DM Simplified Model Exclusions ATLAS Preliminary August 2016
T TR N N B T N -y 1 T T Tt
‘Axial-vector n}ediator, D}ac/DM

gq =025, gDM =

//

1.2

T
SIS S

Y T 777 )
VOSSIIIIIIIIIIPIIS ISV I I I I I I I I IIIIIIN

DM Mass [TeV]

|
|
\
\

Q,(\‘<<
N \‘Q’\\Q N /
N ,&‘(\6‘((\/
/

T
7/

0.8

Dijet+ISR
Dijet TLA

ATLAS-CONF-2016-030
7

\

l

TS S S S K S S S S S S S S SIS S S S S S S S S S S ST

0.6

2
2
%

7

0.4

N\

Dijet 8 TeV
Phys. Rev. D. 91 052007 (2015)

v
p o

0.2

ATLAS-CONF-2016-069

Dijet

E_rrniss_l_,y \

JHEP 06 (2016)03
I L

N L
0 0.5 1 1.5 2 2.5
Mediator Mass [TeV]

Figure 8.6: Regions of 95% CL exclusion in the m, —m 4 parameter plane for various ATLAS Dark Matter
searches with dark matter coupling gpm = 1.0 and quark coupling g4 = 0.25 [120]. The gray dashed curve
labeled “thermal relic” corresponds to combinations of dark matter and mediator mass that are consistent with a
dark matter thermal relic density of 2. = 0.12h2, as computed in MadDM [43]. Between the two curves, an-
nihilation processes described by the simplified model deplete Q.h? below 0.12. The dotted curve indicates the
kinematic threshold where the mediator can decay on-shell into dark matter. Points in the plane where the model
violates perturbative unitary considerations [116] are indicated by the shaded triangle at the upper left. The exclu-
sions from the ATLAS dijet searches are derived from limits on Gaussian-shaped resonances [121] in the dijet mass
spectrum. The search for new resonances in a dijet system accompanied by a photon or jet Initial-State Radiation
(ISR) [122] excludes mediator masses starting at 200 GeV. Results from the Trigger-object Level Analysis [123] and
the dijet resonance searches at 8 TeV [121] and 13 TeV [124] constrain the parameter space starting from 425 GeV up
to 2.5-2.8 TeV depending on the value of the dark matter mass.
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Figure 8.7: An alternate version of Figure 8.6 with exclusions computed for dark matter coupling gpm = 1.5 and
quark coupling g4 = 0.1 [120]. With this choice of couplings, the mediator decays to quarks are suppressed in
favor of a higher branching ratio to dark matter particles, reducing the sensitivity of dijet searches to this scenario.
The monojet and monophoton exclusion regions are obtained by rescaling, using acceptance and cross-section
information from samples simulated at truth-level, the exclusion contours published in the corresponding pa-
pers. The discontinuous regions of dijet exclusion arise from fluctuations in the exclusion contours, shown in
Figures C.2 and C.4.
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Part IV

Looking Ahead



Ongoing Analysis Improvements

Before the end of the 13 TeV data—taking period, the results of mono—jet analysis will be limited by system-
atic rather than statistical uncertainties [125]. The largest systematic uncertainties in the analysis (described
in Section 7.4) are a 2%-4% uncertainty from the Z — vv normalization and a 3% uncertainty from the
top quark modeling.

Several techniques to reduce the systematic uncertainty are under development. A new photon-jet con-
trol region will provide an additional constraint on the Standard Model background in the signal region
and reduce the Z — vv normalization uncertainty. Additionally, the current profile likelihood fit strat-
egy can be extended to extract signal sensitivity from the additional event variables, which may provide a

sensitivity improvement of more than 30% for the next analysis result.
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9.1 PuHOoTON CONTROL REGION

In the \/s = 13 TeV 3.2 b~ ! iteration of the monojet analysis, the W — pv process is used to constrain
the Z — vv contribution in the signal region, and any discrepancy is accounted for with thewWZtransfer
uncertainty described in Section 7.4.1. This scheme is not a unique choice, nor is it necessarily the optimal
strategy.

The ~y+jets process has a larger cross section than the leptonic decay channels of W +jets or Z+jets. A
high—p7 photon also provides a clean event signature with low contamination from multi-jet process.
Additionally, at high-pr the photon momentum strongly resembles the Z momentum, as shown in Fig-
ure 9.1. The y+jet process is a natural candidate to estimate the Z — v background, especially at high
values of EIss,

A preliminary study of this alternate normalization scheme was performed for a luminosity of s b1
using background Monte Carlo processes. A 1-photon control region was defined. Events in this region
were selected using a photon trigger and required to have only one photon balanced with the leading jet:
A¢p(7,jet;) > 1.0 and pj;l /py > 0.5. The other selection cuts are consistent with the signal region
selection defined in Chapter 6.4, with the photon treated as an invisible particle in the calculation of ERIS.
In this way, the invisible photon p7 resembles the E:,’E‘iss of Z — vv events.

Figure 9.1 shows the pr distributions of photon p7 in the 1-photon control region and the dimuon
Z pr in the 2-muon control region. Good agreement is observed beyond 350 GeV. Figure 9.2 shows the
E%‘iss distributions in signal region, 1-muon, 2-muon and 1-photon control regions. The 1-photon

control region E%iss distribution agrees best with the Z — vv process.
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Figure 9.1: The pr distributions (left) and ratio (right) of y+jets in red and Z (f44) +jets in blue. The area of the
histograms is normalized to the same number beyond 400 GeV.
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Figure 9.2: The Ef™ distributions (left) and ratio (right) of y+jets in red and Z (jup1)+jets in blue. The area of the
histograms is normalized to the same number beyond 400 GeV.

The MC yield with a luminosity of 5 fb~! and purity in different control regions are shown in Table
9.1. The purity is calculated as the primary process event yield divided by the total number of events in
the region. The 1-photon control region has both a higher purity and higher event yield compared to the
other control regions.

Including 1-photon control region is a promising step towards improving the analysis sensitivity. How-
ever, a complete one-to-one comparison with the WZtransfer strategy is impossible without the corre-
sponding y+jet theoretical uncertainties, which are not yet available. A preliminary study not considering
the theoretical uncertainties indicates that using a 1-photon control region instead of the 1-muon control

region to estimate Z (vv)+jets process in the signal region may improve the model-independent limit on

visible cross-section by 26% for Ejni‘iss > 400 GeV and 62% for E?iss > 600 GeV.
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CR 1—electron 1-muon 2-muon 1-photon

Emiss > 400 GeV

MC yield 823.5 £ 12.7 2977.5+51.4 375.5 £ 18.8 5200.5 + 2.6

purity 77.5% 81.1% 94.1% 99.5%
ERis > 600 GeV

MC yield 104.5+9.4 403.0 £ 19.0 40.0 £6.3 644.0 + 1.6

purity 77.0% 83.4% 92.5% 98.8%

Table 9.1: MC event yield and purity with s ! luminosity for B > 400 GeV and EF* > 600 GeV.

9.2 Two-DiMENSIONAL F1T

A preliminary study was performed in MC to check if additional sensitivity can be obtained by using bins
in jet multiplicity in addition to E%‘iss in the profile likelihood fit. This can better limit systematics that
depend on jet multiplicity, as a fluctuation in jet modeling will not affect the yields in all bins equally.
Additionally, dark matter limits may benefit from an improved signal-background ratio by binning in jet
multiplicity. Figure 9.3 shows the jet multiplicity for backgrounds and select dark matter processes in the
signal region.

The same EM binning scheme as in the simplified shape fit is used, with one normalization factor per
bin of E%ﬂss . However, the signal and control regions are further subdivided according to jet multiplicity
into 1-, 2—, 3—, and 4—jet bins. The relative impact of this subdivision on the systematic uncertainties is
shown in Table 9.2.

The two-dimensional fitting strategy better constrains the top, jet, and E%iss systematics, resulting in
improved limits as shown in Table 9.3. Axial vector mediator limits are improved by ~ 30% and pseu-
doscalar mediator limits are improved by > 30% at low m. The corresponding changes to the my—m 4
and m,, —m limits are shown in Figure 9.4. The limits are improved across all of (1my,mmeq) phase space.

The multivariate fitting scheme will be an excellent analysis extension once enough data is available to

populate the twenty—one signal region (Ej“i‘iss, Nijet) bins.
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Experimental Uncertainty

Impact with Nominal Fit

Impact with 2D Fit

lumiSys

EG_RESOLUTION_ALL
EG_SCALE _ALL
EL_EFF_ID_TotalCorrUncertainty
EL_EFF_Iso_TotalCorrUncertainty
EL_EFF_Reco_TotalCorrUncertainty
JET_GroupedNP_1
JET_GroupedNP_2
JET_GroupedNP_3
JET_JER_SINGLE_NP

MET SoftTrk ResoPara
MET_SoftTrk_ResoPerp

MET _SoftTrk_Scale

MUONS _ID

MUONS_MS

MUONS_SCALE

MUON_EFF STAT

MUON_EFF _STAT LOWPT
MUON_EFF_SYS
MUON_EFF_SYS LOWPT
top_Sys

Total Correlated Error

(—0.54%,0.55%)
(0.02%,0.01%)

(0.09%,—0.09%)
(—0.62%,0.64%)
(—0.11%,0.12%)
(—0.22%,0.23%)
(—1.02%,0.78%)
(—0.87%,0.52%)
(—0.25%,0.47%)
(0.65%,—0.69%)
(0.20%,—0.19%)
(0.02%,—0.01%)
(0.12%,—0.10%)

0.02%,—0.08%)

(—
(0.42%,—1.00%)

0.01%,—0.00%)

(—
(—0.21%,0.23%)
(—0.00%,0.00%)
(—1.42%,1.45%)
(—0.00%,0.00%)
(—3.42%,3.44%)
6.23%

(—0.03%,0.03%)
(0.01%,0.01%)
(0.12%,—0.12%)
(—0.63%,0.65%)
(—0.13%,0.13%)
(—0.25%,0.26%)
(0.54%,—0.55%)
(—0.22%,—0.02%)
(0.04%,0.20%)
(0.41%,—0.39%)
(0.17%,—0.16%)
(0.05%,—0.04%)
(0.06%,—0.02%)
(—0.05%,—0.09%)
(0.46%,—1.11%)
(—0.02%,—0.00%)
(—0.23%,0.23%)
(—0.00%,0.00%)
(—1.46%,1.49%)
(—0.00%,0.00%)
(—0.66%,0.76%)
2.02%

Table 9.2: Impact of experimental systematics on signal region yield when constrained with a fit only to the control
regions. The systematics are defined in Section 7.4. The 2D fitting scheme strongly constrains the luminosity, jet,

and top-background nuisance parameters.

Signal Sample Nominal 2D Fit i % change
m, = 1GeV,my = 0.5 TeV 0.20 0.15 —25%
my, = 1GeV,my = 1TeV 0.86 0.63 —27%
m, = 150 GeV,my = 1 TeV 0.88 0.63 —28%
my, = 1GeV,my = 0.5 TeV 13.5 11.1 —18%
my, = 1GeV,my = 1 TeV 155 136 —12%
m, = 50 GeV, my = 0.3 TeV 5.04 3.43 —-32%

Table 9.3: Upper 95% CL limit on 1 for different signal points using both the nominal fit and two-dimensional fit.
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Figure 9.3: Jet multiplicity in the signal region with the Nje; cut removed. The jet multiplicity is shown for axial
vector mediator models with m, = 1 GeV, m4 = 1 TeV (black) and m, = 1 GeV, m4 = 0.5 TeV (gray) as well
as pseudoscalar mediator models with with m,, = 1 GeV, mg = 1 TeV (pink) and m,, = 1 GeV, mgy = 0.5 TeV
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Figure 9.4: Expected excluded (11, Mimeq) phase space for dark matter production via an axial vector mediator
(left) or pseudoscalar mediator (right) when constraining the background uncertainties with the nominal (black)
and two-dimensional (red) fitting schemes. No pseudoscalar mediator models are excluded, so the contour is
shown for u = 5 instead of i = 1. This study was performed with a subset of the signal grid points used in
Section 8.4.
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10

Conclusions

This thesis has presented the results from a search for dark matter production in monojet events obtained
from proton-proton collisionsat /s = 13 TeV at the LHC, based on data corresponding to an integrated
luminosity of 3.2 b~ ! collected by the ATLAS experiment in 2015. The measurements are in agreement
with the Standard Model predictions.

In the absence of any excess, limits are placed on the existence of new physics. These results are trans-
lated into 95% CL model independent limits on the visible cross section for new physics. Additionally, the
results are interpreted in terms of upper limits on the pair-production cross section of WIMP Dark Matter,
using a simplified model with an axial-vector mediator and fermionic couplings g, = 1 and g, = 0.25.
Mediator masses below 1 TeV are excluded at 95% CL for WIMP masses below 250 GeV. These results
are converted into upper limits on spin-dependent contributions to the WIMP-nucleon elastic cross sec-

0742 2

tion as a function of the WIMP mass. WIMP—proton cross sections above 1 cm* are excluded at 90%

CL for WIMP masses below 10 GeV, complementing results from direct-detection experiments.
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These were one of the first limits on Dark Matter production derived from the 13 TeV LHC data—taking

period. Sensitivity to these models will improve as the LHC continues to collect data. Together with limits

from future direct detection experiments and relic density contraints, most of the relevant model phase

space will be excluded in the coming years [119], as shown in Figure 10.1. If the dark sector interacts with

quarks, it will be discovered here. If not, constraining this sector will have important ramifications for the

future of dark matter detection efforts.
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Figure 10.1: Projected three-year (left) and ten-year (right) sensitivities for near-future experiments [119] in the plane

of DM mass m,, and axial vector mediator mass M . The limits include monojet analyses (green), dijet resonances

(blue), DM direct detection experiments (yellow), and excluding regions of phase space which predict an excess of
thermal relic DM (red). The gray area contains models which violate perturbative unitary considerations [116].
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Jet Quality Variables

This appendix presents a selection of additional plots examining jet quality variables.

A1 Goop AND FAKE JET TOPOLOGIES

The jet selection criteria should efficiently reject jets from background processes while keeping the high-
est efficiency selection for jets produced in proton-proton collisions. Since the level and composition of
background depend on the jet multiplicity and the jet kinematics, two sets of criteria are proposed that
each correspond to different levels of fake jet rejection and jet selection efficiency. Jet candidates arising as
high energy objects produced in a collision event are called “good jets”, while jet candidates coming from
background processes are called “fake jets”.

The criteria for the jet quality selection are optimized by studying two different event samples, one

enriched with good and the other with fake jets:
* Good jets are selected by requiring that the two leading jets have p7 > 70 GeV and are back-to-
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back (A¢;j_; > 3.0 radians) in the plane transverse to the beam. The two jets are required to be
balanced in transverse momentum (|pk — p2|/(p + p%) < 0.3). Events are selected with single
jet triggers.” For each p7-bin considered in this analysis, a dedicated trigger chain is chosen that is
fully efficient (> 99%) while having a prescale factor as small as possible. This sample is dominated
by dijet events produced by strong interactions and will henceforth be referred to as the “good jets

enriched sample”.

* Fake jets are selected from events with at least one jet with p7 > 70 GeV. Since events with fake jets
are characterized by jets with unbalanced transverse momentum, only events satisfying H. %HSS =
|ﬁl}liss\ > 70 GéV are retained. The variable ﬁ%ﬁss is defined as ﬁ%iss = =D jers Pt where all
jets with pr greater than 20 GeV are considered. In addition, the direction of ﬁ%ﬁss should be
opposite to the transverse component of the jet momentum (A¢ pmiss_j > 3.0 radians). In order
to reduce the contribution from physics processes like Z(— vv)+jets, the leading jet is required
to be out-of-time (|tjec| > 6 ns), where the jet time (tje;) is defined is defined from the time of the
calorimeter cell energy deposits by constructing the weighted average of the cell time tcy in the
jet, weighted by the square of the cell energies: tjee = > Egeutcell /> E?eu where the sum runs
over the cells belonging to the jet. Jets produced in proton-proton collisions are expected to be
reconstructed at tjee = 0. This jet sample is dominated by non-collision backgrounds, and will
henceforth be referred to as the “fake jets enriched sample”. The jet triggers used for the good jets

samples are also used to select these jets.

The kinematics of the good and fake jet selections are shown in Figure A.1.

In order to select jets with pr > 70 GeV, two single jet triggers are considered with different online jet pr
thresholds. The one with the high threshold is fully efficient to select offline jets with pt >270 GeV while the
one with the low threshold is fully efficient to select offline jets with pr > 70 GéV. Due to its high rate, the lowest
threshold trigger is prescaled by a factor of about1o. In all distributions presented in this document, the data recorded
by this trigger are normalised taking into account the prescale correction.
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Figure A.1: Distributions of pr (a), 17 (b) and ¢ (c) in the good jets enriched sample for both data (black points) and
the simulation (blue histograms). Distributions from the fake jets enriched samples are also superimposed (red
points). Both selections feature kinematically similar jets. The fake jets selection phi distribution exhibits the
typical azimuthal structure of beam-induced backgrounds as in Figure 7.4.
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CORRELATIONS BETWEEN JET QUALITY VARIABLES

Interesting features of the good and fake jets are revealed when examining correlations between jet quality

variables.
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Figure A.6: Distribution of fe, as a function of f may for the good (a) and fake (b) jets enriched samples in data.
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A3 JET QUALITY VARIABLES AT Low pr

The good jet topology was extended to low-pr to ensure that the jet quality variables were understood in

this regime.
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Figure A.11: Distributions of pr (a), 1 (b), and ¢ (c) in the loose good jets sample (p7 cut relaxed to 20 GeV) for
both data (black points) and the simulation (green histograms).
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Beam Background Tagging Efficiency

The estimation of non-collision background in the signal region is obtained by correcting the number
of events tagged as beam-induced-background by the efficiency of the tagger, as described in Section 7.2.
However, several different sets of cuts can be applied on top of the signal region selection to construct a bib-
enriched sample, and the measured tagging efficiency is not consistent across different fake jet selections.
As the NCB yield in the signal region depends directly on the measured tagger efficiency, the systematic
uncertainty on the yield is determined by evaluating the tagger efficiency for three separate BIB—enriched

selections:

1. A BadTightjet sample consisting of events in the signal region in which the leading jet fails the tight
cleaning criteria. The tagger efficiency measured in this sample is 25 & 0.2%. Using this efficiency,
the total amount of non—collision-background with E%iss > 250 GeV in the signal region is 113

events.

2. Alatejet sample which contains events in the signal region without tight cleaning applied, in which
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the leading jet is out-of-time with ¢ > 5 ns. The tagger efficiency measured in this sample is 45 £
0.7%. With this efficiency, the total amount of non-collision-background with E?iss > 250 GeV

in the signal region is 63 events.

3. Anearlyjet sample of events in the signal region without tight cleaning applied, in which the leading
jetis out-of-time with ¢ < —5 ns. The tagger efficiency measured in this sample is 22 +0.4%. With
this efficiency, the total amount of non-collision—-background with E%iss > 250 GeV in the signal

region is 128 events.

As the BadTight jet sample also includes all out—of-time jets (as shown in Figure B.1), the efficiency
calculated from this selection is used for the nominal estimation of the non-collision-background yield
of 113 events. As the early and late jet selections respectively produce NCB estimations of 128 and 63 events,

a conservative 100 % systematic uncertainty is put on the NCB estimation. *

“The different tagging efficiency measured for the jets with ¢ < 0and ¢ > 0 is likely due to the position of the
CSC readout window. The fake jets with ¢ < 0 are associated to the nominal radio-frequency bucket where the
beam-induced muon create a signal in the incoming CSC station just at the edge of its readout window. The jets
with ¢ > 0 are associated with de-bunched ghost charge from later radio-frequency buckets and therefore the beam-
induced muons arrive at least by 2.5ns later. This positions them further into the CSC readout window, resulting in

higher efficiency of the tagging method.
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Figure B.2: The evolution of the fake jet rate in the full dataset, evaluated as the number of events in the
BIB-enriched selection (for R > 250 GeV) per 1 b~ 'of data.
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Search for Dijet Resonances

C1i OVERVIEW

The dijet analysis [124] is a search for massive particles decaying into jet pairs. As any new particles pro-
duced in LHC collisions must interact with the partons of the proton, the new particles can also produce
quarks or gluons in the final state. The dijet analysislooks for mass resonances in the dijet spectrum, shown
in Figure C.1. In the absence of any excess, this channel provides a powerful constraint on strongly coupled

new physics.
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Figure C.1: The reconstructed dijet mass m ; distribution using the data collected by the ATLAS detector in 2015
and 2016, corresponding to an integrated luminosity of 3.5 fb ! and 12.2 fb ™1, respectively [124]. No excess is
observed.

C.2 LiMmrTs

Limits on g§ — Z' — ¢ are presented for a selection of dijet searches to complement the limits shown

in Figures 8.6 and 8.7.
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Figure C.2: 95%CL upper limits on predicted cross-section as a function of the coupling to quarks gp = 6g4 and
the mass Mz obtained from the /s = 8 TeV m; distribution [121].
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Figure C.3: 95%CL upper limits on predicted cross-section as a function of the coupling to quarks g, and the mass
M obtained from the /s = 13 TeV m;; distribution [124].
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Figure C.4: 95%CL upper limits on predicted cross-section as a function of the coupling to quarks g, and the mass
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