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ABSTRACT

Longstanding evidence from observational astronomy indicates that non-luminous
“dark matter” constitutes the majority of all matter in the universe, yet this mys-
terious form of matter continues to elude experimental detection. This dissertation
presents a search for dark matter at the Large Hadron Collider using 139 fb™! of
proton-proton collision data at a centre-of-mass energy of /s = 13TeV, recorded
with the ATLAS detector from 2015 to 2018. The search targets a final state topol-
ogy in which dark matter is produced from the proton-proton collisions in association
with a pair of W bosons, one of which decays to a pair of quarks and the other to
a lepton-neutrino pair. The dark matter is expected to pass invisibly through the
detector, resulting in an imbalance of momentum in the plane transverse to the beam
line. The search is optimized to test the Dark Higgs model, which predicts a signa-
ture of dark matter production in association with the emission of a hypothesized
new particle referred to as the Dark Higgs boson. The Dark Higgs boson is predicted
to decay to a W boson pair via a small mixing with the Standard Model Higgs bo-
son discovered in 2012. Collisions that exhibit the targeted final state topology are
selected for the search, and an approximate mass of the hypothetical Dark Higgs
boson is reconstructed from the particles in each collision. A search is performed by
looking for a deviation between distributions of the reconstructed Dark Higgs boson
masses and Standard Model predictions for the selected collisions. The data is found
to be consistent with the Standard Model prediction, and the results are used to
constrain the parameters of the Dark Higgs model. This search complements and
extends the reach of existing searches for the Dark Higgs model by the ATLAS and
CMS collaborations.
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Chapter 1

Introduction

With the discovery of the Higgs boson in 2012 [6, 7], the final piece of the Stan-
dard Model fell into place. Developed during the latter half of the 20th century, the
Standard Model describes all known particles and their interactions. The model has
demonstrated remarkable predictive power, and can account for nearly all phenomena
observed in particle physics detectors to date, with no firmly established deviations
from its predictions. Yet, it is known to be incomplete. Among the observed phe-
nomena that it fails to explain [8, 9, 10] are multiple lines of astronomical observation
that collectively point to the existence of a new form of non-luminous matter in the
universe known as “dark matter” (DM).

While the nature of DM remains a mystery, the observational data strongly suggest
that it will take the form of one or more new particles beyond the Standard Model. In
addition to its gravitational interactions with massive particles, theoretical considera-
tions give good reason to expect that the new particle(s) could experience additional,
albeit weak, couplings to particles of the Standard Model by mechanisms yet to be de-
termined. The study presented in this thesis is part of a multi-pronged international
effort to search for evidence of particle DM by means of its non-gravitational interac-
tions in particle physics experiments. In particular, this study probes new ground in
the search for DM production in high-energy particle collisions at the Large Hadron
Collider (LHC) at CERN.

This chapter introduces the Standard Model, focusing on aspects that are par-
ticularly relevant to the presented search, and discusses the astronomical evidence
for the existence of DM in the universe. It also introduces the range of experimental
strategies that are currently employed to search for evidence of DM in particle physics

detectors, and how this search fits into the wider DM search programme at the LHC.



1.1 Introduction to the Standard Model

The Standard Model (SM) describes all known elementary particles and three of
the four known forces by which they interact with one another - the strong, the
electromagnetic (EM), and weak forces. The theory of general relativity [8], which
describes the gravitational force, has yet to be incorporated into the SM.

The known particles, illustrated in Figure 1.1 are divided into two classes known
as “fermions” and “bosons” on the basis of an intrinsic form of angular momentum
known as “spin”. Fermions carry spin %, and bosons carry integer spin.

The specific forces by which particles in the SM interact with one another are
determined by the charge(s) that they carry. Particles that carry electric charge
interact with other particles carrying this charge via the EM force. Similarly, particles
that carry weak and colour charge interact via the weak and strong forces, respectively.

Each fermion has a corresponding anti-particle with the same mass, but with
opposite values of the charges it carries - for example, the electron e~ carries negative

electric charge and its antiparticle, the positron e™, carries positive electric charge.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(fermions) (bosons)
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Figure 1.1: Names and fundamental properties of particles in the Standard Model.
Figure from © [11].



1.1.1 Fermions

Fermions are further sub-divided into leptons and quarks, depending on the charges
they carry, and hence by the forces with which they interact. There are three known
generations of fermions, labelled I, IT and IIT in Figure 1.1, each with significantly
larger mass than the last. Each generation contains a pair of quarks and a pair of
leptons, along with their associated antiparticles. The quark pair consists of one “up-
type” quark with positive electric charge and one “down-type” with negative charge.
The lepton pair consists of one charged lepton and one charge-neutral “neutrino”.

Leptons carry electric charge and weak isospin, and as a result interact with one
another and with other particles carrying these charges via the EM and weak forces,
respectively.

Like leptons, quarks also carry electric charge and weak isospin, and additionally
carry colour charge. The colour charge allows quarks to interact via the strong force.
As a result, quarks interact by all three forces described by the SM. Unlike charged
leptons, which carry an electric charge of +1, quarks carry fractional electric charge;
up-type (down-type) quarks carry a charge of +2 ( — 3).

Due to an effect known as “colour confinement”, quarks cannot exist as stable par-
ticles in isolation, and must instead combine with other quarks to form stable “colour-
neutral” states called “hadrons”. The two major forms of hadrons are “mesons”
formed by a quark-antiquark pair and “baryons” formed by three quarks. Although
the intrinsic strength (i.e. probability) with which particles couple via the strong
interaction is 3 (14) orders of magnitude greater than via the EM (weak) interaction
[12], the range of strong force interactions is limited by colour confinement to the
approximate size of the proton (107*m). The LHC collides protons with sufficient
energy to probe interactions between their constituent quarks and gluons at length
scales smaller than the size of the proton. Due to the large strong force coupling at
this scale, there is a relatively high probability that the interactions initiated by these

collisions will proceed via the strong force compared with other forces.

1.1.2 Bosons

Bosons in the SM are divided into “gauge bosons” and “scalar bosons”. The gauge
bosons are spin 1 force carriers that mediate interactions between particles. The
photon mediates EM interactions between electrically charged particles. The gluon

mediates the strong interaction between quarks. Unlike charge-neutral photons, the



gluon itself carries colour charge, which allows it to self-interact via the strong force.
The weak force is mediated by three particles: the electrically neutral Z boson, and
two W bosons (W*) with opposite electric charges of +1.

Scalar bosons are defined as spin 0 particles. There is only one scalar boson in the
SM, namely the Higgs boson (or, simply, the “Higgs”) [13, 14, 15] . Particles in the
SM acquire mass via their interaction with the Higgs field. As such, the Higgs only
interacts with massive SM particles, which includes all particles except the photon
and the gluon. The more massive the particle, the stronger its coupling with the
Higgs. Neutrinos are a possible exception; there is at present no mechanism in the
SM by which neutrinos could interact with the Higgs field, so the origin of their tiny

masses remains an open question.

1.1.3 Collision and Decay Processes at Colliders

The high-energy counter-rotating proton beams at the LHC are brought into head-on
collisions at four interaction points around the ring, each of which is surrounded by
a detector!. At each interaction point, constituents of the colliding protons known as
“partons”? can pair annihilate to form observable collision products via one or more
“virtual mediators”?, and the collision products are subsequently measured by the
detector.

Each process that describes a physically allowed mechanism by which partons
may annihilate to form observable particles has a certain probability of taking place
relative to other possible annihilation and production processes. The probability
that a given process will take place is quantified by its “cross section” o. The beam
luminosity £ relates the rate of collisions ‘fi—];] that proceed via a given process to the
cross section of the process:

% = Lo (1.1)

The luminosity can be integrated over a period of time t; to t5, such that the total
number of events expected to be produced via a process with cross section o over the

given period is related to the “integrated luminosity” L, by:

ISee Chapter 3 for a detailed discussion of the LHC and the detectors that surround the four
interaction points.

2See Section 3.1 for an introduction to the parton model.

3See Section 1.1.5 for a discussion of virtual particles.



t2
N = 0/ L(t)dt = oLy (1.2)

t1
1.1.4 Unstable Particles

The lowest-mass “first-generation” quarks and charged leptons located in column I
in Figure 1.1 are, along with neutrinos and the massless photons and gluons, the
only stable particles in the SM. All other particles are unstable, and will decay to
less-massive particles after they are produced.

The decay of an unstable particle occurs randomly with respect to the time elapsed
since the particle was produced, with the elapsed time governed by Poisson statistics.
The probability P(¢) that an unstable particle will have decayed after a time ¢ has

elapsed in its rest frame is given by the following cumulative exponential distribution:

Pit)=1-—¢~ (1.3)

where 7 is the mean lifetime of the particle.

Unstable Resonance and the Breit-Wigner Formula

Due to their finite lifetime, the Heisenberg uncertainty principle implies that unstable
particles will not be produced with a well-defined mass, but rather with a mass
distribution peaked at a central value mgy. The probability density function p(m)
associated with measuring an unstable particle to have a mass m is given by the

Breit-Wigner formula [16]:

1

2
(m—m0)2+%

p(m) o (1.4)

which exhibits a resonant peak of width I'g centred at mg. The lifetime of the unstable
particle is related to the width of its Breit-Wigner resonance by 7 = %

For unstable mediators produced in high-energy colliders which decay to a pair
of detectable particles, the mediator mass can be reconstructed as the combined
invariant mass® of its measured decay products. Neglecting detector resolution effects,
the cross section o(m) associated with producing an unstable particle with a given

reconstructed mass is expected to be proportional to its Breit-Wigner distribution:

4The invariant mass m of two particles with four-momenta p; and ps is in general given by:
m? = (p1 + p2)® = (E1 + E2)* — (p1 + p2)?



o(m) o p(m). This results in a characteristic resonant peak in the reconstructed
invariant mass distribution of the mediator’s decay products, which can be used to

identify the unstable mediator, and to measure its mass and lifetime.

1.1.5 Feynman Diagrams

The interaction mechanisms by which observable collision products are produced from
the annihilation of two partons can be represented by Feynman diagrams, which are
described in detail in Chapter 2 of Ref. [12] and summarized here. As an example,
the Feynman diagram for the Drell Yan process in which a ¢g pair annihilate to form
a lepton pair £/ via the exchange of a virtual photon (7*)® or Z* boson mediator is
shown in Figure 1.2.

The particles involved in the interactions are represented as lines in a Feynman
diagram, with different particle types represented by different line styles - fermions
are generally represented by solid straight lines, and bosons (with the exception of
gluons) are generally represented by wavy lines. Particle interactions are represented
by vertices at which lines in the diagram intersect. The annihilation of a ¢ pair to
form the virtual */Z* mediator is represented in Figure 1.2 by the vertex at which
the ¢ and ¢ fermion lines meet the v*/Z* boson line, and the subsequent decay of the
v*/Z* to €l is represented by the vertex to the right at which the 7*/Z* line meets
the ¢ and / lines. Note that time flows horizontally from left to right in Feynman
diagrams, so the colliding g pair are shown on the left and the observable decay

products ¢ on the right.

Figure 1.2: Feynman diagram for the Drell Yan process.

°The * indicates that mass of the virtual particle may be off-shell (see discussion of virtual
particles below).



Virtual Particles

In general, ingoing and outgoing lines in a Feynman diagram represent real observable
particles, and internal lines represent so-called virtual particles. Virtual particles
are not observable, but are rather a representation of the mechanism involved with
producing the observable final-state particles. Importantly, virtual particles can take
on any mass needed to satisfy energy and momentum conservation at each interaction

vertex.

Matrix Element

The final-state observables (momenta of outgoing particles) associated with a process
of particle production from pp collisions at the LHC, such as the Drell-Yan process
shown in Figure 1.2, depend in general on both the phase space and dynamics of the
process. The phase space represents the full space of available kinematics (masses
and momenta) for the incoming and outgoing particles. The dynamics are encoded
in the matrix element M, which is calculated on the basis of the internal structure

of the process as represented by the Feynman diagram.

1.1.6 Mathematical Formulation of the Standard Model

The SM is formulated mathematically as a quantum field theory, in which particles of
the SM are represented as excitations of quantum fields. The mathematical formula-
tion of the SM is presented in detail in standard texts [12, 17], and briefly summarized
in this section, with focus placed on aspects that are relevant to later discussions in
this thesis.

Lagrangian Densities

As in classical field theories, the quantum fields of the SM and their interactions are
powerfully described by the formalism of Lagrangian densities, which are functions of
the quantum fields and their derivatives. For example, interactions between photons
and electrically charged fermions are described in quantum electrodynamics (QED)

by the following Lagrangian density term:

EQED, interaction — _qu (m)vovﬂw(x)A,u(x) (15)



where ¥ (x), a function of the four spacetime coordinates represented by z, is the
quantum spinor field of the spin—% fermions in the SM. A, (x) represents the vector
field of the massless spin-1 photon and v* are the Dirac matrices [12]. The index g
runs over the four spacetime coordinates. The factor ¢ represents the electric charge
of the fermion involved in the interaction and its value® determines the strength of

the interaction.

Symmetries and Group Theory Description

Symmetries in the Lagrangian density function associated with each fundamental
interaction are described in the language of group theory by classifying the funda-
mental interactions into gauge groups that describe their symmetries. For example,
QED exhibits a symmetry under local phase transformations, described by the uni-
tary local gauge group U(1). This means that the Lagrangian Lqgp is invariant
under the multiplication of the fermion spinor ¢(z) by a unitary function U = ¢*(*)
(unitarity implies that UTU = 1), where 6(z) can be any function of the spacetime
coordinates x. It is found that this symmetry can be ensured by the inclusion of
the vector field A,(z) in the QED Lagrangian, which is identified with the physical
photon. Because it ensures invariance under the U(1) gauge group, the vector field
A, (z) is referred to as a “gauge field”, and the corresponding boson (the photon) as
a “gauge boson”. The symmetries in the SM are described by the direct product” of

the U(1)xSU(2)xSU(3) gauge groups.

Quantum Chromodynamics

The theory of quantum chromodynamics (QCD), presented in standard texts such
as Ref. [19], describes the strong interactions mediated by gluons between particles
with colour charge (quarks and gluons). Its symmetries are described by the SU(3)
gauge group. The quarks are represented by a three-component vector of spinors:
e = {4y, ¥y, s}, where the subscripts refer to the three colours - red, green and blue
- that constitute the charges of the strong interaction. The QCD Lagrangian (see eg.
Eq. 10.88 in Ref. [12]) is symmetric under a transformation of the vector of quark
spinors 9. by a 3 x 3 SU(3) matrix, which is unitary with determinant 1. The SU(3)

symmetry is ensured by the inclusion of an eight-component set A,, of vector gauge

SThe electric charges of all fermions in the SM are as follows: +1 for charged leptons, —i—% (—%)
for up (down) type quarks and 0 for neutrinos.
"General definitions in group theory can be found, for example, in Section 1.1 of Ref. [18].



fields in the QCD Lagrangian. The associated gauge bosons are identified as the eight
physical gluons, each of which possesses a unique superposition of rgb colour states
[12].

Electoweak Theory and the Higgs Mechanism

The mathematical descriptions of the weak and EM forces are unified into a single
“electroweak” theory (for a review, see [20]) whose symmetries are described by the
SU(2)xU(1) product of gauge groups.

Developed in 1954, Yang-Mills theory [21] showed that a set of three massless
vector gauge bosons, referred to as the “isospin triplet” W are needed to satisfy the
SU(2) symmetry, and a fourth massless vector gauge boson B is needed to satisfy the
U(1) symmetry. Despite satisfying the SU(2) symmetry of the weak interaction, the
weak isospin triplet predicted by Yang-Mills theory falls short of fully describing the
physical W* and Z bosons that mediate the weak interaction, which are known to
be massive [22].

The U(1)xSU(2)xSU(3) symmetry of the SM Lagrangian does not admit mass
terms of the form m% XX, where X is an arbitrary field. Proposed in 1964, the
“Higgs mechanism” [13, 14, 15] provides a means of generating the masses of the
physical W# and Z bosons, as well as all other massive particles (with the exception

of neutrinos), by adding the following term to the SM Lagrangian:

Ltiggs = (D"H)' (D, H) — V(H) (1.6)

where

1 0
-5 .

h(z) is interpreted as the scalar field of the physical Higgs boson, and v as the
so-called “vacuum expectation value”. With H in this form, Lyigs is described by
the U(1) symmetry group but not the SU(2) group, and is thus said to “break” the
electroweak symmetry SU(2)xU(1) to the QED gauge symmetry U(1).

The covariant derivative D, H in Eq. 1.6 takes the form:

1 1
D,H = (0, + zégakW/'f - zig’Bu)H (1.8)
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where o, are the Pauli matrices, and g and ¢’ are the coupling constants between the
Higgs field and the W and B fields, respectively.
The Higgs potential V(H) takes the form:

V(H)=—p*H'H + \N(H'H)? (1.9)

where the second term describes quartic self-interactions of the Higgs field.

The emergence of the massive physical W*, Z bosons and the massless photon
comes from the interactions of the electroweak W and B fields with the Higgs field to
produce “mass” terms in the Lagrangian of the form m% X1X. This can be seen by
expanding Equations 1.6 and 1.8, considering only the terms involving the vacuum

expectation value v:

Lhiges = %2[92((1/[/;)2 + (Wmu2)2) + (gWE —g'B.)* +[..] (1.10)

with the physical vector boson fields and masses defined as:

1
Wi = (W, F W) with mass  my = -
— 1 3 / : — v 2 2
Z, = W(gwu g'B,) with mass mz =5V +g (1.11)
_ 1 11173 : _
A, = W(g W +gB,) with mass ~ muy =0

Inserting the definitions of the physical vector boson fields from Eq. 1.11 back
into Eq. 1.10, it can be readily confirmed that Eq. 1.10 takes the form Lyges =
[m%V(Wi)L(Wi)“ + m3,Z\ 2" + miALA“] + [...]. Masses of fermions are likewise
generated by so-called Yukawa couplings [23] between the fermion and Higgs fields.
The dark Higgs model used to optimize and interpret the DM search presented in
this thesis postulates that DM, as well as any hypothetical new bosons that mediate
its interactions with SM particles, would acquire their masses by means of their

interaction with the dark Higgs field S, as discussed in Chapter 2.

1.2 Evidence for Dark Matter from Observational Astronomy

Looking beyond the SM, many independent astronomical observations collectively

provide compelling evidence for the presence and abundance of a new form of matter
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in the universe that is not directly observable because it neither emits nor absorbs
light. Some of the earliest and clearest evidence for this so-called “dark matter” (DM)
came in 1978, when Rubin et al. [24] reported systematic anomalies in measured
rotation speeds of spiral galaxies. In particular, distributions of the rotation speed as
a function of the radial distance from the galactic centre differed in shape from what
would be expected on the basis of the distribution of galactic mass measured from

the observed luminosity profile.

observed

expected
from
luminous disk

R (kpc)

M33 rotation curve

Figure 1.3: Observed rotation speed of the nearby dwarf galaxy M33, overlaid on an
optical image of the galaxy. Yellow data points show observed rotational speed of the
galaxy as a function of the radial distance from the galactic centre (in kpc). Dashed
line shows the expected rotational speed on the basis of the calculated mass of the
luminous stellar disk. Figure from © [25].

Spiral galaxies were known at the time to be comprised of a central spheroidal
“galaxy bulge” that contains the majority of luminous matter in the galaxy, in addi-
tion to a “disk” extending out to larger radii from the galactic centre, within which
the density of luminous matter falls off exponentially with radius. If one assumes that
the distribution of mass in the spiral galaxy follows its luminosity profile, application
of Newtonian gravitational mechanics® would predict the rotation speed to peak near
the edge of the central galaxy bulge, as illustrated in the blue dashed line in Figure
1.3 for the dwarf galaxy M33, and fall off at larger radii due to the exponentially

8Rotation speeds of spiral galaxies are in general non-relativistic (typically vpor/c < 1% [26]).
Since Newtonian gravitational mechanics represents an accurate approximation of general relativ-
ity in this macroscopic non-relativistic regime, it is generally assumed to provide an appropriate
framework for the mathematical description of galactic rotation curves.
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decaying matter density of the disk. However, the observed galactic rotation speed,
shown as yellow data points in Figure 1.3, is generally observed to continue increasing
well beyond the luminous galactic bulge. These anomalies in galactic rotation curves,
which have since been observed in hundreds of spiral galaxies [26], can be explained
by postulating an additional source of non-luminous matter density in galaxies, DM,
which extends well beyond the luminous bulge and provides the necessary gravita-
tional potential to prevent the rotation speeds from falling off beyond the bulge.

In the years following the early reports by Rubin et al., modifications to the laws of
Newtonian gravity at galactic scales [27] were considered as an alternative to explain
the anomalies without invoking the need for DM. However, while the proposed modi-
fications to gravity were successful in describing the observed galactic rotation curves,
numerous astronomical observations in other contexts have independently turned up
results that indicate a need for DM in the universe, many of which cannot be easily
explained by modifying Newtonian gravity. Additional evidence at galactic scales
comes from significant differences between the spatial distributions of matter density,
measured using gravitational lensing, and of luminous matter following collisions of
galaxy clusters, such as the Bullet cluster identified in 1995 [28], which indicate that
the majority of the matter density in the colliding galaxies is non-luminous. Studies
of the relative contribution to the masses of galaxy clusters from luminous matter
using data from the Chandra X-ray observatory [29] suggest that only 15-20% of the
mass composition of the galaxies studied is comprised of luminous matter, with DM
comprising the remaining 80-85%.

Because of their stability and EM interactions, protons and neutrons comprised
of bound quarks, as well as their bound electrons - collectively known as “baryonic
matter” - comprise by mass the overwhelming majority of known luminous matter
in the universe. The theory of Big Bang nucleosynthesis (BBN) (for a review, see
Section 24 of Ref. [22]) predicts that the production of light nuclei - D, *He, *He,
and “Li - took place in the early universe following the Big Bang (see Ref. [30] for a
review of the Big Bang theory), as the universe expanded and cooled sufficiently to
allow their formation by means of nuclear fusion reactions. BBN theory predicts that
the abundances of these light nuclei in the universe were fixed during BBN, following
which the rate of the nuclear fusion reactions became negligibly small due to the con-
tinued expansion and cooling of the universe. Importantly, the theory also predicts
that the relative abundances of the light nuclei are highly sensitive to the density

of baryonic matter in the universe, which was fixed prior to their formation. As a
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result, their relative abundance can be used to infer the density of baryonic matter
in the universe in the context of BBN theory. Using this approach, precision mea-
surements of the abundances of light nuclei inferred from observational data indicate
that baryonic matter constitutes approximately 5% [22] of the energy density of the
universe. Current measurements of anisotropies in the cosmic microwave background
(CMB) [31] measured by the Planck collaboration [32], interpreted in the context of
the ACDM model of cosmology (for a review, see Section 25 of [22]), indicate that
approximately 30% of the energy density of the universe is comprised of matter, with
the missing 25% identified as non-baryonic DM. This result implies that 85% of all
matter in the universe is comprised of non-luminous DM, consistent with the findings

discussed above from measurements of galaxy clusters.

1.3 Dark Matter Composition Hypotheses

The previous section presented a diverse range of astronomical observations that col-
lectively point to the need for DM in the universe. While active research continues
within the theoretical community (see, for example, Refs. [33, 34]) into the possi-
bility of modifying the laws of gravitation at astronomical scales to explain these
observations without the need for DM, there are significant theoretical challenges
involved with designing modifications that can consistently explain the range of ob-
servational anomalies at scales ranging from individual galaxies to galaxy clusters,
while simultaneously addressing the apparent need for DM at cosmological scales
from the discrepancy between measurements of the baryonic mass density from BBN
and the much larger total mass density inferred from anisotropies in the CMB. As
a result, DM is widely considered the leading hypothesis to explain the full range of
observational data.

While the astronomical observations provide a wealth of information regarding
the composition of DM in the universe by means of its gravitational effects on visible
matter, they provide relatively few clues as to what actually comprises the DM. Its
abundance in the present day universe indicates that it must be stable on cosmologi-
cal timescales (i.e. billions of years). The evidence from BBN and CMB anisotropies
indicates that the DM must be non-baryonic. Its non-luminous nature further im-
plies that it neither emits nor absorbs photons, and therefore has negligible or no

charge under the EM force. Besides baryons, neutrinos - with their tiny but nonzero
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masses’ - represent the only other massive stable particles currently known to the SM,

and satisfy the requirement of being electrically neutral. However, the possibility of
neutrinos constituting any appreciable fraction of the DM was ruled out by studies
published in the 1980’s [35], which demonstrated that the large scale structure of the
universe would differ significantly from what is observed today if the mass density
of the universe were dominated by neutrinos due to their ultra-relativistic velocity.
More generally, analysis of the measured anisotropies in the CMB measured by the
Planck collaboration [32] is found to strongly favour the standard ACDM model in
which the DM is predominantly comprised of “cold” particles, so called because they
travel at non-relativistic velocities.

With the stable particles of the SM ruled out, the current most widely accepted
hypothesis is that DM is comprised of a new form of cold non-baryonic matter that

is not currently described by the SM.

1.3.1 Origin and Interactions of Particle Dark Matter

Despite the observable effects of its gravitational interactions at astronomical scales,
the strength of gravitational couplings between massive particles is ~ 30 orders of
magnitude weaker than any of the other three known forces [12]. As a result, gravi-
tational interactions between DM and SM particles are far too weak to be observable
in particle detectors. Given that there have not yet been any conclusive indications
of DM in particle detectors, it can be further deduced that any non-gravitational
interactions between DM and particles of the SM are relatively weak compared with
the strong, weak and EM couplings between SM particles. However, most theories
that aim to describe the origin of the observed abundance of DM in the present day
universe imply the existence of non-gravitational couplings between DM and SM par-
ticles, and in many cases predict that the couplings could be strong enough to be
probed by modern particle detection methods. This produces a generic class of DM
candidates known as weakly-interacting'® massive particles (WIMPs).

A positive detection of WIMPs would not only confirm the hypothesis of particle
DM, but would also allow physicists to begin to study its properties as a particle, and

test theoretical extensions of the SM that incorporate particle DM.

9Current constraints from cosmology place an upper limit on the sum of neutrino masses from
all generations of 0.17 eV, 3 x 10° times smaller than the electron mass.

10The “weak” interactions of the WIMP DM candidates are in general not necessarily associated
with the weak force, but are simply too weak to have produced a measurable signature in particle
detectors to date
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Dark Matter Origin from Thermal Freeze-out

A review of the existing hypotheses for the origin of DM can be found in Section 27.3
of Ref. [22]. Of these, the so-called “thermal freeze-out” scenario is a popular candi-
date, because it postulates that the observed DM density in the present day universe
originated from the same process of thermal decoupling that produced the primordial
abundances of light nuclei in the well-tested BBN scenario discussed earlier. The
hypothesis postulates that in the very early universe, matter was sufficiently dense
and energetic to establish thermal equilibrium between DM and SM particles due to
interactions between DM and SM particles (so-called “DM-SM interactions”). As the
universe expanded and cooled, eventually the rate of DM-SM interactions became too
low to maintain thermal equilibrium between the two species. At this point, known
as “thermal freeze-out”, DM became decoupled from SM particles, thus fixing the
relic abundance of DM observed in the present-day universe.

For cold DM relics (v/c < 0.1 at the time of freeze-out), and assuming that the
relic abundance is predominantly set by direct DM-SM interactions, analysis of the
observed relic abundance of DM in the context of the thermal freeze-out hypothesis
(see, for example, Section B of Ref. [36]) implies that the cross section for SM-
DM interactions should be ogypm = 1 pb, comparable to typical cross sections for
interactions mediated by the weak force. Searches for DM in particle detectors (for
a review, see [37]) have yet to turn up any hints of a DM candidate with interaction
cross sections with the SM near the weak scale. However, the cross section constraint
can be significantly relaxed by considering a scenario in which the relic abundance
of DM is set not by direct interactions between the DM and the SM, but rather by
interactions between DM and an unstable mediator, which subsequently decays to
SM particles (see, for example, Ref. [38]). The DM search presented in this thesis
is interpreted in the context of such a scenario, wherein the unstable mediator is the
Dark Higgs boson [39, 40].

1.4 Dark Matter Search Strategies

There are three complementary approaches used to search for particle DM by means
of its non-gravitational interactions. Direct detection searches (for a review, see [41])
aim to detect evidence of a recoil induced by elastic scattering between a DM particle
in the galactic halo and a target particle in the detector. Indirect searches (for a

review, see [42]) use observational data to search for evidence of particles produced
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by DM annihilation or decay in particular regions of the observable universe that
are expected to have a high DM density. Searches for DM at colliders (for a review,
see [43]), of which the work in this thesis is an example, study the decay products
from high-energy collisions of subatomic particles to search for an above-background
excess of events that could be consistent with DM having been produced in some of

the collisions.

1.4.1 Direct Detection

Direct detection searches operate in very low-background environments, typically in
underground facilities such as SNOLAB (for a review, see Ref. [44]), in order to
minimize scattering events in the detectors from non-DM sources such as cosmic rays
and radioactivity, and detailed studies are performed to determine the expected rate of
events from all possible background sources. As a result, a significant excess of elastic
scattering events, particularly if observed in multiple direct detection experiments,
would offer a clear signature of interactions with DM in the galactic halo.

If no evidence of excess scattering events is found, experiments place upper bounds
on DM-nucleon interaction cross section with a largely standard set of methods and
assumptions (most notably the local DM density and the relative speed with which the
DM passes through Earth) - see, for example, Ref. [45] - which facilitates comparison
between different experiments. Figure 1.4 summarizes the current upper bounds on
the spin-independent!! DM-nucleon interaction cross section from all direct detection
searches. The searches probe down to many orders of magnitude below the weak scale
(0 ~ 1073%cm™2) over ~ 4 orders of magnitude of candidate DM masses. However,
current direct detection strategies generally suffer practical limitations to the ranges
of DM masses and interaction cross sections that can be probed. The lower bound
on accessible DM masses is in general dictated by the signal to noise ratio of the
detector, referred to as the “noise wall”, which is quite difficult to overcome. The
range of accessible cross sections is also bounded from below for most direct detection
experiments by the so-called “solar neutrino floor”, below which the measured event
rate becomes dominated by the irreducible flux of solar neutrinos passing through the
Earth.

11Spin-dependent vs. spin-independent DM-nucleon interactions differ according to whether the
coupling is sensitive to the spin state of the target nucleon [41].
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Figure 1.4: Summary of upper bounds from direct detection searches on the in-
teraction cross section for spin-independent WIMP-nucleon scattering, over a range
of hypothetical WIMP masses. Upper bounds from individual searches are shown
as solid lines. Results labelled “M” were obtained assuming the Migdal effect [46].
Shaded green region shows combined exclusion from all searches, excluding results
obtained assuming the Migdal effect. Yellow dashed line shows the solar neutrino

floor for a Ge target, computed using the assumptions and methodology presented in
Refs. [47, 48]. Figure from (©) [41].

1.4.2 Indirect Detection

By searching for excesses of several potential DM annihilation products in observa-
tional data - gamma rays, charged leptons and antimatter - in addition to neutrinos,
indirect detection searches (reviewed in Refs. [42, 49, 22]) can avoid the limitation of
the solar neutrino floor. Depending on the target species, these searches can also tar-
get a wider range of candidate DM masses compared with direct detection searches.
Due to the many potential processes that could produce the target particles in obser-
vational data - both within and beyond the SM - indirect searches generally contend
with relatively large uncertainties associated with modelling the expected flux from

these background sources.

1.4.3 Searches for DM at Colliders

Rather than searching for non-gravitational interactions of relic DM on Earth or in the
observable universe, searches for DM at colliders (for a review, see [43]) instead look

for evidence of DM production from high-energy particle collisions. Like neutrinos,
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DM would be expected to pass invisibly through any detector surrounding the collision
point due to its very low interaction cross section, producing a momentum imbalance
transverse to the beam line referred to as EX5!2. An excess of collision events with
large final-state EM5 above the rate expected from SM processes with final-state
neutrinos would be consistent with the production of DM in the high-energy collisions.
Given that other hypothetical new physics processes (see, for example, Refs. [50, 51])
could also produce an excess of high-ER events from non-DM sources, any such
findings would benefit from corroborating DM detections in direct and/or indirect
detection experiments.

Despite operating in a very high background environment, colliders offer numerous
advantages that allow DM searches performed using collider data to complement and
potentially extend the reach of direct and indirect searches. First, the detectors used
by particle colliders are often designed to measure all final-state particles produced
by the collisions and their kinematic information with high precision. This detailed
final-state information allows DM searches to target specific final-state topologies,
which can lead to substantial reductions in SM background processes and considerably
enhance the sensitivity to hypothetical DM production processes that predict events
with the targeted topology. Second, by targeting DM produced in the collisions
and adopting a search strategy that does not require the DM to interact with the
detector, searches at colliders are insensitive to the neutrino floor that will challenge
the sensitivity of next-generation direct detection searches. Third, while the range of
DM masses is bound from above by the centre of maximum centre-of-mass energy of
the particle collisions (~TeV for proton-proton collisions at the LHC), DM searches
at colliders do not suffer the noise wall that limits the sensitivity of direct detection
searches below ~ 1 GeV (see Figure 1.4).

Even if particle DM is first discovered at a non-collider experiment, the detailed
final-state information available in particle collision data will enable detailed mea-
surements of its properties and interactions, provided that it can be produced at

colliders.

128ee Section 3.4.4 for a detailed introduction to missing transverse momentum in the ATLAS
detector.
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1.4.4 Searching for Dark Matter at Particle Accelerators
Approaches used to Search for DM at Colliders

The concept of searching for evidence of DM production in high-energy particle col-
lisions is currently being pursued by numerous collaborations. The particular energy
scales and detector technologies available to each experiment can be exploited to tar-
get specific mass ranges and possible DM production mechanisms, thus allowing for
a rich programme of complementary searches.

The proton-proton collision experiments at the Large Hadron Collider (LHC)!3
[52] - ATLAS [53], CMS [54] and LHCb [55] - benefit from the world-leading 13 TeV
centre-of-mass energy of the pp collisions to probe models with massive mediators
(Mmea up to a few TeV) of the DM-SM interactions that could be produced in the
collisions. The hermetic'* coverage and precise event reconstruction available with the
ATLAS and CMS general-purpose detectors make it possible to probe a wide range
of hypothetical DM production models and final-state signatures, typically targeting
DM candidates with masses in the ~GeV-TeV range (see Ref. [56] for a review
of DM searches performed with the ATLAS and CMS detectors). Meanwhile, DM
searches at LHCb (for a review, see [57]) take advantage of the detector’s excellent
forward-angle coverage and vertex resolution to target signatures with lower-mass
DM (~MeV-GeV) and displaced vertices.

In addition to proton-proton collisions at the LHC, production of DM in electron-
positron e*e” collisions has been probed with the BABAR experiment [58] at the
Stanford Linear Accelerator Centre (SLAC), as well as the Belle experiment [59] and
its recent Belle II upgrade [60] at the SuperKEKB collider [61]. With a 10.6 GeV
centre-of-mass collision energy, the Belle II experiment is particularly well suited
to study DM with masses in the range of a few MeV to ~10 GeV. Searches at

et

e~ colliders benefit in precision both from the well-defined initial state afforded
by colliding fundamental particles, and from the vastly reduced background of QCD
activity!® in the final state compared with pp collision events. Searches performed with
early Belle II data, reviewed in Ref. [62], are already showing promising sensitivity

to a number of low-mass DM candidates, with significant sensitivity improvements

13See Section 3 for a general introduction to the LHC and its major detectors.

4 Hermetic detectors, of which ATLAS and CMS are examples, are designed to detect all SM
decay products from a collision with the exception of neutrinos.

15See Section 3.4.5 for a more detailed discussion of the QCD background in the context of the
ATLAS triggering system.
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expected as more data is collected in the coming years.

The most direct way to search for DM at pp and eTe™ colliders is to look for
evidence of the so-called “ER +X” events introduced above, in which the DM
is produced along with detectable SM particles, thus producing a signature of SM
particles recoiling against EX in the final state. An alternative and less direct
approach, known as a “resonance search”, is to look for evidence of the production
of new massive mediators which could potentially mediate DM-SM interactions by
looking for resonant peaks in the invariant mass distribution of one or more pairs of
final-state particles. Such a peak, if not associated with any known SM mediators,
would be indicative of the production and subsequent decay of a new massive mediator
to a pair of SM particles.

DM in the ~MeV-GeV mass range can also be probed with competitive sensitivity
at fixed-target experiments in which a beam of energetic electrons or protons is di-
rected at a fixed target, and downstream detectors search for evidence of DM produced
from the electron-nucleon or proton-nucleon collisions. A variety of approaches are
employed by different experiments to search for signatures of DM production. Some
searches re-purpose neutrino detectors, such as MiniBooNE [63] and NOvA [64] at
Fermilab, to directly detect any DM that may be produced in the collisions by means
of DM-nucleon or DM-electron collisions with the detector material, placing addi-
tional shielding between the fixed target and the detector to reduce the background
flux of neutrinos (see, for example, Refs. [65, 66]). Others such as NA64 [67] at
CERN employ a fully hermetic detector to search for a E +X signature of DM in

the downstream collision products.

Models of DM Production

Models of DM production in colliders can range in complexity from an effective field
theory (EFT), where the DM production mechanism is completely unspecified, to
a complete model such as supersymmetry, which predicts viable DM candidates as
part of a hypothesized extension to the SM designed to address a range of phenomena
unexplained by the SM (see Ref. [68] for a review of supersymmetric DM candidates).

In principle, complete theories of physics beyond the SM, such as the minimal
supersymmetric SM (MSSM) (for a review, see [71]) can offer theoretically motivated
and experimentally accessible models that specify the details of candidate processes

by which the colliding partons may annihilate to produce DM. However, these theories
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Figure 1.5: Left: EX5 tjets process in the EFT framework (figure from © [69]).
Right: EMXsS 4jets process in a simplified model framework, where the pair production
of DM occurs via a new vector or axial-vector (V, A) mediator of mass M,eq, which
couples to quarks and DM with coupling constants g, and gpy, respectively (figure

from (© [70])

tend to be quite complex, with many free parameters - over 100 in the case of MSSM
- most of which need to be fixed to generate a reasonably testable model. Relying on
complete theories alone to guide experimental signatures may run the risk of missing
important parameter space of new physics for which a complete theory has not yet
been developed.

Simplified models, widely used in recent and ongoing DM searches at the LHC
(see, for example, the 2015 report of the ATLAS/CMS Dark Matter Forum [70]),
are designed to bridge the gap between EFT and complete theories. They provide a
“first-order” description of theoretically motivated new physics scenarios that could
be accessible at collider energies. They provide guidance for experimental searches
without fully specifying the details of any additional new physics at energies above
the collider scale that would be needed for a complete theory. In terms of DM
production at the LHC, one or more new “portal mediators” associated with new
physics scenarios may be considered, which allow for mixing between SM particles
and DM. The process by which the mixing occurs is represented with a tree-level
diagram whose experimental signature would be accessible at LHC energies, such as
the diagram shown in Figure 1.5, which represents a DM benchmark model featured
in Ref. [70].

Many simplified models predict the so-called E¥*5 +X final-state signature dis-
cussed above, in which the DM is produced in association with detectable SM particles
(X). Depending on the details of the hypothesized DM production mechanism and

the parameter ranges considered, different models can vary widely in terms of the
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identity and topology of the detectable final-state particles (X) predicted in ERis +X
final states. Therefore, a broad-based program has been undertaken at the LHC to
search for DM production in a variety of EM +X final states to ensure maximal
coverage of potential DM production scenarios. Results from a selection of recent
DM searches in E2 +X final states can be found in Refs. [72, 5, 73, 74, 75, 76, 77,
78, 79].

The search presented in this thesis, which targets a final state of DM produced
in association with a pair of W bosons (E™s* +WW), is interpreted with the “Dark
Higgs” simplified model [40] discussed in Chapter 2. Searches for DM at the LHC,
interpreted in the context of this model, are sensitive to DM with mass in the range
of ~ 100 GeV.

1.5 Summary of the Thesis

Following a brief introduction to the Standard Model (SM) of particle physics, this
chapter presented multiple lines of evidence from observational astronomy for the
abundance of DM in the universe, and for its hypothesized composition as one or
more new particles beyond the SM. This was followed by a discussion of the ongoing
worldwide effort to search for evidence of particle DM using particle detectors, and
how the search presented in this thesis fits into the wider effort.

The following chapter discusses the “Dark Higgs” model that is used to interpret
the search. Chapter 3 introduces the LHC machine and the ATLAS detector used to
collect the particle collision data. Chapter 4 introduces the Monte Carlo method and
its application to modelling the expected yields of events in the ATLAS detector, both
from the Dark Higgs signal process and from known Standard Model processes that
constitute a background in the search. The reconstruction and analysis of the ATLAS
collision data is discussed in Chapter 5, and Chapter 6 presents the methods used
to quantify the impacts of uncertainties from theoretical and experimental sources.
Chapter 7 discusses the statistical framework used to interpret the results of the
search. Chapter 8 presents the range of Dark Higgs model parameters excluded by
the search. Chapter 9 concludes with a discussion of the experimental strategy and

results.
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Chapter 2

The Dark Higgs Model

The dark matter (DM) search presented in this thesis is motivated by and interpreted
with the “Dark Higgs” (DH) model [40]. The DH model predicts a mechanism for
DM production from proton-proton collisions at the LHC by means of portal interac-
tions with the “dark sector”. The dark sector, which is predicted as part of various
BSM models, represents a collection of quantum fields and associated particles that
are assumed to interact gravitationally, but which do not couple via any of the other
known forces - electromagnetic, strong and weak - of the SM. Non-gravitational cou-
plings between the dark sector and the SM proceed instead via one or more so-called
“portal mediators”.

In the DH model, the DM is a particle in the dark sector, and is produced from
high-energy ¢q collisions at the LHC via a hypothetical spin 1 vector boson portal
mediator referred to as the Z’. The model introduces an additional Higgs boson in
the dark sector called the “Dark Higgs” (DH), which acts as a portal mediator by
decaying to SM particles via a small mixing with the SM Higgs boson.

Figure 2.1 shows three Feynman diagrams, which illustrate some of the dominant
modes by which the DH model could produce a measurable signature of DM produc-
tion at the LHC. In all cases, the DM pair is produced via the Z’ mediator, along

with the emission of a DH boson s, which decays to a pair of SM particles.

2.1 Theoretical Motivation for the Dark Higgs Model

Given that the particles of the SM acquire mass via their interaction with the Higgs
field [13, 14, 15], the existence of a hypothetical “Dark Higgs” (DH) field - and its
associated particle the DH boson - is motivated by the need to likewise generate the

masses of particles in the dark sector. More generally, the existence of so-called portal
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(a) s-channel (DH and DM emitted from the (b) s-channel (DM emitted from the Z’,

Z" DH emitted from the DM)
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(c) t-channel (DH radiated off ¢, DM
emitted from the Z’)

Figure 2.1: Feynman diagrams with leading contributions to the cross section of
hypothetical DM production at the LHC by means of the DH model.
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mediators that enable interactions between dark sector and SM particles is motivated
by theoretical arguments, discussed in Section 1.3.1, for the presence of thermal equi-
librium between DM and SM particles in the early Universe, which would be estab-
lished by creation and annihilation processes between particles in the two sectors.
The present-day relic abundance of DM, set at the time of thermal freeze-out, places
constraints on the details of these creation and annihilation processes. The hypothe-
sized DH boson would open up a new mechanism for portal interactions between DM
and SM particles. As discussed in the following section, this new mechanism allows
for a relaxation of constraints from the DM relic abundance compared with simpler
models in which portal interactions are limited to those mediated by a vector boson
mediator (the so-called Z').

2.1.1 Constraints on Generic 7' Mediator Models

In addition to providing a mechanism by which particles acquire mass in the dark
sector, the introduction of a new Higgs boson in the dark sector is motivated by
strong theoretical and experimental constraints on the more generic simplified model
in which portal interactions between the dark sector and the DM are mediated ex-
clusively by the Z’ vector boson mediator (see Ref. [80] for a review of the Z’ portal
mediator model, and Refs. [81, 82| for reviews of experimental constraints on the
model). Removing the emission of the DH s from the contributing Feynman diagrams
of the DH model in Figure 2.1 reduces all three to the generic “s-channel” mechanism

by which SM particles would pair-annihilate to form DM via the Z’ mediator, shown

ey TR

in Figure 2.2a.

q

(a) Generic DM production (b) Dijet resonance (¢) Mono-X signature
Figure 2.2: Signatures for DM production and detection via a Z’ vector boson medi-

ator at the LHC.

The Z” mediator model is probed at the LHC using either dijet resonance searches,

which search for a signature of a Z’ being created and subsequently decaying back
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into a pair of quarks as shown in Figure 2.2b, or with so-called “EMiss +X” searches in
which a SM particle “X” is emitted as initial state radiation from one of the colliding
quarks, as shown in Figure 2.2c, to produce a signature of SM particles recoiling
against missing transverse momentum due to the undetected DM pair.

Dijet resonance searches probe the model by searching for the presence of a res-
onant peak in the dijet invariant mass spectrum over the SM background of QCD-
induced dijet events, where this above-background peak would be induced by the
process in Figure 2.2b. Ref. [81] presents a statistical combination of several dijet
searches that were performed with the ATLAS and CMS detectors, as well as an in-
terpretations of the observed absence of any such above-background resonance peaks
in the context of the Z’ mediator model. It is found that for typical choices of the
coupling strengths g, (g,) between the Z’ and quarks (DM), the model is excluded
over a wide range of Z’ masses (500 GeV < my < 3 TeV) for nearly all DM masses
up to 2 TeV, as shown in Figure 2.3a. A statistical combination of monojet searches
performed by ATLAS and CMS, in which the radiated particle X in Figure 2.2c is
a quark or gluon, is presented in Ref. [82]. As shown in Figure 2.3b, the monojet
searches likewise exclude a large region of DM and vector boson mediator masses for

a range of choices for the coupling constants g, and g,.

2.1.2 Implications of a Dark Higgs Portal

The implications of introducing a new portal interaction mediated by a spin 0 boson
(the DH) - which couples to the SM via a mixing with the SM Higgs boson - to the
generic Z' mediator portal model are studied in detail by Duerr et al. in Ref. [39].
In this study, it is found that within various regimes of the coupling strengths and
masses of the hypothetical particles - the Z’, DH and DM - in this two-mediator model,
referred to as the DH model, it is possible to relax or evade some of the constraints
described above that are placed on the generic Z’ mediator model by a combination
of experimental results and the observed relic DM density in the Universe. As a
result, in addition to providing a mechanism by which particles acquire mass in the
dark sector, the DH also introduces new parameter space to the model that is not yet
excluded by existing constraints. In particular, for m, < 2m, and provided there are
no other lighter particles in the dark sector, the only available decay route for the s
is to SM particles via mixing with the SM Higgs, regardless of the mixing strength.
In this case, the DM relic abundance is predominately set by the process xxy — ss
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Figure 2.3: Constraints on the masses of the Z’ vector boson mediator (labelled mz in
2.3a and Mg in 2.3b) and DM (labelled mpy in 2.3a and m, in 2.3b) from combined
ATLAS and CMS dijet searches [82] (left) and monojet searches [82] (right). The
results are shown for typical coupling choices of the Z’ to DM (gpy in 2.3a and g}
in 2.3b), and of the Z’ to quarks (g, in 2.3a and gj;‘ or g,ft in 2.3b, where g,ft specifies
the coupling to heavy quarks, which may be 0 for models that prohibit heavy quark
couplings). Green lines in 2.3a contain the region of my/, m, that reproduces the
observed relic density of DM in the Universe. In the grey region perturbative unitarity
is violated.
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followed by decays of s into SM particles, which allows for a significant relaxation of
relic density constraints.

For various choices of m,, Duerr et al. [39] consider a range of mg, myz and m,,
and perform global scans over all other free parameters in the DH model (see Section
2.2 below), as shown in Figure 2.4, to identify regions in which the model has not yet
been excluded by existing constraints. Particularly for m, > 200 GeV, it is found
that the model evades all existing constraints for a large region of mg and my (up to

~ 1000 GeV in m; and up to ~ 2500 GeV in my).

104 10*

mz [GeV]

1
1 104

my = 200 GeV my = 500 GeV

10! L L 10! 1 1
10! 10% 103 10 10? 10° 104

ms [GeV] ms [GeV]

Figure 2.4: Global scans of the DH model, with Z’ and DH as portal mediators,
performed by Duerr et al. in Ref. [39]. The red shaded region is excluded for all
possible combinations of couplings, while in the white region all constraints can be
evaded. In the orange shaded region it is not possible to exclude large values of g,
corresponding to I, /mz > 0.3, where I, is the decay width of the Z' mediator.
Figure from (© [39].
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2.2 Model Description

The Dark Higgs (DH) model presented in Refs. [40] and [39] belongs to a wider class of
simplified dark sector models, which hypothesize that DM interacts with particles of
the SM via the exchange of one or more new mediators that act as so-called “portals”
between the SM and the dark sector. Candidate portals are broadly categorized
according to the portal mediator into vector-, neutrino-, Higgs- and axion-mediated
portals (for reviews, see Refs. [83, 84], [85], [86] and [87], respectively). In the DH
model, DM is assumed to be a Majorana fermion, which means that - like the photon,
for example - it is its own antiparticle. The model postulates that DM interacts with
the SM via both vector-mediated and Higgs-mediated portals.

A new gauge group called the U(1)’, with an associated vector gauge boson referred
to as the Z’, is introduced as an extension of the SM gauge group presented in Chapter
1. Both the DM and the Z" are assumed to acquire their mass from a new Higgs field
with vaccum expectation value w, which gives rise to a new physical Higgs boson,
referred to as the DH boson s. The DM acquires an axial coupling to the Z’, such
that all three dark sector particles interact with one another.

The interactions of the U(1)" gauge group within the dark sector are expressed
by the interaction Lagrangian (of which more details can be found in Appendix A of
Ref. [39]):

1

_ m _
Lyay = —59XZ’“X75%X - gxm—;SXX +20, 2" 7' (98> +mys)  (21)

Considering each term in L1y individually:

1 _
Lz = =50 2" X0 X (2.2)

describes the axial coupling between the DM x and the Z’, with coupling strength
9x-
Yx

m _ _
L pn= —gxm—;sxx =550 (2.3)

describes the coupling between the DM x and the DH field S, where the associated
coupling strength y, on the right-hand side of Eq. 2.3 has the following dependence
on the masses and coupling strength of the DM and the Z': y, = 2\/§gx x|

mgyr

Ly pn = 292" 7", (gs> + mys) (2.4)
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describes the interaction between the Z’ and the DH field.
Motivated by models of gauged baryon number [40, 39, 88], the SM quarks are
charged under the U(1)’ gauge group, and as a result have vector couplings with the

7', which are described by the following interaction Lagrangian:

Loz =—9,2"q1.q (2.5)

The quark-Z’ coupling provides a mechanism for vector-mediated portal interactions
between the SM and the dark sector. Axial vector couplings of the Z’ to quarks would
also be expected to produce a signature at the LHC, but are neglected in the model
for simplicity [40].

The most general Lagrangian describing the scalar couplings of the SM Higgs h
and the DH s is given by (see, for example, Ref. [89]):

2 2 2 2
Locaer = =M (H'H = ) = A, (878 = ) = o (HUH = ) (818 = ) (20)
2 2 2 2

where H = \/LE(O, h+wv) represents the SM Higgs field with vacuum expectation value
v, and § = \%(s + w) represents the DH field. The third term with coupling A\
mixes the DH and SM Higgs fields, such that the physical mass eigenstates h’ and s’

are a superposition of the scalars h and s:

h cos@ sin6 h
=1 . (2.7)
s sinf) cos® S

where the “mixing angle” 6 is related to SM and DH field couplings A, and A\; and

the vacuum expectation values v and w by:

ApsUW
A2 — Agw?

Therefore, if the mixing between the SM and DH fields is nonzero (sin > 0), the
physical Higgs eigenstate in the SM Lagrangian becomes h cos# + ssin §. This opens

tan 260 = (2.8)

up the possibility for interactions between the physical DH and SM particles, with
coupling strengths scaled by sin §. For example, the decays of the DH to SM fermions
f and vector bosons V' are described by the following Lagrangians [39, 22]:
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and

‘ChVV = —(5VghVVVMV’“‘h sin 6 (210)
where (from SM physics):

2
2my,

1
Ihif = 57 Jhvy = , 0w =1, 6z = 5 (2.11)

2.2.1 Free Parameters in the Model

The free parameters in the DH model are as follows:

e m,: The mass of the DM particle x.

e my: The mass of the hypothetical Z’ boson in the dark sector, which mediates

interactions between SM quarks ¢ and the DM y.

e my: The mass of the hypothetical DH boson, whose associated Higgs field
provides a mechanism for particles in the dark sector to acquire mass, and

which can decay to SM particles via a small mixing with the SM Higgs boson.
o g, Strength of the vector coupling between SM quarks and the Z’ boson.
e g,: The coupling strength between DM and the Z’ boson.

e (: The mixing angle between the DH and the SM Higgs boson. The coupling
strength associated with the decay of the DH to SM particles scales with sin 6.

Some of these parameters are already constrained by other results. Mixing be-
tween the DH and the SM Higgs in the model would introduce unobservable decay
modes of the SM Higgs to dark sector particles, which would modify the yield of
events observed at the LHC in which a Higgs boson is produced from the SM expec-
tation. Given the agreement between the observed yield and the SM expectation [90,
91], an upper limit of | sin | < 0.25 can be placed (assuming that no other appreciable
unobservable decay channels exist), as discussed in Section 4.2.1 of Ref. [92].

Dijet resonance searches, discussed in Section 2.1.1, also place upper bounds on
the coupling strength g, of the Z’ to SM quarks by searching for a resonant peak in
the dijet spectrum associated with the scenario shown in Figure 2.2b in which a 2’ is

produced by high-energy ¢g collisions at the LHC, and decays immediately back to
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a pair of quarks. Based on the agreement with SM predictions observed in the most
recent dijet resonance searches performed by the ATLAS and CMS experiments, [93,
94, 95, 96] upper bounds on g, ranging from 0.04 to 0.4, depending on my, have been
established. Figure 2.5 shows upper bounds on g, from two recent dijet searches, one

of which (Figure 2.5a) uses “trigger-level jets” [94] to boost sensitivity in the low-m

range.
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Figure 2.5: Upper bounds on the g, coupling between the Z’ and quarks, as reported
by recent dijet resonance searches performed by ATLAS (left) and CMS (right).

2.3 Search for the Dark Higgs Model at the LHC

For certain choices of the model parameters discussed in Section 2.2.1, the DH model
predicts a unique and measurable signature by which it could be detected at the LHC.
This LHC signature, of which some of the most contributing Feynman diagrams are
shown in Figure 2.1, would occur when a ¢ in one of the colliding protons pair-
annihilates with a ¢ in the other proton to produce a Z’, which subsequently decays
to DM. A DH s is emitted either from an initial-state ¢ or from the Z’ mediator, and
subsequently decays to a pair of SM particles. This produces a final state with the SM

products from the s decay recoiling against £ in the detector due to the undetected
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DM pair. In particular, assuming that the Z’ is relatively low in mass compared with
the centre of mass energy of the ¢g collision, the Z/ may be imparted with a large
momentum (a.k.a. boost). As a result, the diagrams shown in Figures 2.1a and 2.1b
in which the s is emitted from the Z’ can produce highly boosted, collimated SM
decay products. These boosted SM decay products make the signature distinct from
typical EXs +X final states in which the SM products (‘X’) recoiling against the DM

are assumed to be produced exclusively as initial state radiation, as in Figure 2.1c.

2.3.1 Dark Higgs Decay Channels

As discussed in Section 2.2, since the DH decays to SM particles via mixing with
the SM Higgs boson, its decay mechanisms - including the branching fractions for its
decay channels to various SM particles - would be analogous to that of the SM Higgs.
As a result, the signature of boosted SM decay products recoiling against ER may
be used to probe various ranges of m, in the model depending on the particular choice
of SM products (a.k.a. “decay channel”, or simply “channel”) from the s decay that
the search targets. Figure 2.6 shows the branching fraction that the SM Higgs - and
consequently the DH s - would be expected to have to SM particles if its mass were
allowed to float in the SM. For low m, the decay to bb is dominant. At m, ~ 160 GeV,
the decay to WW becomes kinematically accessible!, and is the dominant s decay
channel for m; 2 160 GeV. The decay to ZZ also becomes kinematically accessible
at mg ~ 180 GeV, though its branching fraction remains sub-dominant compared
with the WW decay channel. The decay to SM Higgs bosons s — HH opens up
at my, &~ 250 GeV, and for my; > 250 GeV the branching fraction for this HH
decay channel becomes appreciable, though still smaller than the WW channel. This
suggests that searches in all four of these s decay channels could complement one

another to collectively probe the full available m, range, as summarized in Table 2.1.

2.3.2 Completed and Ongoing Searches for the Dark Higgs Model

The search presented in this thesis is one of several ongoing and completed searches
for the DH model at the LHC, which target different decay channels of the DH after
it is emitted in the model’s LHC signature, of which some of the most contributing

Feynman diagrams are shown in Figure 2.1.

LA particular decay mode X — Y'Y generally becomes kinematically accessible for my > 2my,
because in this regime the on-shell parent particle X has a sufficient rest mass energy to decay to
the daughter products Y'Y while satisfying energy conservation.
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Table 2.1: Summary of DH decay channels to SM particles that could be targeted to
probe various m, ranges in DH model.

my; Range Sensitive DH Decay Channels

m, < 160 GeV s — bb
160 GeV < my < 180 GeV s > WW
180 GeV < m, < 250 GeV s > WW,s — ZZ

mg > 250 GeV s—>WW,s—ZZ,s— HH
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Figure 2.6: m, dependence of the branching fraction for decays of the DH boson to
SM particles. The branching fractions of the s — WW and s — ZZ decay channels
experience a drop-off at my = 2my (= 250 GeV), above which the decay to s - HH
to SM Higgs becomes kinematically accessible. Note that the branching fraction for

s — WW decays is only simulated for m, > 160 GeV, but remains appreciable
(2 0.1) for ms 2 120 GeV. Figure from © [98].
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Model Parameters Probed by LHC Searches

Given the number of parameters in the DH model, computational resource limitations
make it impractical to scan over all parameters when performing dedicated searches
for the model at the LHC. Therefore, in the search presented in this thesis - and in all
other searches for the model performed to date at the LHC - the coupling constants

and mixing angle 0 are fixed as follows:

e g,=0.25
e g =1
e sinf = 0.01

The choice of sinf = 0.01 is well within the range |sinf| < 0.25 required by
measurements of the SM Higgs - see above discussion in Section 2.2.1. The values
of the coupling constants g, and g, are chosen to be consistent with other searches
performed at the LHC for dark sector benchmark models [99] involving a Z’ mediator,
which facilitates comparisons with these existing searches. It is worth noting that the
choice of g, = 0.25 is in fact ruled out in the approximate range 500 GeV < myz <
3000 GeV by the recent dijet searches discussed above in Section 2.2.1. However, the
choice of g, = 0.25 is maintained in this search because it is considered important to
maintain consistency with other searches performed with this benchmark choice. In
particular, it allows for the search results to be easily compared with other searches
for the DH model, which used the same parameter choices. It is also worth noting
that the computational procedure required to interpret the analysis with an arbitrary
BSM physics model has been preserved and automated in the RECAST framework
[3]. Using this framework, it should be straightforward to re-interpret the search
results in the future, if needed, for a DH model with alternative choices of the fixed
parameters.

In the search for the DH model presented in this thesis, the DM mass m, is fixed
to 200 GeV, consistent with the choice used by the other two published searches
for the DH model [98, 100] performed by the ATLAS collaboration. This choice of
m, = 200 GeV was found in early sensitivity studies undertaken by the search in the
s — WW1(qqqq) channel [100] to predict a relatively large measurable yield of events
in the ATLAS detector from the DH process, which allows the searches to probe a

large range of the remaining model parameters relative to other m, choices. The
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recently-published search by the CMS collaboration in the s — WW (¢vlv) channel
[101] considered four candidate m,: 100, 150, 200 and 300 GeV.

The mediator masses m, and my are left as floating parameters in the searches.
The mg range covered by the search depends on the range to which the s decay
channel considered in each search is sensitive on the basis of the predicted branching
ratios in Figure 2.6, as summarized in Table 2.1. In addition, the sensitivity of
searches for the DH model using this boosted SM+EXS signature drops off sharply for
ms > 2m,, because in this m, range the decay mode s — xx becomes kinematically
accessible, and the radiated s would be expected to decay predominantly via this
invisible channel, rather than to visible SM particles via mixing with the SM Higgs.

The available mz range to which these searches may be sensitive covers the ap-
proximate range of 500 to 3500 GeV. This range is bound from above by the fall-off
in cross section for producing such a massive Z’ mediator from ¢q collisions at the
LHC. The production rate of the model begins to fall off quite rapidly for my be-
low ~ 500 GeV due to the minimum virtual mediator mass required to produce to
a pair of 200 GeV DM particles (in addition to radiating the DH as shown in the

contributing Feynman diagrams in Figures 2.1a and 2.1b).

s — bb Channel

The s — bb decay channel was probed by the search presented in Ref. [98]. The search
used the RECAST framework [3] to re-interpret an earlier DM search [102], which
targeted a signature of DM produced in association with a Higgs boson decaying
to b quarks, in the context of the DH model. This re-interpretation was possible
because the model that was used to optimize and interpret the original search, for
which the most contributing Feynman diagram is shown in Figure 2.7a, is very similar
in structure to the DH model, and predicts the same final state of a boosted bb pair
recoiling against £ in the detector. As shown in Figure 2.7b, this re-interpretation
was able to place upper limits on the my in the DH model ranging from ~ 2000 GeV
to 3200 GeV, with the given choices of coupling strengths and sin @, for m; in the
range 50 GeV < m, < 150 GeV.

There is also a dedicated search in the s — bb channel under development within
the ATLAS collaboration. In addition to optimizing the search strategy to maximize
sensitivity to the DH model, this search also plans to improve upon the earlier search

performed in the s — bb channel by scanning over additional model parameters such
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Figure 2.7: Left: Most important Feynman diagram for the original DM search [102]
that was re-interpreted in Ref. [98] to probe the DH model in the s — bb channel.
Figure from (©) [102]. Right: Exclusion limits on the mediator masses mg and my in
the DH model from the search in the s — bb channel. Values of my and my to the left
of the solid black line are excluded by the search. The dashed pink line reproduces
the relic density of DM observed in the Universe for the choices of coupling constants
gy =1 and g, = 0.25 used in the search. Figure from ©) [98].
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as g, and m,, that were fixed in the earlier search, targeting values for these parameters
that would maximize the sensitivity of the search to the DH model while reproducing

the observed relic abundance of DM in the Universe.

s — WW and s — ZZ Channels

The s - WW and s — ZZ (s — VV) channels, which collectively dominate the
branching fraction of s decays for my, > 160 GeV, are somewhat more complex in
terms of their final state in the detector compared with the s — bb channel. This
is because, whereas the bb pair in the latter decay channel produce a characteristic
signature of either two distinct b-tagged jets? or one two-pronged large-radius jet® in
the calorimeter, the vector bosons in the s — WW and s — ZZ final states can
decay via several possible channels, which leads to a number of distinct final states in
the detector for these s — V'V channels. For this reason, a number of different LHC
searches in the s — V'V channels have been completed or are ongoing, each of which
targets only a subset of the V'V decay channels.

Table 2.2 summarizes the available decay channels for the WW and ZZ final
states, as well as the branching fraction of each channel and information regarding
any completed or ongoing efforts to search for the DH model in each V'V decay
channel. Figure 2.8 shows the range of mediator masses (ms, my/) that are excluded,
for m, = 200 GeV, by completed searches performed by ATLAS in the s = V'V (¢qqq)
channel [100], and by CMS in the s — WW ({vlv) channel [101]. As would be
expected on the basis of the branching fractions in Figure 2.6, these searches exclude
parameter space roughly in the range m, > 160 GeV. The search presented in this
thesis, which covers the s — WW decay channel in the semileptonic final state
(WW — qqlv), complements these existing searches, and extends the excluded range

of ms and my.

2See Section 5.1.2 for a description of the method used to tag jets in the calorimeter as having
originated from a b quark.
3see Section 3.4.2 for more details on hadronic jets in the calorimeter
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Table 2.2: Summary of decay channels for WW and ZZ pairs and their branching

fractions.

Decay channel

Branching fractions [22]

Search effort(s)

(from WW or ZZ pair)

_ 0.45 ATLAS published search:

WW = qd4qq Ref. [100]

47 — qqqq 0.49

WW — qqtv ({ =eor pu) 0.29 This thesis

ZZ — qqll (L =e or p) 0.094 Ongoing within ATLAS col-
laboration

727 — qquv 0.14 N/A (expected sensitivity too
low)

WW — bvlv ({ =eor p) 0.046 CMS published search: Ref.
[101].  Effort also ongoing
within ATLAS collaboration.

ZZ — LLLL (L=/{orv) 0.071 N/A (expected sensitivity too
low)
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(a) Exclusion limits from search in s
V'V (qqqq) channel. Figure from (©) [100].

— (b) Exclusion limits from search in s —
WW (bvlv) channel.
[101].

Figure from (©

Figure 2.8: Range of (m,, mz) in the DH model excluded by searches performed by
ATLAS in the s — VV(qgqq) channel (left), and by CMS in the s — WW (fvlv)
channel (right), for the following choices of remaining parameters in the model: g, =
0.25, g, = 1, sinf = 0.01, m, = 200 GeV.
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Chapter 3

Introduction to the LHC and the ATLAS Detector

The Large Hadron Collider (LHC) [52] is a circular proton-proton (pp) collider, which
resides in a 27 km tunnel near the European Organization for Nuclear Research
(CERN). Superconducting magnets are used to accelerate counter-rotating bunched
proton beams to near the speed of light, and direct the beams into head-on collisions
at four interaction points around the ring. The collisions take place at a world-
leading centre of mass energy of up to 13 TeV. Each interaction point is surrounded
by a detector, which measures the energetic debris of particles produced by the high
energy collisions to perform precision measurements of the SM and search for new
physics.

The large 13 TeV centre of mass energy of the collisions makes it possible for the
colliding proton constituents, known as “partons”, to pair annihilate and subsequently
produce massive unstable particles such as the Higgs boson, which cannot presently
be produced by any other experimental means. Experiments at the LHC can study
hypothetical models of physics beyond the SM (“BSM physics”) by searching for
evidence of the production of the massive particles involved in these models from
their subsequent decay to SM particles.

The LHC collides protons at an approximate rate of 1 billion collisions per second,
~100 times higher than the proton collision rate at the Tevatron collider [103], which
operated from 1983-2011 and collided protons and anti-protons (pp) at a peak centre
of mass energy of 1.8 TeV. Over several years of data-taking, the high collision rate
at the LHC has enabled experiments to collect rich data sets. The large data sets can

be used to probe new phenomena in highly selective final states.
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3.1 The Parton Model

Before discussing pp collisions at the LHC in detail, it is important to first intro-
duce the parton model, which describes the substructure of protons involved in the
collisions.

The proton has an internal structure comprised of constituent quarks, antiquarks
and gluons - collectively known as “partons” - and their interactions (for a review
of the parton model and its applications, see [104]). When a proton collides with
another particle in particle colliders such as the LHC, the probability density f(z, Q?)
that a particular species of parton, for example a quark with “up” flavour u, will be
involved in the collision is a function of both the fraction = of the proton’s momentum
carried by the parton, and the squared momentum scale Q? of the collision. Detailed
parametrized models of the parton distribution function (PDF), such as MSHT20
[105] have been developed using combined fits to data from deep inelastic scattering
(DIS) experiments at proton colliders. MSHT20 PDF models at Q? of 10 GeV? and
10* GeV? are shown in Figure 3.1.

MSHT20NNLO, Q? = 10 GeV? MSHT20NNLO, Q? = 10* GeV?

1.2 1.2
f(z,Q%) f(z,Q%)
0.8 0.8 -
04} 04+
0 : . 0 L : ™
0.0001 0.001 0.01 0.1 il 0.0001 0.001 0.01 0.1 1

Figure 3.1: Parton distribution functions, with respect to the proton momentum
fraction x carried by the parton, modelled with MSHT20 at Q? = 10 GeV? and 10*
GeV2. Figure from (© [105].

Based on the PDF's shown in Figure 3.1, v and d quarks carry the highest prob-
ability density for parton momentum fractions above ~10%, with the u carrying
approximately double the probability density of the d. These dominant quarks are
known as the proton’s “valence” quarks, of which there are two u and one d, and they

carry the proton’s quantum numbers.
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3.2 Decay Processes from Parton Collisions

As discussed in Section 1.1.3, each process by which colliding partons may annihilate
to form observable products proceeds with a certain cross section o, which is related
to the production rate % of the process by the beam luminosity L:
dN
— =Lo 3.1
o (3.1)
Figure 3.2 shows a summary of cross sections for the production of SM particles -
or particle combinations (eg. “Wt” represents the production of a W boson along with

a top quark) - from pp collisions at the LHC, as measured by the ATLAS detector.
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Figure 3.2: Summary of SM cross sections for particle production processes measured
by the ATLAS detector. Figure from (© [106].

3.2.1 Branching Fractions and W Boson Decays

Unstable particles produced by the parton collisions will subsequently decay to less-
massive particles, typically with multiple possible mechanisms, also known as “chan-

nels”, by which the decay can occur. Each such channel has an associated “branching
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fraction”, which quantifies the relative probability with which the decay will proceed
by the given channel. The search presented in this thesis focuses on DM production in
association with a pair of oppositely-charged W bosons. Figure 3.3 shows the two W
boson decay routes. Due to energy and momentum conservation, W bosons can only
decay to a pair of particles whose combined mass is smaller than the W mass. Charge
conservation additionally requires that the decay products have a combined charge
equal to that of the parent W boson. These two requirements allow the W to decay
either “hadronically” to a quark-antiquark pair with one up-type quark/antiquark

(U) and one down-type (D), or “leptonically” to a charged lepton (L) and a neutrino

(v).

D D D
MMW<WW<WM< L L L
w w w FUSN
; ; ; W“WV< WW< W{

(a) Hadronic decay mode (b) Leptonic decay mode

Figure 3.3: W boson decay mechanisms.

3.3 Detectors at the LHC

The DM search presented in this thesis uses data collected from the ATLAS (A
Toroidal LHC ApparatuS) detector [53]. ATLAS is one of four particle detectors at
the LHC, which are designed to measure the energetic debris of particles produced
by high energy particle collisions to perform precision measurements of the SM and
search for new physics using the resulting particle collision data. This section briefly
introduces each of the four particle detectors at the LHC, and what each contributes
to the LHC physics programme.

The two largest, ATLAS (A Toroidal LHC ApparatuS) [53] and CMS (Compact
Muon Solenoid) [54], are both general-purpose detectors designed to record all SM de-
cay products from the collisions, with the exception of neutrinos, which pass through
due to their very low interaction cross sections. Thanks to their near-complete de-
tection of decay products, data from these detectors can be used to study a wide
range of physics processes resulting from the collisions, including both measurements
of the SM and searches for new physics beyond the SM. By taking a general-purpose

approach, rather than specializing in the study of one particular collision or decay
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process, these experiments seek to maintain sensitivity to the broadest possible range
of particle processes, in the hopes of allowing physicists to detect and measure new
physics processes in whatever form they may take. While the physics goals of these
two detectors are very similar, they are accomplished using different detector designs
and technologies, and as such they are able to produce complementary physics results.

The Large Hadron Collider beauty (LHCb) detector [55] is designed to measure
heavy quark (b and ¢) decays resulting from pp collisions. Precise measurement of
heavy quark decays are of particular interest for the study of CP violation in the
SM, and in the search for potential sources of CP violation beyond the SM. Rather
than providing full coverage of all collision products, the LHCb detector is comprised
of a series of sub-detectors that provide “forward angle” coverage to detect particles
produced with a large boost along the direction of one of the two proton beams.
This forward region is of particular interest for measurements of heavy quark decays,
because this is the angular region in which heavy quark pairs are predominantly
produced by high-energy collisions.

A Large Ton Collider Experiment (ALICE) [107] is designed to measure the prod-
ucts of heavy-ion collisions produced during special LHC runs in which the proton
beams are replaced by Pb beams, which are collided at a centre of mass energy of 5
TeV. The high-energy Pb collisions produce a sufficiently high temperature and den-
sity to form an unbound state of quarks and gluons known as “quark-gluon plasma”
that would have occurred in the early universe. The study of this exotic state could
give novel insights into the theory of quantum chromodynamics!, including the phe-
nomena of quark colour confinement and chiral-symmetry restoration (for reviews,
see Refs. [108, 109]).

3.4 Introduction to the ATLAS detector

The ATLAS detector [53], shown schematically in Figure 3.5, is the largest detector
by volume to have been built at any particle collider, with a length of 44 m and
a height of 25 m, constituting a total weight of approximately 7,000 tonnes. The
tremendous amount of detector material is needed to absorb and measure the highly
energetic decay products of the pp collisions with sufficient resolution to enable a

detailed reconstruction of the particles involved and their kinematic properties. Such a

!The theory of quantum chromodynamics (QCD), introduced in Section 1.1.6, describes interac-
tions that proceed via the strong force.
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complete and detailed reconstruction of the collisions and subsequent decay processes
enable physicists to carry out the impressive range of physics goals shared by the
ATLAS and CMS collaborations. These goals include precision measurements of the
SM, which profit both from the enormous collision rate, and from the large centre of
mass collision energy that enables on-shell production of all known SM particles. The
detector is also designed to be sensitive to as wide a range of new physics signatures
as possible. Particular emphasis was placed on designing the detector to be sensitive
to the anticipated production modes of the Higgs boson, which was jointly discovered
by the ATLAS and CMS collaborations in 2012 [6, 7].

The detector provides full 47 coverage around the pp interaction point, with the
exception of the beam pipe. It consists of several layers of sub-detectors, each of
which is specialized for recording specific kinematic information and particle types.

The ATLAS detector is described spatially using the standard coordinate system
of (z,y, z) coordinates and (6, ¢) angles shown in Figure 3.5b. The origin of the
coordinate system is placed at the nominal interaction point of the colliding proton
beams, and the z axis lies along the beam line. The angle of a particle or detector
component in the plane transverse to the beam line is given by the angle ¢, and its
angle relative to the beam line is given by 6. The “pseudorapidity” n is a quantity

related 6 according to:

n=—In [tan (g)} (3.2)

Pseudorapidity is often used rather than 6 because differences Az in pseudorapid-

ity are invariant under Lorentz boosts along the z axis.
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Figure 3.4: Schematic diagram of the ATLAS detector. Figure from (©) [53]
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(b) Standard coordinate system for the
ATLAS Detector. The positive x-axis is
defined as pointing from the interaction
point to the centre of the LHC ring and
the positive y-axis is defined as pointing
(a) ATLAS Detector upwards.

Semiconductor fracker

Figure 3.5: Left: Schematic diagram of the ATLAS detector (figure from (© [53]).
Right: Standard coordinate system used for the ATLAS detector.

The ATLAS sub-detectors are described in some detail in the following sections.
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3.4.1 The Inner Detector

The inner detector (ID) [110], located nearest the beam pipe, is specialized for charged
particle tracking. It is immersed in a 2T magnetic field oriented parallel to the beam
pipe, which bends the trajectories (“tracks”) of electrically charged particles as they
pass through the field. Three distinct but complementary high-resolution tracking
technologies are employed along with pattern recognition tools to map the trajectories
of charged particles passing through the ID. The tracking is accomplished with as little
material as possible in the ID, such that the particle trajectories can be mapped with
minimal scattering and energy loss before they reach the calorimeters.

Tracks from the inner detector are reconstructed by assembling clusters of “hits” in
channels of the ID tracking layers. The reconstructed tracks are a critical component
of vertex reconstruction, and the degree of bending and direction of the bent tracks at
the production vertex provide information about the momentum, charge, and identity

of the charged particles that produced them.

3.4.2 The Calorimeters

The calorimeter is designed to measure the energy of all particles that pass through
it by initiating cascades of secondary particle production in the high-density detector
material known as “showers”, and fully absorbing the energy of each shower. The only
particles that cannot be absorbed by the calorimeter are muons and neutrinos, which
pass through without showering. The calorimeter is divided into two sub-detectors,
the electromagnetic and hadronic calorimeters. Both are “sampling calorimeters”,
which means they are comprised of repeated layers of dense absorbing material with
“sampling” layers in between. The sampling layers track the location of the shower
and record a small fraction of its energy, to which a calibration factor is applied to

infer the full shower energy.

The Electromagnetic Calorimeter

The electromagnetic (EM) calorimeter forms the inner calorimeter layer, and is de-
signed to fully absorb and measure the energies of electrons, positrons and photons.
Energy is primarily deposited in the lead absorbing layers in the form of EM showers
[111], in which the initial electron or photon interacts via bremsstrahlung with the
absorbing material to produce a cascade of photon radiation and electron pair pro-

duction (see, for example, Ref. [112] for a review of the physics of EM and hadronic
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showers). The sampling layers are filled with liquid argon (LAr), which absorbs rela-
tively little energy compared with the lead absorbing layers due to its lower density.
Ionization is produced when a charged particle passes through the LAr [113] layer,
which drifts through an electric field generated by a high voltage placed between
absorber plates and readout electrodes on either end of the LAr layer to produce a
triangular current pulse [114].

Candidate EM showers are reconstructed into clusters from energy deposits in
calorimeter cells using a “seed-cluster” algorithm described in Ref. [115]. The seed-
cluster algorithm works by dividing the 1 x ¢ space of the EM calorimeter into a grid
of n x ¢ = 0.025 x 0.025 solid angle elements called “towers”. For each such element,
the energy detected in all calorimeter layers that lie within the given patch of solid
angle is summed to form the energy of the tower. A sliding window algorithm of size
3 x b towers is used to construct the energy clusters that constitute EM clusters from
localized energy deposits.

Reconstruction and selection of electron candidates is performed with the use of
a complex matching algorithm (details of which can be found in Section 5 of Ref.
[115]) to match candidate reconstructed tracks in the ID with EM clusters in the
calorimeter based on their proximity in 7 x ¢ space. This matching is complicated
by the fact that electrons may radiate photons via bremsstrahlung in the ID prior
to reaching the calorimeters. The radiated photons can subsequently decay into an
electron-positron pair, which themselves can generate tracks in the ID. As a result,
it is possible to reconstruct multiple tracks in the ID, all originating from the same
electron, and match these tracks to EM clusters in the calorimeter. In case several
tracks in the ID can be matched to the same EM cluster, the track considered to
be associated with the primary electron is selected by an algorithm that accounts
for, among other quantities, the number of hits in the ID and the distance in (7, ¢)
between the extrapolated track position in the calorimeter and the barycentre of the
EM cluster.

Reconstructed objects selected as electron candidates are subsequently passed
through a likelihood-based electron identification algorithm, described in detail in

Section 6 of Ref. [115], which uses as a discriminant the ratio

- Ls+Lp
where the likelihood function Lg(B) is a product of signal (background) PDFs for

dr, (3.3)
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various quantities related to the reconstructed object such as track conditions, details
of the track-cluster matching, and reconstructed EM shower widths for the EM cluster
in various layers of the EM calorimeter. The signal S is “prompt” electrons, which
originate from the primary interaction, and the background B is a combination of
jets that mimic prompt electron signatures, electrons from photon conversions in the

detector and non-prompt electrons originating from hadron decays.

The Hadronic Calorimeter

As discussed in Section 1.1.1, the vast majority of collision events that occur in the
ATLAS detector ultimately result in the production of quarks and gluons. Due to
the phenomenon of colour confinement, quarks and gluons cannot exist in isolation,
and immediately “hadronize” to form colour-neutral combinations of quarks called
“hadrons”. As these hadrons pass through the detector, they eventually undergo a
showering process similar in principle to the EM showers described in Section 3.4.2. In
the case of these “hadronic showers”, the shower is initiated by the strong interaction
of a hadron with the detector material to produce a cascade of secondary hadrons
(see, for example, Ref. [112] for a review of the physics of EM and hadronic showers).
Unlike the EM showers, which proceed exclusively via electromagnetic interactions,
hadronic showers proceed via both the strong and EM interactions, where the EM
interactions are primarily induced by electromagnetic decays of neutral pions (7°)
[112]. Because hadronic showers involve strong interactions, they are in general much
more complex in terms of the variety of particles and mechanisms involved in the
showering, and as a result are in general more variable and less localized compared
with EM showers.

The hadronic calorimeter surrounds the EM calorimeter, and is designed to fully
absorb and measure hadronic showers. The primary hadrons that initiate these
hadronic showers generally pass through the EM calorimeter without showering due
to their relatively long interaction length [53]. The hadronic calorimeter is comprised
of a tile calorimeter, which encircles the EM calorimeter barrel, and a LAr calorimeter
with copper and tungsten absorbers in the end-cap region that encloses the two ends
of the barrel. The tile calorimeter uses steel as the absorber material and scintillators
read out by photomultiplier tubes (PMTSs) in the sampling layers.

Hadronic showers are reconstructed as “jets” using clusters of energy deposited

in the hadronic calorimeter cells (for a review of jet reconstruction and calibration
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with the ATLAS detector, see [116]). The jets can be reconstructed using a variety
of different reconstruction algorithms depending on the use case.

Most jet reconstruction algorithms use clusters of topologically connected calorime-
ter cells known as “topo-clusters” as basic building blocks for jet reconstruction.
Topo-clusters are designed with the goal of extracting significant signals of energy de-
position originating from energetic hadrons from the background of detector noise and
other sources of fluctuation in the calorimeter cells. Candidate clusters are formed
from “seed cells” in which the deposited energy E is ' > Socen, where o is the
average noise for the given cell and S is the “seed threshold” significance, set to 4
by default [117]. Cluster construction proceeds by collecting neighbouring cells with
energy F2 > Noey, where N is the “growth threshold”, set to 2 by default. If a neigh-
bouring cell passes the E' > Noe requirement, its neighbours will also be added to
the cluster if their energy significance exceeds the growth threshold, and this process
repeats until there are no remaining neighbouring cells with significance above the
growth threshold. Lastly, one set of neighbouring cells that satisfy E > Poe are
added to the cluster, where p is the “principal cell filter”, set to 0 by default.

Jets are reconstructed from these topo-clusters using the anti-k; clustering algo-

rithm described in Ref. [118] in a cone with an angular radius R in (7, ¢) space, given
by:

R=/n+¢ (3.4)

The jet radius R determines the angular radius within which the anti-k; algorithm
will include calorimeter deposits in the vicinity of a topo-cluster or a set of topo-
clusters and attempt to group the energy deposits into jets. Different choices of
R can be used in the algorithm depending on the identity and kinematics of the
shower parent particle(s) that one is interested in reconstructing [116]. Jets produced
by quarks and gluons that either originate from different parent particles, or whose
shared parent particle has a relatively low momentum in the lab frame (a.k.a. “low
boost”), generally have sufficient angular separation that they can be individually
reconstructed using relatively small radius parameters such as R = 0.2 or R = 0.4.

Jets that originate from boosted massive particles, such as the hadronically de-
caying W boson in the search presented in this paper, generally contain two or more
significant topo-clusters (a.k.a. “prongs”) in close angular proximity, each having

been induced by the hadronization of a strongly interacting daughter particle pro-
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duced by the hadronic decay of the massive parent particle. In this latter case, the
angular proximity of these significant topo-clusters can make it challenging to usefully
reconstruct them as individual small-radius jets due to the resulting jet overlap. In
these cases, it may be more useful to capture all the decay products in a single jet
reconstructed with a larger radius parameter such as R = 0.8 or R = 1.0, such that
the resulting large-radius jet fully reconstructs the massive parent particle. Methods
such as the TAR algorithm [2] employed in this analysis are subsequently applied
to the reconstructed large-radius jet to obtain useful jet sub-structure information,

including the likely number of prongs contained within the jet.

3.4.3 The Muon Spectrometer

The muon spectrometer [119] surrounding the calorimeter is specialized for tracking
muons and measuring their momentum. It employs the same principle used in the
inner detector of applying a strong magnetic field and measuring the resulting bent
trajectories of the electrically charged muons passing through to infer their momenta.
Details of muon reconstruction and identification using the ATLAS muon spectrom-
eter can be found in Ref. [120].

The magnetic field is generated by rectangular superconducting “toroid magnets”
arranged azimuthally in radial planes around the beam axis, which set up a toroidal
field concentric to the beam axis. In the region containing the strong field established
by the toroid magnets, muon tracks are recorded by three cylindrical layers of muon
tracking chambers in the barrel region and three layers of chambers arranged in wheels
perpendicular to the beam axis in the end-cap region. Additional layers of fast trigger
chambers deliver muon track information to the ATLAS trigger system (see Section
3.4.5) so it can be incorporated into the event readout decision.

Precise measurements of muon track coordinates are provided by monitored drift
tubes (MDTs) in the barrel region, which cover a pseudorapidity range of |n| < 2.0),
and by cathode strip chambers (CSCs) in the end-cap region (2.0 < |n| < 2.7).
The CSCs are designed to withstand the relatively high flux of energetic particles
that bombard the detector in the end-cap region. These MDTs and CSCs measure
track coordinates with nominal resolutions of 60 ym and 80um, respectively, in the
magnetic bending plane [120].

High precision tracking is needed both to achieve the design performance goal

of reconstructing muon transverse momenta with at most 10% resolution for 1 TeV
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tracks [53], and to distinguish prompt muons that originate from the primary interac-
tion from the background of non-prompt muons that arise from secondary interactions
in the detector. Reconstruction and identification of prompt muons is performed by
combining tracking information from the muon spectrometer and the inner detector,
along with energy deposition measurements from the calorimeters. Various muon
reconstruction strategies are employed, which attempt to match tracks between the
muon spectrometer and the inner detector, or to match inner detector tracks with

calorimeter deposits [120].

3.4.4 Missing Transverse Momentum

Many signatures of hypothesized processes involving physics beyond the SM - in-
cluding the DH model considered in this thesis - involve the production of particles
that would pass through the ATLAS detector without being detected due to their ex-
tremely low interaction cross section with SM particles. Similarly, neutrinos produced
in weak interactions will also pass undetected for the same reason.

The law of momentum conservation, which requires the vector sum of momenta
of all measured particles produced by a collision to match that of the initial state
quarks, can be used to infer the presence of undetected particles in the collision.
Because the fraction of proton momentum carried by each of the initial state quarks -
described by the PDFs presented in Section 3.1 - is statistical in nature, the momenta
in the direction of the pp beam line cannot be known precisely. However, initial state
quark momenta in the plane transverse to the beam line are in general negligibly
small compared with the collision energy, so it can be expected to a high degree of
precision that the final state particle momenta in this transverse plane will sum to
zero. This expectation implies that collision events that produce undetected particles
with an appreciable momentum in the transverse plane can be expected to exhibit a
signature of high missing transverse momentum in the final state.

This two dimensional missing transverse momentum vector for a collision event
is typically denoted “EXs* ” and its magnitude “E2s ”_ A detailed description of
Eiss reconstruction with the ATLAS detector can be found in Section 3 of Ref. [121].
The components of E&niss lie in the transverse (x,y) plane of the detector, and are

given by:

= D Patya (3.5)
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where the sum is over all fully reconstructed electrons, muons, photons, hadronically-
decaying tau leptons and jets (a.k.a. “hard objects”), and additionally over all other
detector signals that were recorded as part of the event, but were not used as part of
the construction of the hard objects (a.k.a the “soft term”).

Emiss and EMss are constructed from the components E7s as follows:

Er?iss — (E;niss’ E;niss) (36)

E¥1iss _ |E%iSS| — \/(E;niss)? + (E;’]IliSS)Q (37)

3.4.5 The Trigger System

The majority of collision events in the ATLAS detector result in “soft quantum chro-
modynamics” (soft QCD) interactions, which proceed via the strong force and produce
only quarks and gluons with a relatively low momentum in the lab frame - and hence
are referred to as “soft” - and which do not result in the production of any high-mass
(O(GeV)) particles. Figure 3.5 compares the overall cross section of all interactions
resulting from pp collisions with the cross sections of processes that produce various
massive SM particles. The overall collision cross section is ~6 orders of magnitude
larger than the highest cross section for producing a massive particle, namely that of
the W boson. The soft QCD interactions that dominate the total cross sections are
in general not of interest for the ATLAS physics programme. It would be impossi-
ble to process and save all collision events produced in the ATLAS detector, as the
massive flux of these soft QCD interaction events would very quickly overwhelm the
bandwidth of the data acquisition system and fill up the available offline data storage
capacity.

The ATLAS trigger [122] is designed to efficiently select a tiny minority of collision
events to be read out, processed and saved to offline storage (a.k.a. “recorded”) based
on a set of criteria applied to preliminary event information from the sub-detector.
The criteria are designed to select for signatures from the sub-detectors that are
considered likely to represent processes that will be of interest to the various analyses
that study the data either to measure parameters of the SM, or to search for evidence
of BSM physics.

The trigger system is divided into a hardware-based “first level trigger” (L1 trig-
ger) and software-based “high-level trigger” (HLT), which collectively select events
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at an average rate of ~1000 Hz from the total collision rate of 40 MHz [122]. Events
must be accepted by both the L1 trigger and the HLT in order to be recorded.

The L1 trigger is based on candidate objects identified within regions of interest
(“Rols”) defined by their n and ¢ ranges. Candidate objects are divided into muons,
EM calorimeter clusters, jets in the hadronic calorimeter and taus. In addition,
the sums of missing transverse momentum (ET) and total energy are also con-
structed. Hardware level trigger decisions are designed using combinations of these
reconstructed objects and sums. Events that pass the L1 trigger are subsequently
processed by the HLT. The L1 trigger is designed to form the “trigger decision” of
whether to reject the event or accept it for processing by the HLT within at most 2.5
s per event [122].

Thanks to the reduction in event rate by the L1 trigger selections, the HLT is
able to use software-based algorithms to produce more complex reconstructions of
the candidate objects and sums compared with the L1 trigger, and can apply more
sophisticated selections on these objects. The HLT trigger decision is typically formed
within 300 ms per event [122]. Objects reconstructed and considered in the HLT trig-
ger decision include muons measured by the muon spectrometer, electrons, photons,
jets, B and tau leptons.

The L1 trigger and the HLT each have their own “trigger menu”, which represents
the compilation of all sets of selection criteria, or “triggers”, that are considered for
each event. Any event that satisfies the criteria of any of the triggers in the trigger
menu is kept. Both the L1 trigger and the HLT trigger menus include both triggers
applied to individual objects, such as the “EX trigger” or the “photon trigger”, as
well as triggers applied to combinations of different objects.

Importantly for the analysis presented in this thesis, the EX that is reconstructed
for each event by the L1 trigger and the HLT is based on calorimeter measurements,
which register very little energy deposition from muons, and does not incorporate
the momenta of muons detected by the muon spectrometer. As a result, in cases
where the majority of EM* in the event is recoiling against one or more energetic
muons, the E¥ reconstructed for the triggers will underestimate the actual F¥ in
the event due to the absence of muon momentum information. Because this analysis
includes many events with an energetic muon in the final state, it was found that
requiring events to have passed the EM trigger as part of the analysis selections
removes some events with energetic muons in the final state that would have passed

the other event selections. These analysis selections include a stringent lower bound
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on the offline-reconstructed EX*, which accounts for muon momenta. The solution,
presented in more detail in Section 5.3, was to additionally allow for events that pass

the “single muon” trigger.
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Chapter 4

Modelling of Signal and Background Processes

To search for evidence of new physics in the ATLAS data, it is necessary to develop
an accurate model of the expected yield of both SM events (a.k.a. “background”)
and hypothesized BSM events (a.k.a. “signal”) in the data, as well as their kinematic
distributions. The yields and kinematic distributions of events in the data are then
compared with those in the signal and background models to check for any “above-
background” significant excesses in the data that could point to the presence of BSM
physics. If no significant excesses are observed, the search can exclude the signal
model over the range of parameters for which the model predicts a significant above-

background excess in the data.

4.1 Introduction to the Monte Carlo Method

Like many collider experiments, the ATLAS collaboration uses the “Monte Carlo”
(MC) method to model the expected yield and kinematic distributions of SM and
hypothesized BSM events in the data collected by the detector. The MC method is
a computational algorithm that uses repeated sampling of random variables, where
each set of randomly sampled variables represents a randomly generated “event”.
To simulate the predicted behaviour of any given process using the MC method, a
parametric model for the process is needed. The parametric model receives as input
a set of variables associated with a single event (eg. kinematic information describing
the partons involved in a high-energy parton-parton collision at the LHC, prior to
the collision), and predicts the values of all variables of interest for the event after
it has undergone the process being modelled (eg. the energy and momentum of the
massive particle that would be produced from the parton-parton collision for a given

particle production process). The MC method proceeds as follows: for each randomly
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generated event, the random variables associated with the event are passed into the
model to produce a resulting set of output variables. For physical models, one is
particularly interested in the set of “observable” output variables, meaning those that
can be measured experimentally in the modelled system. Given a set of these so-called
“MC simulated events”, the associated set of values for each observable, which were
generated by passing the events through the model, represents a random sampling of
the underlying probability density distribution for that observable according to the
model. The method is useful for complex models with many free parameters, for
which it would be unfeasible to develop analytical formulations of the distributions
of observables predicted by the model.

The MC simulated events can then be binned into histograms in one or more
observables. Assuming that, for each event, the sampling of random variables is
performed “independently” - i.e. in a manner such that the sampling of random
variables for each event is unaffected by that of any other event - the number N; of
events in each bin ¢ will vary randomly according to Poisson statistics with, on average,

a standard deviation of oy, = v/N;. Consequently, as the number of MC simulated

events is increased by a factor of «, the relative size (;VNZ of fluctuations in each bin
will, on average, decrease according to \/La As a result, as one increases the number
of MC simulated events, the shapes of histograms binned in the model’s observables
for the simulated events will become an increasingly precise approximation of the

underlying probability distributions for these observables according to the model.

4.2 Monte Carlo Simulation of Events in the ATLAS Detector

Signal and SM background models used to perform searches for BSM physics with the
ATLAS detector are produced using sophisticated MC simulation of both the passage
of the final-state particles through the ATLAS detector and of the physical production
mechanisms for the particle collision, production and decay processes involved. For
a given process, “truth-level” information for each MC simulated event generated
to simulate the process is first obtained from a random proton-proton collision by
simulating the physical production mechanism for the process. An example of such
a process would be the dominant W+jets SM background in this DM search, shown
in Figure 4.3a.

The set of simulated final state particles, along with their kinematic information,

are collectively known as the “truth-level” event. Truth-level events can subsequently
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be passed through a highly detailed simulation of the ATLAS detector [123] produced
using the Geant4 toolkit [124], which models how these events would actually be mea-
sured by the detector at this so-called “reconstruction-level”. ATLAS requires very
large MC generated data sets (millions of simulated events per process) to adequately
model the predicted probability distributions for kinematic observables over their full
range of interest for the SM measurements and BSM searches that use the ATLAS
data.

4.2.1 Use of Alternative MC Generators

ATLAS uses various MC simulation packages (also known as “generators”) to per-
form truth-level MC simulation of different physics processes. For many processes,
particularly SM background processes, independent MC simulations have been per-
formed using several different packages, and the yields and distributions of events
predicted by the different packages can be compared to evaluate a systematic uncer-
tainty associated with the choice of generator used to simulated the process. The
specific generators used to model the physics processes considered in this search will

be discussed in Sections 4.3 and 4.4.

4.2.2 Weighting and Normalization of MC Simulated Processes

Given a set of MC simulated events for a given process, it is often necessary to apply
multiplicative “weights” to the simulated events in order to correct their distributions
and amplitude before comparing with the measured data. The weights are designed
to modify the amount that a given event contributes to the amplitude of the bin
to which it is assigned when the MC simulated events are binned into histograms.
Rather than simply summing the number of simulated events that fall into a given
bin, the simulated amplitude, or “yield”, of each bin is evaluated instead as the sum

of event weights w for all events that fall into the bin:

simulated yield in bin k = Z w; (4.1)

event ¢ in bin k
The weights are broadly categorized into “event-level” weights and “scaling fac-
tors”. Event-level weights may differ between one event and the next, and are designed
to modify the shapes of simulated yield distributions in one or more observables to

better represent their expected distributions in the measured data. These shape mod-
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ifications may be motivated by a variety of factors, such as to account for data-taking
conditions that were not known or incorporated at the time of simulation. Individ-
ual sources of event-level weights for processes simulated in the ATLAS detector are
discussed in more detail in Section 4.2.2 below.

After applying event-level weights to correct the shapes of the distributions, scaling
factors are applied identically to all the events generated for a given process. The
scaling factors are designed to scale the total simulated yield of events such that it
matches the total number of events that are expected to have been produced by the

simulated process in the actual measured data set.

Weighting of MC Simulated Events of Particle Collision Processes

Event-level weights are applied to events generated by the MC method to model
particle collision and decay processes in the ATLAS detector. For a given process,
the overall event-level weight applied to each event is a product individual weights

arising from various sources:

event-level weight i = (generator weight), x (pileup reweighting weight), x

X H (reconstruction weight j) (4.2)
J

The “generator weight” is a weight applied by some generators during the genera-
tion of truth-level events for various purposes. These purposes may include correcting
for the generation of duplicate events at various stages of the calculation and correct-
ing leading-order calculations to achieve the expected distributions that a more precise
“next-to-leading-order” calculation would be expected to produce.

The “pileup reweighting weight” is designed to account for the effects of “pileup”
(see Ref. [125] for a description of the methods currently used to model pile-up
in the ATLAS detector). Due to the oscillatory electric fields used to accelerate
protons in the counter-rotating LHC beams, protons in the beams do not form a
continuous stream of particles, but are instead concentrated into regularly-spaced
“bunches” in the longitudinal beam direction [126]. Superconducting magnets are
used to direct proton bunches in the counter-rotating beams into head-on collisions,
known as “bunch crossings”, at the centre of the ATLAS detector. Pileup constitutes

the soft QCD collision events that take place in the same (or closely-surrounding)
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bunch crossings as the “hard interaction” that actually triggered the event readout.
The nominal procedure of simulating the “hard interactions” that would produce the
process being modelled does not account for the presence of these pileup interactions
that would be measured by the detector as part of the readout for the triggered event.

To correctly model the actual pileup conditions during data-taking, the soft QCD
collision events that constitute these pileup interactions are either simulated or col-
lected from actual LHC collisions as so-called “zero-bias data’' (see Refs. [128] and
[127], respectively, for recent discussions of these alternative pileup modelling meth-
ods). Each simulated hard interaction event is then overlaid with a variable number of
the simulated pileup events, and the hard interaction and pileup events are weighted
to produce the distribution of pileup events in the data. Since the MC simulated
datasets were in many cases produced before or during data-taking, it is necessary to
reweight the MC simulated events using the so-called pileup reweighting weight such
that the distribution of pileup events accurately reflects the actual pileup distribution
during the data-taking. To do so, the full ATLAS data-taking period is divided into
“luminosity blocks”, and the average rate of pileup interactions is measured within
each such luminosity block. MC simulated events are then associated with specific
luminosity blocks. The pileup reweighting weights are evaluated for MC simulated
events within each luminosity block to match the pileup rate in the simulated events
to the average pileup rate measured during the associated data-taking period.

The “reconstruction weights” collectively refer to weights assigned to apply cor-
rections to quantities such as data-driven measurements of efficiency or resolution
associated with the reconstruction of objects such as electrons, muons and jets that

are produced in the simulated passage of events through the ATLAS detector.

Scaling Distributions for Comparison with Data

In addition to the event-level weights described in Section 4.2.2 above, scaling factors
are applied to each signal and background process such that the predicted yield of
events per bin in the MC simulated distributions for each process properly predicts the
actual yield of events expected in the ATLAS data based on the integrated luminosity
of the collected data set.

1 Zero-bias data is collected using a dedicated trigger, which fires one LHC turn after a high-pr
L1 trigger fires [127]. This method ensures that the rate at which the zero-bias events are triggered
is proportional to the instantaneous luminosity of the collisions. Since no other triggers are applied,
the event readout for this zero-bias data is expected to be representative of the pileup background
conditions.
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Sum of Weights Normalization

While the event-level weights can adjust the shapes of distributions of MC simu-
lated events to match those expected in the data, the sum of these weights does not
in general have any particular physical significance, and depends on the number of
events that were simulated. Prior to scaling the sum of weights to the predicted yield
in the data, it is therefore necessary to first normalize the sum of weights to unity by

dividing by the sum over all event weights for the process:

event-level weight ¢

event-level weight (normalized) i = (4.3)

DY ; event-level weight j

where the index j runs over all MC simulated events for the given process.

Scaling to Expected Data Yield
As discussed in Section 3.2, the total predicted yield N of events for a given
process of particle production and decay initiated by a proton-proton collision in the

LHC is given by the total integrated luminosity:

to
N = U/ L(t)dt = 0 Lin (4.4)
t1

where fttf L(t)dt is the integrated beam luminosity over the full data-taking period
from t; to t5 and o is the cross section for the process, which quantifies the rate
at which the proton-proton collisions will produce events via the process for a given
beam luminosity L.

Therefore, the final step in weighting the MC simulated events for comparison
with data is to scale all the normalized weights in Eq. 4.3 by the product of the cross
section o for the given process and the integrated ATLAS luminosity L;, such that
they sum to the total predicted yield N of events for the process:

event-level weight (normalized, scaled) i = [event-level weight (normalized) i] XX Ly
(4.5)
The following calculation confirms that summing all event weights in Eq. 4.5, and

combining with 4.3 and 4.4 produces the total predicted yield N for the given process:
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>, event-level weight i

Z event-level weight (normalized, scaled) i

i

= X 0 X £in
>_;event-level weight j ¢

= Uﬁint =N (46)

4.2.3 Comparing Data and MC Simulation to Search for New Physics

With the MC simulated data properly weighted and normalized as described in Sec-
tion 4.2.2 above, event selections are applied to both data and MC simulated events
based on their final-state observables, such as the identity, momenta and directions
of final-state particles measured by the detector. The selections, which are discussed
in more detail in Section 5.2, are designed to define one or more regions of the data,
known as “signal regions” within which the MC simulation of the signal process pre-
dicts a relatively large yield of the hypothesized BSM process compared with the MC
prediction of SM background processes. Within each signal region, the data and MC
simulated events may be additionally binned in one or more final-state observables,
and the resulting distributions of ATLAS data are compared with those of the total
MC simulated SM background yields to check for any significant yield excesses or
shape differences in ATLAS data that could be indicative of new physics.

4.3 Simulation of the DH Signal Model

The DH signal model presented in Chapter 2 is simulated using a program called
MadGraph 5 [129]?, which generates proton-proton collision events and calculates the
matrix element at leading order to produce events associated with the Lagrangian for
a given process. The Lagrangian for the DH signal model is encoded in MadGraph,
with the coupling constants g4, gy, the mixing angle 8, and the DM mass m,, fixed to
the values specified in Section 2.2.1. The DH and Z’ masses m, and my are left as
floating parameters in the search. Therefore, MC simulated data sets are generated
over a grid of m, and myz. The grid was designed to cover masses for which the
search is expected to be reasonably sensitive to the model. Figure 4.1 shows the my
and myz masses for which MC simulated data sets were generated for the DH signal

process.

2MADGRAPH5_AMC@NLO 2.7.2 (ATLAS, LCG) [130] is the particular version of MadGraph 5
used to generate the MC simulated signal events used in this search.
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Figure 4.1: Grid of produced signal samples with different choices of mz/, ms and the
other parameters fixed to g, = 0.25, g, = 1.0, m, = 200 GeV, 6 = 0.01.

As discussed in Chapter 2, the signal model considered in this search produces
two final-state partons from the s — W (qqfv) decay. MadGraph also includes pro-
duction mechanisms in the matrix element calculation for which up to one additional
parton is radiated in the final state. These final-state partons initiate cascades of
radiation produced by QCD processes, which are modelled using the Pythia8 3 [131]

program.

4.4 Simulation of SM Background Processes

The selection criteria applied to final-state observables in the ATLAS and MC simu-
lated events are designed to define signal regions, which contain events that exhibit
the final-state signature of the DH signal model, namely of a WW pair that decays
semileptonically and recoils against missing transverse momentum produced by the

DM pair in the final state. However, some SM processes can produce final state

3The PyTHIA 8.230 [131] is the particular version of Pythia8 used to generate the MC simulated
signal events used in this search.
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observables that are similar enough to that of the signal model as to create an appre-
ciable yield of events in the signal regions. In addition to targeting the signal model,
the selections are also optimized to minimize the predicted yield of SM background
processes in the signal regions. This section presents the background processes that
have a non-negligible yield in the signal regions even with the optimized signal region
selections.

Dominant backgrounds to the search are the W +jets, Diboson and ¢t processes
described in Section 4.4.1. Figure 4.2 shows the yield breakdowns in the signal regions

of all SM background processes considered in the analysis.

Z+Jets Triboson
Triboson single-top —
single-top Z+Jets
ttbar ttbar
Diboson Diboson

© W+lets © W+lets

(a) “merged” SR (b) “resolved” SR

Figure 4.2: Relative contributions of all SM background processes considered in the
signal regions.

4.4.1 Dominant Background Processes
W-jets

The dominant SM background in the signal regions comes from the W -+jets process,
wherein a leptonically decaying W is produced from the initial parton-parton collision,
along with hadronic activity that fakes the hadronically decaying W in the signal
model. A leading Feynman diagram for the W +jets background is shown in Figure
4.3a.

The SHERPA 2.2 [132] MC generator is used to model both the hard W + jets

process, as well as the parton shower initiated by the final-state partons in the process.

Statistical Enhancement in W +jets Samples for my, > 120 GeV
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(a) W+jets (b) tt

Figure 4.3: Feynman diagrams for W +jets and ¢t SM background processes.

Due to application of a high m(¢, EMis) requirement, described in Section 5.2, to
reduce the W+jets background in the signal region, it was found that the majority of
MC simulated events simulated for the W +jets process that make it into the signal
regions are generated with a very high off-shell mass of the leptonically decaying W
boson in the process. The default SHERPA 2.2 generator is not optimized to produce
large MC statistics in this high-my, regime. Therefore, in addition to using sam-
ples produced by the default SHERPA 2.2 generator, this search also makes use of a
recently-developed set of specialized SHERPA 2.2 W+jets MC generated samples? that
are generated with enhanced MC statistics for large off-shell masses (my, > 120 GeV)
of the leptonically decaying W.

Diboson

The next-leading SM background after W +jets comes from the diboson process, in
which a pair of vector bosons - WW, ZZ or WZ - are produced from the initial
parton-parton collision. The diboson events that make it into the signal region are
dominated by the production mechanism in which both bosons decay leptonically
(W — lv, Z — vv or Z — £¢) to produce a final-state lepton in addition to missing
transverse momentum from the neutrino production, and one or more partons are
radiated as part of the diboson production process to produce QCD activity that
fakes the hadronically decaying W in the signal model.

The diboson process, as well as the parton showers initiated by partons produced

in the process, is modelled using the SHERPA 2.2 MC generator.

4The specialized samples generated with enhanced MC statistics for large off-shell my are not
yet discussed in any published work, but are described in the following internal ATLAS document:
ATL-COM-PHYS-2021-063
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tt

The tt process represents the third-leading SM background in the signal regions. A
leading Feynman diagram for the process is shown in Figure 4.3b. In this process, two
t quarks are produced from the initial parton-parton collision, both of which decay
to a b quark and a W boson. The WW pair decays semileptonically, thus faking the
semileptonically decaying WW pair produced in the signal model. The final-state v
from the leptonic W decay produces the missing transverse momentum required in
the signal region selection. The signal region selection includes a veto on the presence
of b-tagged quarks in the final state to reduce the yield of tf events, but some events
from the process pass the veto and make it into the signal region due to the limited
efficiency of the b quark tagging algorithm [133].

The production of ¢t events is modelled using the POWHEG Box v2 [134, 135,
136, 137] generator, which calculates matrix elements for the process. Parton showers
initiated by final-state partons produced in the ¢ process are modelled using PYTHIA
8.230 [131].

4.4.2 Sub-dominant Background Processes
Z-+jets

The Z+jets process is analogous to the W +jets process, but with the leptonically
decaying W boson replaced by a Z boson, which also decays leptonically. For the
majority of Z+jets events that are classified into the signal region, the Z boson decays
to a ¢¢ pair, of which one of the /s is not properly identified as a e or u during event

reconstruction.

Triboson

The triboson process is similar in structure to the diboson, except that three vector
bosons rather than two are produced from the initial parton-parton collision. Triboson
events that pass the signal region selection predominantly exhibit a “V'Vjj;” final
state, in which two of the vector bosons decay leptonically to produce a final-state e
or i in addition to missing transverse momentum from v production, and the third
vector boson decays hadronically. The triboson process, as well as parton showers
initiated by final-state partons in the process, is modelled using the SHERPA 2.2 MC

generator.
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single-top

The single-top process in the signal region is dominated by “Wt” events, in which
a single t quark is produced in association with a W boson from the initial collision
of a quark and a gluon. The ¢t quark subsequently decays to Wb to produce the
signature WW final state of the signal model. As with the tf background, the yield
of single-top events in the signal region is reduced by the application of a b-veto in
the event selection for the signal region.

Single-top Wt associated production is modelled using the POWHEG Box [138,
135, 136, 137] v2 generator, which provides matrix elements for the process. Parton
showers initiated by final-state partons produced in the single-top Wt process are
modelled using PyTHIA 8.230 [131].
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Chapter 5

Data Reconstruction, Selection and Triggers

This chapter describes the physics objects that are reconstructed on an event-by-event
basis using collision data from the ATLAS detector, and used in this DM search. It
also discusses the triggers and event selection cuts that are applied to define the
subsets of collision data and MC simulated data, also known as “analysis regions”,

used for the search.

5.1 Object Definitions

The goal of the ATLAS detector is to identify particles that are produced by the
proton-proton collisions that take place in the centre of the detector, and to recon-
struct their kinematic properties. The particle identification and reconstruction is
performed using collections of measured signals in the detector sub-systems, which
are broadly referred to as “physics objects” (See Ref. [139] for a review of physics
object reconstruction with the ATLAS detector). The physics objects used to recon-

struct all particles considered in this search are described in the following sections.

5.1.1 Charged Leptons

The final state charged lepton produced from the leptonic decay of a W in the DH
model could with approximately equal probability [22] be an electron e, a muon p
or a tau 7. Electrons are stable and as such do not decay before depositing their
energy in the ATLAS detector. This allows them to be reconstructed directly using
information from the inner tracker and the EM calorimeter, as discussed in Sections
3.4.1 and 3.4.2. Muons are unstable and will ultimately decay to a v, and a ev, pair
via a virtual W boson mediator, as shown in Figure 5.1a. However, their mean lifetime

of 2.2us, which is the average time after they are produced before they undergo the
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decay to v, + e, is long enough that muons do make it through the ATLAS detector
before they decay, and are reconstructed using information from the inner tracker and
the muon spectrometer, as discussed in Sections 3.4.1 and 3.4.2. Only the W — er,
decay is possible in the 3-body muon decay, because any other particles that a virtual
W could otherwise decay to are too massive to be produced from the initial 106 MeV

rest mass energy of the muon.

1 “\//P wid ;FH Py
A, A
N . «
(a) Muon decay (b) Tau decay

Figure 5.1: Decay mechanisms for muons and taus.

Due to the relatively large tau mass of 1.8 GeV, the virtual W boson in the 3-
body tau decay can itself decay either leptonically to e, or pi,, or hadronically to
du, as shown in Figure 5.1b. As a result of the additional decay channels, tau decays
proceed with a much shorter mean lifetime of 0.3ps compared with that of the muon.
Because of this relatively short lifetime, taus will decay before passing through the
ATLAS detector, and as such it is their leptonic or hadronic decay products that are
actually measured in the detector [140]. As will be discussed in Section 5.2 below,
the selections applied for this analysis require that events have exactly one electron
or muon in the final state in order to be considered for the search. As a result, the
search is sensitive to s — WW decays in which the leptonically decaying W decays
to T, only in the case where the 7 decays leptonically to produce a single energetic
electron or muon in the final state. This leptonic 7 decay mode occurs with a 35%

branching fraction [140].

Electrons

As discussed in Section 3.4.2, electron objects are reconstructed from clusters of
energy deposits in the electromagnetic calorimeter that are associated with tracks
in the inner detector, and calibrated to the EM scale. Detailed information about

electron reconstruction, identification, and calibration can be found in Refs. [141],



70

[142] and [143]. To accommodate the differing needs of the various studies that
make use of electron objects, ATLAS reconstructs these objects at several levels of
identification and isolation efficiency, where the various efficiency levels are referred
to as “working points”, the names of which are typically variants of Loose, Medium
and Tight for reasons that will be discussed in the following paragraphs.

The identification efficiency refers to the probability that an electron passing
through the detector will be correctly reconstructed and identified as such. In gen-
eral, a higher efficiency is achieved by loosening electron identification criteria, which
comes at the cost of an increased background acceptance. The increased background
acceptance means that reconstructed objects have a higher probability of being in-
correctly identified as having originated from an electron.

Electron isolation tackles a slightly different, though related, challenge in compar-
ison with identification. The goal of isolation is to separate the so-called “prompt”
electrons that are produced from the primary decay processes of heavy mediators
produced in the pp collisions from background processes such as semileptonic quark
decays, hadrons misidentified as leptons and photons that convert into ete™ pairs
before reaching the EM calorimeter. It is generally found that reconstructed objects
that originate from prompt electrons can be characterized by a relative absence of
(i.e. isolation from) significant activity in a small angular radius R around the object
in the space of 7 X ¢. In analogy with the identification efficiency, a high isolation effi-
ciency is achieved by loosening the criteria for defining an object as isolated. As such,
loosening isolation criteria will improve the probability that the prompt electrons tar-
geted by the isolation requirement are identified as isolated objects, at the cost of an
increase in the rate at which objects that originate from background processes are
also identified as isolated.

Two types of electrons are defined for the search based on different sets of criteria.

Baseline electrons use the Loose working point for both identification and isola-
tion. Isolation is measured within a fixed angular radius of AR = 0.2 around the
reconstructed electron object [142]. The Loose identification working point is mea-
sured in dedicated studies performed within the ATLAS collaboration to have an
efficiency of 93% [142] for identifying prompt electrons with EFr = 40 GeV. The
Loose isolation working point has a total measured efficiency of 98% [142]. Because
of their relatively high efficiency, baseline electrons are used to veto the presence of
additional electrons in the final state.

Signal electrons are designed to reconstruct prompt electrons with high purity.
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They are required to satisfy the Medium identification criteria, which are measured
to have an 88% efficiency [142], and Loose isolation criteria.

Both types of electrons are required to have pr > 7 GeV and a pseudorapidity in
the range of |n| < 2.47.

Muons

As described in Section 3.4.3, muons are reconstructed using information from the
the inner detector and the muon spectrometer. Detailed information about muon
reconstruction, identification and calibration can be found in Refs. [144] and [145].
As is the case with electron objects, muon objects are reconstructed at several iden-
tification and isolation working points, and two definitions for muons are considered
for this analysis:

Baseline muons do not have any isolation requirement, but are required to satisfy
the Loose identification criteria, with a measured efficiency of 98% for 20 GeV <
pr < 100 GeV [144].

Signal muons are designed to have a relatively high purity, and must satisfy the
Medium identification criteria, with a 96% efficiency for 20 GeV < pr, < 100 GeV
[144]. Signal muons are additionally required to pass a set of tight isolation criteria
referred to as Tight TrackOnly_VarRad [145]. These tight isolation criteria use infor-
mation from the inner tracker, and are defined within an angular radius AR around
the reconstructed muon object that depends on the pr of the muon object.

Both types of muons use a threshold of pr > 7 GeV.

Baseline muons are required to have pseudorapidity in the range of |n| < 2.7. For
signal muons, a tighter pseudorapidity range of |n| < 2.5 is required to ensure that

the muons are well measured in the inner detector as well as the muon spectrometer.

5.1.2 Small-radius anti-k; (R = 0.4) jets

As discussed in detail in Section 3.4.2, quarks and gluons induce showers of energy
deposits in the calorimeter known as jets. This search uses the “particle flow algo-
rithm” [146] to reconstruct objects associated with the energy deposits in the hadronic
calorimeter. The particle flow algorithm matches signals from the inner tracker with
topologically connected clusters of energy deposits in the calorimeter known as “topo-
clusters” with the aim of forming objects that represent individual charged particles.

The energy deposited in the calorimeter by these identified charged particle objects
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is removed, leaving behind an ensemble of “particle low objects” that consist of the
remaining calorimeter energy and tracks. The anti-k; algorithm described in Ref.
[118] is then used to reconstruct jets using these particle flow objects. A range of jet
radii B! may be chosen within which the anti-k; algorithm should include particle
flow objects for jet reconstruction. The choice of R depends on the kinematics, and
on anticipated origins of the quark or gluon that initiated the shower (see discussion
in Section 3.4.2 for more details).

As discussed in Chapter 2, the final state signature of the DH model targeted in
this search involves a pair of energetic W bosons in the final state, one of which decays
leptonically to a fv pair, and the other hadronically to a pair of quarks. If the boost
of the hadronically decaying W is sufficiently low, the angular separation between the
two quarks may be large enough that the quarks are most effectively reconstructed as
two separate jets, each with a small jet radius R. In the so-called “resolved” regime
of the search, the two sets of energy deposits in the calorimeter produced by the
W — qq decay are so separated that it is not even possible to reconstruct the two
quarks within a single large-radius jet. For this search, these so-called “small-R ” jets
are reconstructed with a jet radius of R = 0.4.

After all small-R jets in the final state are reconstructed and fully calibrated, as
described in Ref. [147], only jets with pr > 20 GeV and |n| < 2.5 are considered
for the search. Jet cleaning [148] with the TightBad working point is applied to
suppress noise in the calorimeter, as well as background jets that are not produced
from the primary pp collision. The jet vertex tagger [149] is applied with the Tight
working point to suppress pileup jets (see Ref. [125] for a discussion of pileup and
its simulation in the ATLAS detector) from other pp interactions in the same and
neighbouring bunch crossings - see Section 4.2.2 for a more detailed discussion of

pileup events.

b-tagging

When b quarks are produced by pp collisions in the ATLAS detector, they imme-
diately form “b-hadrons” due to colour confinement. The b-hadrons subsequently
decay primarily via the weak force to form lighter hadrons. The so-called secondary
decays of b-hadrons occur with a typical lifetime of ~ 1.5ps [22], and as a result

the b-hadrons can travel several millimeters from the primary pp interaction point

1See Eq. 3.4 for the definition of the angular radius R.
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[150] before undergoing secondary decay. The displaced secondary vertex represents
a signature of b-hadron decay in the ATLAS detector. It can be reconstructed using
precision tracking of charged particles provided by the inner detector, and used to
assign a “b tag” to hadronic jets in the ATLAS calorimeter to identify them as having
originated from the decay of a b-hadron. This so-called “b-jet tagging” is performed
with the DL1r algorithm [150], which uses a deep learning method for the identifica-
tion. A fixed working point with a 77% efficiency is used. b-tagged jets are vetoed
in the signal region to reduce the background of SM ¢t and single-top processes (see
Section 4.4.1 for details).

5.1.3 Resolved W Candidate

As described in Section 5.1.2 above, the pair of quarks produced by the hadronic decay
of the W boson in the signal model are reconstructed as two resolved small-R jets
in the less-boosted resolved regime. The parent W boson can then be reconstructed
from small-R jets induced by its daughter quarks using the combined energy and
momentum of the small-R jet pair. Given that small-R jets can also be produced by,
for example, initial-state radiation and pileup, it is quite common for there to be more
than two small-R jets reconstructed in the final state. These additional jet sources
complicate the task of identifying which of the reconstructed small-R jets in a given
event should be associated with the W — qq in the signal model. For events with
more than two small-R jets in the final state, the pair of small- R jets whose combined
invariant mass is closest to the W boson mass is assumed to have originated from the
W decay, and used to reconstruct the W boson candidate. The algorithm for this jet

identification and W boson reconstruction is as follows:

e Construct all possible combinations of two small-R jets (a.k.a. “dijet pairs”) in
the final state.

e For each such candidate dijet pair, j; and j,, sum the four-momenta of the
reconstructed jets, pj, j, = Pj; + Pj,, and calculate their combined invariant

mass:

Mj17j2 = v/Pj1,j2 * Pj1j2 (5'1>

e Select the dijet pair whose invariant mass is closest to the W boson mass of
80.4 GeV [22] as the small-R jets to be associated with the W — ¢ decay.
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e Reconstruct the hadronically decaying W boson candidate using the dijet pair

with four-momentum pj, ;,.

Figure 5.2 shows distributions of the reconstructed W boson candidate mass for
MC simulated events generated for a range of m, and my after application of the
baseline event selections presented in Section 5.2, with the additional requirement
that there be at least two small-R jets in the final state. The distributions are in

general well centred around the W boson mass.

0.05 /5 = 13 Tey, 1390 f5°} 3 m.=360, mz=1000 V5 = 13 TeV, 139.0 fo-! [ m.=160, mz=2500
Baseline (>2 R=0.4 jets) . ms=310, mz=1000 0.04 Baseline (>2'R =0.4 jets) ms=160, mz=2100
L ms=260, mz=1000 ms=160, mz=1700
0.04 [—J ms=185, mz=1000 [ ms=160, mz»=1000
[ m.=150, mz=1000 [ m.=160, mz=500
————— W boson mass 0.03 ----- W boson mass
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Reconstructed W Candidate Mass (GeV) Reconstructed W Candidate Mass (GeV)
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Figure 5.2: Distributions of the reconstructed W candidate mass for MC simulated
events produced with the DH signal model over a range of m, and mz. All events
included in the distributions are required to have passed the baseline event selection
described in Section 5.2, and to have at least two small-R jets in the final state. The

red dashed vertical line is placed at the W boson mass of 80.4 GeV. Distributions
are normalized to unit area.

5.1.4 Track-Assisted Reclustered Jets (Merged W Candidate)

If the hadronically decaying W boson is produced with a sufficiently large momentum
(i.e. boost), the jets produced by the ¢g pair may be sufficiently collimated (i.e.
“merged”) that they are most effectively reconstructed as a single multi-pronged
large-R jet, as opposed to the resolved small-R jets used for W reconstruction in the
resolved regime (see Sections 5.1.2 and 5.1.3 above for details).

Since the signal model predicts that charged particle tracks and energy deposits
in the detector will have originated primarily from the two quarks produced by the
W — qq decay in the signal model, it is important to reconstruct the large-radius
jet in this so-called merged regime with as much detailed kinematic and substructure

information as possible. This information is used in the search to help identify whether
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the hadronic activity contained within a large-R jet is consistent with having been
induced by two energetic quarks originating from a W parent, as predicted by the
signal model. Such features include the combined invariant mass mTARJet of all
particles associated with the jet, which would be expected to be consistent with
the W boson mass within detector resolution. Important substructure information
includes variables that aim to quantify the number of distinct “prongs” of localized
energy deposition within the jet, which can be correlated to the number of high-pr
strongly interacting particles whose energy deposits are included in the jet (two such
prongs would be expected for the signal model).

This search uses the track-assisted reclustered (TAR) jet algorithm [2] for large-
R jet reconstruction in the merged regime. In this regime, the highest-pr TAR
jet reconstructed with a radius parameter of R = 1.0 is used to reconstruct the
hadronically decaying W boson (Whaq) in the DH signal model. Whereas most large-R
jet reconstruction techniques rely on energy deposits in the calorimeter to reconstruct
the jet substructure information, TAR jets are designed to profit from the superior
resolution of the inner tracker for improved substructure reconstruction by matching

charged particle tracks with energy deposits in the calorimeter.

TAR Algorithm

For this search, R = 0.2 small-R jets are used to reconstruct energy deposits in the
calorimeter, and are input to the TAR algorithm along with tracks measured by the
inner detector that satisfy a set of quality criteria summarized in Table 5.1. The
TAR algorithm [2] is as follows: the input R = 0.2 small-R “subjets” are reclustered
using the anti-k; algorithm with R = 1.0 to form large-R jets. A trimming procedure
is applied to mitigate the effects of pileup and background QCD processes within
the triggered event that do not originate from the hard interaction. The trimming
procedure removes any of the input subjets that carry less than a fraction f., = 0.05
of the total transverse momentum of the large-R jet: piri®t /piare it <0 05, The
tracks from the inner detector are then matched to the remaining small-R subjets
using the ghost association procedure described in Ref. [151], if possible. Any tracks
that cannot be matched to subjets using ghost association are instead matched to
the nearest subjet, provided that there is a jet within an angular radius AR = 0.3 of
the track. To account for the energy of the neutral hadronic jet components, which

do not leave tracks in the inner detector, the pr of each track is scaled such that the
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summed pr of all tracks matched to a given subjet will evaluate to the energy of the

subjet as measured by the calorimeter:

subjet

track, new _track, old % pTJ (5 2)
T — M7 Z track, old :
icj Prii

where the index ¢ runs over all tracks matched to the subjet j. The rescaled tracks
and remaining subjets are again reclustered using the anti-k; algorithm to form the
final large-R TAR jet.

While the kinematic properties of the TAR jets are calculated from the constituent

TAR

small-R jets, the jet substructure and mass m are calculated from the constituent

tracks. Figure 5.5 shows a visual summary of the basic TAR algorithm.

TAR-lepton Disentanglement

The analysis applies the TAR algorithm to R = 0.2 small-R jets and tracks that have
undergone a “TAR-lepton disentanglement” preselection to remove tracks associated
with any reconstructed baseline electrons or muons, as well as any R = 0.2 jets that
overlapped with the baseline electron tracks. This preselection is helpful given the
final state targeted in the search, because the charged lepton produced by the leptonic
W — fv decay often falls within the R = 1.0 cone of the TAR jet, as illustrated in
Figure 5.3. This TAR-lepton overlap disrupts the jet reconstruction, particularly due
to the additional jet energy induced by calorimetric clusters created in the large-R

jet by the overlapping electron.

Figure 5.3: Illustration of the final state scenario in which the charged lepton produced
by the leptonic W — v decay overlaps with the large-R TAR jet reconstructed from
the hadronic W — qq decay.

Figure 5.4 shows a comparison of the distributions of reconstructed TAR jet mass
mTAR Jet either without or with the TAR-lepton disentanglement preselection applied,
for MC simulated events produced with the DH signal model at several representative

mg and my, in which the reconstructed electron in the final state overlaps with
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the highest-pr reconstructed TAR jet. For all the signal points, the TAR-lepton

disentanglement preselection is found to substantially improve the ability of the TAR

TAR Jet

algorithm to reconstruct TAR jets with m near the W boson mass, as would

be expected for the signal model.

1 m,=260, mz=1000 (no TAR-lep dis.) 1 m,=335, mz=1000 (no TAR-lep dis.)

0040 VE=13TeV,139.0 b1 3 ms=260, mz=1000 V5 =13TeV, 139.0 b~ [ m,=335, m;=1000
- Baseline (AR(e, TAR Jet)<1) Baseline (AR(e, TAR Jet)<1)
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Figure 5.4: Distributions of mT™® 7 for the leading-py TAR jet in MC simulated
events generated for the DH signal model process with semileptonic WW decay at
several representative m, and my/, with and without application of the lepton dis-
entanglement preselection. Events included in the distributions are required to have
one signal electron and at least one reconstructed TAR jet, both within an angular
radius of AR = 1.0. Distributions are normalized to unit area.

Summary of the TAR Procedure

The following steps summarize the algorithm used to construct the TAR jets used in

this search (steps with a * are included to disentangle leptons):

Tracks and calibrated anti-k; R = 0.2 jets are chosen as input to the algorithm.

Tracks associated with a baseline muon or electron are removed from the input

collection (*).

R = 0.2 jets overlapping with a baseline electron (AR < 0.2) are removed from

the input collection (*).

The remaining R = 0.2 subjets are reclustered using the anti-k; algorithm into

R = 1.0 jets, and trimmed using the pr fraction f., = 0.05.
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e Input tracks are matched to R = 0.2 subjets that remain after trimming, if

possible, using ghost association.

e Tracks that remain unassociated are matched to the nearest anti-k; R = 0.2 jet
within AR < 0.3.

e The pr of each track is rescaled using the pr of the jet to which it is matched
using Eq. 5.2. This rescaling accounts for the missing neutral momentum,

which is measured at calorimeter level but is not present at tracker level.

R

e Finally, jet substructure variables and m™%® are calculated using the rescaled

matched tracks.

The parameters of the TAR algorithm used are summarized in Table 5.1.

Use excellent angular resolution

% Tae  Of the ATLAS tracker system

* Tracks
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Removed Anti-K; R=0.2 jet

Figure 5.5: TAR jet reconstruction algorithm depicted without lepton disentangle-
ment. Figure adapted from (© [2]

5.1.5 [miss

The missing transverse momentum EX5 introduced in Section 3.4.4, quantifies the
imbalance of momentum in the plane transverse to the beam line. In the event that
all particles produced in a pp collision are fully detected, conservation of momentum

implies that the transverse momenta of all objects produced by the event should sum
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Table 5.1: TAR jet reconstruction parameters.

Track selection

Tracks removed if associated to

Loose quality
pr > 0.5 GeV
In| < 2.5
electrons, muons

R = 0.2 anti-k; jets

Input jet selection pr > 20 GeV

In| < 2.5
Reclustering radius R=1.0
TAR jet pr pHAR > 100 GeV
Trimming radius R=0.2
Trimming pr fraction feut = 0.05

Track-to-jet association
jet-electron overlap removal

AR(jet, track) < 0.3
AR(jet, electron) < 0.2
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to zero within detector resolution. As a result, large E2 in an event is indicative of
the production of undetected energetic particles. The semileptonic s — WW (qqlv)
decay channel of the LHC signature for the DH model probed in this DM search (see
Chapter 2 for details) predicts large (i.e. above-detector-resolution) EM* in the final
state. The large £ would be due both to the DM pair produced from the decay of
the hypothetical Z’, and to the neutrino produced by the leptonic decay of one of the
W bosons in the final state. Both the DM pair and the neutrino would be expected
to pass through the detector without any appreciable interactions due to their very
low interaction cross sections with SM particles, and hence constitute undetected (i.e.
missing) momentum in the event.

The ETs is calculated using fully calibrated and reconstructed physics objects
(for details, see Ref. [152]). For this search, baseline electrons and muons (see Sec-
tion 5.1.1) and R = 0.4 jets (see Section 5.1.2) are used to construct the EXss. A
soft term is additionally included, which uses tracks that are not associated with any
of these reconstructed objects.

This search also makes use of the object-based EM*s significance S [153], which is
designed to be positively correlated with the likelihood that the measured ERS was
actually produced by undetected particles in the event, rather than by fluctuations
arising from the limited detector resolution. The EM** significance is calculated on an
event-by-event basis using the uncertainties associated with the reconstructed objects

involved in the ER calculation for the given event.

5.1.6 Overlap Removal

To avoid double-counting any physics objects in an event, a priority-based overlap
removal (OR) strategy is employed, which eliminates any overlap between the physics
objects. This is accomplished by removing all but the highest-priority object from
any region in which objects overlap. The strategy presented in this section resolves
any overlap between electrons, muons and R = 0.4 small-R jets. The overlap removal
between leptons and TAR jets is described in Section 5.1.4. No overlap removal
between R = 0.4 jets and TAR jets is applied, as they are not used in the same
selection (see Section 5.2 for details). Table 5.2 summarizes the criteria under which
overlap is removed between a given pair of objects.

Overlap removal is performed for baseline objects, and only the remaining objects

are considered as candidate signal objects. Note that the calorimeter-tagged (CT)
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muons listed in Table 5.2, details of which can be found in Section 4 of Ref. [120], are
identified and reconstructed using only inner detector tracks and calorimeter energy
deposits consistent with a minimum-ionizing particle, and do not have any associ-
ated hits identified in the muon spectrometer. Due to the absence of any associated
signal in the muon spectrometer, these CT muons are given a relatively low priority
in the OR procedure compared with non-CT muons, which do activate the muon

spectrometer.

Table 5.2: Object priorities and overlap removal criteria for each pair of physics
objects considered in the OR procedure. Object pairs and removal criteria are listed
in the sequence by which they are considered for OR, with the top row considered
first.

Removed Object Retained Object Criteria for OR

Electron (lower pr) Electron (higher pr) shared inner detector track

Muon Electron shared ID track, and muon is CT

Electron Muon shared ID track, and muon is not CT

anti-k; 4 Jet Electron Angular separation AR < 0.2

Electron anti-k; 4 Jet AR < min (0.4,0.04 + 10 GeV/pr(e))

anti-k; 4 Jet Muon fewer than 3 tracks in jet, and (muon is
ghost-associated to jet, or AR < 0.2)

Muon anti-k; 4 Jet AR < min (0.4,0.04 + 10 GeV/pt(n))

5.1.7 Dark Higgs Candidate Mass

In principle, the four-momentum of the Dark Higgs boson s in the DH signal model

is simply the sum of the four-momenta of the WW pair that it decays to:

ps = pWhad + leep (53)

where Whaa (Wiep) denotes the hadronically (leptonically) decaying W boson. The
Whaq four-momentum is reconstructed in the resolved regime using the pair of anti-k;
4 jets whose invariant mass is closest to the on-shell W mass of 80.4 GeV (see Section
5.1.3), or in the merged regime as the four-momentum of the highest-pr R = 1.0 TAR
jet (see Section 5.1.4). The four-momentum of the W), is the sum of four momenta

of its lepton and neutrino daughters:

Pwi, = P¢t Py (5.4)
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If the neutrino were the only anticipated source of “true EXS 7 (i.e. EXSS arising
from undetected particles rather than limited detector resolution) in the final state,
the final state £ could be unambiguously assigned to the neutrino, i.e. (p;,,p,.) =
(Emiss, E;niss), at which point the only missing information would be the z-component
pu.. of the neutrino momentum. However, since the DH signal model additionally
predicts E¥ originating from the DM pair in the final state, there is some ambiguity
involved with assessing how much of the measured EX is accounted for by the
neutrino vs. the DM pair.

An approximate solution is obtained by determining the minimum m, that would
be required in order for the s decay to have produced a lepton and Wy.q with the
observed momenta, subject to the constraint that the invariant mass of the recon-
structed my;,, be equal to the on-shell W mass of 80.4 GeV. Although this minimum
ms may not necessarily evaluate to the actual modelled mg, by providing an absolute
lower bound on the possible range of m, that could produce the observed final state,
it is expected to at least be positively correlated with the actual modelled my.

To simplify the math involved in determining the minimum my, the coordinate
system is rotated without loss of generality such that the lepton is strictly traveling
along the z axis, and the hadronically decaying W boson W),q4 is in the xz plane, as

shown in Figure 5.6.

Figure 5.6: Coordinate system used to evaluate the minimum DH mass mg that is
kinematically required to produce the observed final state, subject to the constraint
that my,,, = 80.4 GeV.
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In this rotated coordinate system, the four-momenta p,, p, of the neutrino, lepton

and hadronically decaying W boson, respectively, are given by:

p, = E,(1,sin 60y, cos ¢, sin Oy, sin ¢,,, cos by,,) (5.5)
Pe = E€(1a07071) (56)

and
PWhaa = (EWhad7pWhad7$7 O?pWhad,Z) (5'7>

where 6, is the angular separation between the lepton and the neutrino, and ¢, is the
angle of the neutrino relative to the x axis in the xy plane. The my is then obtained

by squaring the four-momenta in Eq. 5.3:

mg = (pWhad + leep)2 = (pWhad + P+ pV>2

= (EWhad+E€+EV)2_(pWhad7x+EV sin egy COS gby)Q—(El, sin 9&, sin qby)Q—(Eg—f-pWhadjz—l—E,, COS 4941,)2
(5.8)

It can be shown by taking derivatives of Eq. 5.8 that the minimum m, occurs when
¢, = 0 (i.e. when the neutrino is in the same plane as the pyw,_, ).
Setting ¢, = 0 in Eq. 5.8 and using the Pythagorean identity sin# = +/1 — cos? 6:

2
m? = (Bw,,, + B+ E,)° — <pwhad,z + E, /1 — cos? sz)

— (B¢ + pwye + By cos ) (5.9)

This leaves an equation for mg with two unknowns: the energy E, of the neutrino,
and the cosine cos @, of the angle between the lepton and the neutrino. The neutrino
energy is determined as a function of cos 6y, by imposing the constraint that the mass
mw,, of the leptonically decaying W boson be set to the on-shell W boson mass of
mwy = 80.4 GeV:

m%vlep =miy = (pe +1p,)* = 20, = 2E,E,(1 — cos 0p,) (5.10)



84

Solving for E,:

_ miy
~ 2E,(1 — cos Oy,)

E, (5.11)

With this independent determination of E,, the minimum m, in Eq. 5.9 is eval-
uated numerically by scanning over cos 6, € [—1,1] and identifying the value of
cos By, that minimizes mg (excluding cos 6y, = 1 to avoid a singularity in Eq. 5.11).

Figure 5.7 shows distributions of this minimized “min(ms)” for MC simulated
events produced with the DH signal model over a range of m; (left column) or mz
(right column). The distributions are more sharply peaked for lower mg, and for
higher mg the location of peak in min(ms) becomes increasingly shifted to the left
of (i.e. below) the actual modelled m,. The minimal variation between the different
modelled values of mz presented in distributions in the right-hand column of Figure
5.7, which scan over a range of my for the same mg, offers an encouraging indication
that the value of the min(my) variable is primarily a function of the m, parameter in
the model that it is designed to approximate.

Despite the shifted location of the peaks at higher my, the presence of distinct
peaks in the approximate vicinity of the modelled my imply that the min(m) variable
can be a valuable tool to aid in discriminating events in the data that could be
consistent with the DH signal process from the SM background processes. For this
reason, events in the signal regions are binned in m, when searching for evidence of
the signal model in the ATLAS collision data. The binning in min(m;) is presented

in detail in Section 7.2.



85

139.0 fo-1 [ ms=360, mz=1000 [ ms=185, mz=1000 0.030 VS =13 TeV, 139.0 fb-! [ ms=160, mz=2500 [—J ms=160, mz=1000

(>2'R=10.4 jets) ms=310, mz»=1000 3 ms=150, mz=1000 Baseline (>2'R = 0.4 jets) ms=160, mz=2100 3 ms=160, mz»=500
ms=260, mz=1000 ms=160, mz=1700

0.025

0,025 y3

0.020
0.020
0.015
0.015

0.010
0.010

0.005
0.005

0.000

100 - 150 200 250 300 350 400 0.000 100 150 200 250 300 350 400

min(m;) (GeV) min(ms) (GeV)
(a) my fixed, my varied (b) ms fixed, my varied
0.0175] V5 = 13 Tey, 130,0 fp-t == Ms=360, mz=1000 [ m;=185, mz=1000 VE = 13Tev, 139,0 fp-t 1 Ms=160,mz=2500 [ m;=160, mz=1000
Baseline (>0 TAR jets) ms=310, mz»=1000 [ ms=150, mz=1000 0.020 Baseline (>0 TAR jets) ms=160, mz=2100 [ m=160, mz»=500
ms=260, mz=1000 ms=160, mz=1700
0.0150 =
0.0125 0.015
0.0100
0.010
0.0075
_'_l_l—
0.0050 =
0.005
0.0025
0.000 100 150 200 250 300 350 400 0.00 100 150 200 250 300 350 400
min(ms) (GeV) min(ms) (GeV)
(¢) my fixed, my varied (d) my fixed, my varied

Figure 5.7: Distributions of the DH candidate mass min(m;), reconstructed using the
minimization strategy presented in Section 5.1.7, for MC simulated events produced
for the DH signal model over a range of m, and my/. Distributions are normalized
to unit area. Events included in all distributions are required to pass the baseline
selection requirements presented in Section 5.2. For the distributions shown in the
top (bottom) row, the Wi,q is reconstructed as a resolved candidate (TAR jet) using
the strategy presented in Section 5.1.3 (5.1.4), and events are required to have > 2
R = 0.4 small-R jets (> 1 R = 1.0 TAR jets) reconstructed in the final state.

5.1.8 Transverse Mass

The transverse mass myp(EX () between the lepton and EXS is considered in this
search because it is sensitive to the presence of additional EX'* beyond that arising
from the neutrino in the leptonic decay of the Wjp,. It is computed for events measured
in the ATLAS detector as:

mop (0, B2 = \/QijErTniSSu — 080 e (5.12)

which is derived from the more general transverse mass definition found in Section

48.6.1 of Ref. [22].
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m%, full(ga E%iss) = (pT,Z + pT,ErTniss)Q

= m? + m2EEFiSS + ZETJ, ET7Erli-\niSS (1 — COS 0€7E’III‘]iSS> (513)

under the assumptions that the masses associated with the lepton and ER are
negligibly small compared with their momenta. The assumption of negligible lepton
mass is in general justified given the high energy of the pp collisions at the LHC.
The assumption of negligible mass associated with E¥ is justified if the true EMss
arises only from the neutrino in the leptonic Wi, decay, as it would in the leading SM
backgrounds. In the signal model, however, there is additional mass associated with
the £ which arises from the decay of the massive Z’ mediator to an invisible DM
pair. The result, shown in figure 5.8 after applying the baseline selection, is that the
bulk of the SM background has m(¢, EXis) below the W mass peak, but the signal
distribution tends to be peaked closer to ~ 250 GeV.

300000 | y5 = 13 TeV, 139.0 fb~! Wrlets Diboson
Baseline ttbar ms=160, mz»=2100
Signal Scaled x10000 Z+jets ms=335, mz=1000
250000 stop 1 ms=235, mz»=1700

Triboson 1 mg=260, mz»=500

200000 '

150000

100000

50000 W
0 -

100 200 300 400 500
mr(L, EF's°) (GeV)

Figure 5.8: Transverse mass distribution for SM background and several signal points
with baseline selections, excluding the lower bound on mr (¢, EX). The red line and
arrow indicate the placement of the baseline selection on mr (¢, EFs%).

5.2 Event Selections

Selections are applied to the ATLAS collision data and MC simulated events with the
aim of defining subsets, or “regions” of data that are enriched in a particular process

of interest for the search. The regions are designed and optimized using MC simulated
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data (see Chapter 4 for a detailed discussion of MC simulation and its application to
simulating data produced by the ATLAS detector). The use of MC simulated data
makes it possible to quantify the relative contribution to the expected yield of events
in the region arising from each physics process predicted in the data.

Selections that define the “signal regions” (SRs) are optimized to produce an
enriched yield of MC simulated events produced using the DH signal model (referred
to as “signal events”), with a minimal yield of simulated events generated to model SM
background processes (referred to as “background events”). A discrepancy between
the ATLAS collision data and the predicted yield of SM backgrounds in the signal
regions would indicate the presence of a BSM physics process with a production
mechanism at the LHC consistent with that of the signal model. “Control regions”
(CRs) are optimized to have an enriched yield of MC simulated events modelled for
one particular SM background process. W +jets and ¢t CRs are defined for this DM
search to obtain data-driven constraints on the total yields of these SM background

processes in the signal region.

5.2.1 Kinematic Categories

Within each of the SRs and CRs, the analysis selection is divided into two kinematic
regimes, referred to as “categories”. The “merged” category is designed to target
the merged regime discussed in Section 5.1.4 in which the hadronic decay products
are sufficiently boosted as to be reconstructed as a single R = 1.0 TAR jet. The
leading pr TAR jet is then used to reconstruct the candidate hadronically decaying
W boson Wy,q in the signal model. The “resolved” category targets the lower-py
regime in which the hadronic decay products have a sufficient angular separation
that they cannot be reclustered into a TAR jet, and are instead reconstructed as
resolved small-R anti-k;, R = 0.4 jets. As described in Section 5.1.3, the Wh,.q is
reconstructed in the resolved category using the two small-R jets whose combined
invariant mass is nearest to my, = 80.4 GeV.

Figure 5.9 illustrates the two kinematic categories.

Within each of the signal and control regions, the selection is divided into the
merged and resolved kinematic categories presented in Section 5.2.1. FEvents are
classified into the merged category if there is at least one reconstructed R = 1.0
TAR jet in the final state (N(TAR Jets) > 0), and the resolved category if there
are at least two reconstructed R = 0.4 small-R jets (N (Jets) > 1). Selections are
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Figure 5.9: A graphical representation of the two kinematic categories used in the
search based on the characteristics of the final state. Left: merged category, in which
the jets produced by the w — ¢¢ are sufficiently boosted as to be reconstructed
within a single large-R TAR jet. Right: resolved category, in which the two quarks
are reconstructed separately as two small-R anti-k; R = 0.4 jets.
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further refined and optimized separately within each category. It is worth noting
that, as is, the requirements for events to be classified into the merged or resolved
categories are not mutually exclusive - i.e. there are events that have least one R = 1.0
TAR jet and at least two small-R jets. To avoid double-counting the same events
in the search, orthogonality between the merged and resolved categories is therefore
enforced in all of the signal and control regions by explicitly requiring events that
pass the requirements to be classified into the resolved category in any region to have

additionally failed the merged category selection in all regions.

5.2.2 Baseline selection

The baseline preselection is common to all analysis regions and categories used in the
search, and is used to roughly define the region of interest for the search prior to any
detailed optimization of selection requirements or sub-division into separate analysis

regions. The baseline selection is defined as follows:

e (1 signal muon or 1 signal electron) and no additional baseline muons or elec-

trons

(Emiss trigger passed) OR ( (single muon trigger passed) AND (signal muon

matched to muon trigger) )

Emiss > 200 GeV

e S>5

mr (¢, ER) > 150 GeV

N(TAR Jets) > 0 or N(Jets) > 1

See Section 5.1.1 for the definitions of baseline and signal muons and electrons,
and Section 5.3 for details of the EX* and single muon triggers as well as the single
muon trigger matching requirement. The veto on baseline muons or electrons in
addition to requirement of a single signal lepton is designed to improve the purity
of the single lepton final state predicted by the signal model by removing events in
which an additional lepton was produced from the hard scatter and reconstructed as

a baseline lepton, yet failed the criteria to be identified as a signal lepton.
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5.2.3 Signal Region Definition

In addition to the baseline selection, a veto on jets identified as having been induced
by a b quark (a.k.a. a b-jet veto) is applied in the SR to reduce the yield of SM ¢t
and single-top processes discussed in Section 4.4. See Section 5.1.2 for details of the
b-jet tagging algorithm.

Within each category, the baseline selection is further refined by optimizing the
exact placements of upper or lower bounds, also referred to as “cuts”, on variables
for which the distributions of MC simulated events generated according to the signal
model differs appreciably from MC simulated distributions of the SM background
processes.

Broadly, the cut placements are optimized to maximize the predicted yield of MC
simulated events that model the DH signal process relative to the predicted yield
of events that model the SM background processes. However, this basic benchmark
fails to account for the fact that, as discussed in Section 4.1, the relative “statistical
uncertainty” associated with the limited number of MC simulated events used to
calculate yield predictions will increase as the selections are tightened (i.e. as lower
bounds are increased or upper bounds are reduced) due to the resulting reduction
in the number of MC simulated events that pass the selections. As the relative
statistical uncertainty of the predicted yields increases, the ability of the search to
confidently identify an excess of ATLAS collision events above the predicted yield of
SM background processes - which would be indicative of additional events produced
by a BSM process - is reduced. Furthermore, as the predicted yield of events is
reduced, the relative statistical uncertainty associated with the number of observed
events, derived from the Poisson distribution, will also increase and similarly impact
the sensitivity of the search. Therefore, while if is often valuable to tighten certain
selections in order to increase the relative predicted yield of the signal process, it is also
important to avoid over-tightening them to the point that the statistical uncertainty
of the predicted and observed event yields begins to reduce the sensitivity of the
search.

A metric known as the “Asimov discovery significance” [154] Z is used as a means
of quantifying the sensitivity of a signal region given the predicted yields s and b
of the signal and background processes, respectively, while also accounting for the
statistical uncertainty o, associated with the limited number of MC simulated events

used to predict b:
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[V

Z(s,b,03) = {2(5+b) (m [(Hb)(b“’gq P {Hb(i?)})} (5.14)

b2 + (s + b)o? o} b+ o}
Optimization Strategy for Signal Region Definition

After applying the baseline selections and b-jet veto, the placement of upper and lower
bounds is optimized for the selection variables listed in Table 5.3. The SR was kept
“blinded” during optimization, which means that only the MC simulated signal and
background events were considered, and not the ATLAS collision data. Blinding is
done in order to avoid biasing the cut choices on the basis of any trends or fluctuations
that may be present in the distributions of ATLAS data in the SR.

The choice of selection variables was made based on a visual assessment of the
impact of cuts on all the variables considered as candidate selection variables on the
Asimov discovery significance Z. Visualization of Z with respect to the cut placement
on each variable is done using so-called “N-1” plots, which are shown for the finalized
selections in the merged and resolved SRs, respectively, in Figures 5.10 and 5.11. The
N-1 plots are produced for a given variable v and a given set of candidate selections

on all other variables as follows:

e Place the candidate selections on all variables except for v.

e In the upper panel, plot the distributions of the background and signal processes,

binned in v.

e In the lower panel, plot the distributions of the Asimov discovery significance

Z for each signal process plotted in the upper panel.

— If comparing the placement of an upper bound v, on the variable v:

calculate the Asimov significance Z(v,) for all events with v < v,:

Sy = Z w(7)

1€{signal,v(i)<vy }

bu = 2. w(i) (5.15)

1€{SM backgrounds,v () <vy }

1, = \/ > (i)’

1€{SM backgrounds,v(i)<vy }
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where each event 7 is implicitly required to have passed all the other candi-
date selections for the given process (signal or SM backgrounds) in addition
to (v < v,), and w(7) is the event weight associated with event i (see dis-
cussion of event weights in Section 4.2.2). The statistical variance (o;)?
is evaluated in Eq. 5.16 as the sum of squared weights for events in the
background process that pass all other candidate selections in addition to

(v < v,). Inserting s,, b, and o, into Eq. 5.14:

Z(vu) = Z(Suybmabu) (516)

— Conversely, if comparing the placement of a lower bound v,: calculate the
Asimov significance Z(vy) for all events with v > vy by replacing “v < v,”
in Eq. 5.16 with “v > vy”.

The optimization was performed first in the merged category of the SR, after
placing an additional requirement of at least one R = 1.0 TAR jet. Once the selections
defining the merged SR were finalized, optimization was subsequently performed in
the resolved category, with the N(TAR Jets) > 0 requirement replaced by N(Jets) >
1 in addition to a veto on any events that pass the finalized merged SR selections.

Since the optimal placement of selections was found to vary to some extent for MC
simulated signal data sets with different m, and m, the cut placements were initially
optimized with the aim of maximizing the average Asimov discovery significance for
MC simulated data sets at the following four mass points, which cover most of the
m range considered in the search: (myg, myz) = {(210, 2100), (285, 1700), (310, 500),
(335, 1000)} GeV. The my values of these four mass points were chosen because
they are near the edge of the so-called “exclusion range”, which represents the range
of mg and my within which the search was expected to be sensitive to the presence
(or absence) of events produced by the DH signal model in the ATLAS data, at a
95% confidence level on the basis of sensitivity projections obtained using the method
presented in Section 7.3.3 with the Asimov data set. It is particularly desirable to
optimize the cut placements for mass points near the edge of the exclusion range in
order to extend this range as much as possible.

An iterative approach was used to optimize cut placements at the four signal

points, which combined:

e repeated grid searches, which scanned over 1, 000, 000 candidate multi-dimensional
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combinations of cut placements on some or all of the optimized variables to

identify combinations that maximized Z, and

e visual analysis of N-1 plots such as those shown in Figures 5.10 and 5.11 to

visually validate the optimal placements found by the grid searches.

It is worth noting that, inspecting Eq. 5.14, the Asimov discovery significance does
not account for the statistical uncertainty o, arising from limited MC simulated events
in the signal sample. Therefore, in order to ensure that there were sufficient events in
the signal samples, the grid search included an option to avoid cut combinations that
reduced the predicted signal yield below some acceptable minimum set by the user.
After some testing, it was found that setting a minimum acceptable predicted yield of
15 for the signal point (mg, mz ) = (210,2100) GeV was adequate to ensure that the
signal samples of interest for cut optimization had a sufficient number of events as to
prevent their statistical uncertainty from becoming appreciable compared with other
sources of uncertainty. The signal point (ms,myz) = (210,2100) GeV was chosen
to define the minimum yield because, at the time of optimization, it was among the
mass points with the lowest predicted yield over the set of mz and mg masses for
which MC simulated datasets were produced for the search (also referred to as the
“signal grid”).

After an optimized set of selections were determined for the four signal points
considered in the iterative optimization procedure described above, these selections
were validated and further refined by examining the projected sensitivity of the search
over the signal grid. Some minor refinements were made to cut placements with the
aim of maximizing the exclusion range. See Section 7.3.3 for a description of how
the sensitivity is quantified for each MC simulated signal data set, and visualized
over the full signal grid. For expediency, only the statistical uncertainties associated
with the MC simulation of signal and background processes were considered when
evaluating the Asimov discovery significance and the sensitivity projections used for
optimization, and the systematic uncertainties presented in Chapter 6 were neglected.
The choice to neglect systematic uncertainties was justified by the fact that, following
initial efforts to include the dominant theoretical sources of systematic uncertainty in
evaluation of the Asimov discovery significance, their inclusion was found to have a
negligible impact on the evaluation of optimal cut placements.

Figures 5.10 and 5.11 show N-1 plots with the finalized selections, as well as the
placements of cuts, for the mTAR et and AR(TAR Jet, £) (m(Weand) and AR(Weang, £))
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Table 5.3: List of selection variables, with descriptions, for which the placements of
cuts were optimized when designing the merged and resolved signal regions. The third
and fourth columns indicate whether the variable is used in the merged category, the
resolved category, or both.

Variable Description Mgd Res

Expiss A lower bound is placed on EX'** to select for the production of v~ v’
undetected energetic particles.

S A lower bound is placed on S to select for a high likelihood that v~ v’

the measured EX' arises from undetected particles rather than
limited detector resolution.

mer (€, Emiss) A lower bound is placed on mr (¢, E2) to select for a high v~ v’
likelihood of there being sources of EMSS in the final state in
addition to the neutrino produced by a leptonic W — fv decay
(See Section 5.1.8 for details).

mTAR Jet Reconstructed mass of the highest-pr R = 1.0 TAR jet. A win- Vv~ X
dow cut around the W boson mass of 80.4 GeV is placed on
mTAR Jet 6 select for events in which the highest-pr R = 1.0
TAR jet actually reconstructs the hadronic decay of a boosted W
boson, rather than other potential sources of strongly interacting
particles.

Dgzl(TAR Jet) Energy correlation function of the highest-ppr R = 1.0 TAR v/ X

jet. Used to discriminate large-R jets with a two-pronged sub-
structure from those with a single-pronged substructure using
the angular separation and transverse momenta of combina-
tions of the jet constituents [155, 156]. An upper bound is
placed on DS='(TAR Jet), because the D5="(TAR Jet) distribu-
tion for two-pronged signal events is found to be peaked at lower
DS='(TAR Jet) compared with the SM background events.

AR(TAR Jet,£) Angular separation in 1 X ¢ space between the TAR jet and lep- v~ X
ton. An upper bound is placed on AR(TAR Jet, {) to select
for the expected signal topology in which the TAR jet and the ¢v
form a collimated system, having originated from the decay of the
boosted s.

pr(Weand) pr of the reconstructed W candidate in the resolved regime. A X v’
lower bound is placed on the pr(Wecand) to select for the signal
topology in which the W is produced with a large momentum
from the decay of a boosted s.

m(Weand) Mass of the reconstructed W candidate in the resolved regime. A X v’
window cut is placed around the W boson mass of 80.4 GeV.

AR(Wcana, £) Angular separation in n X ¢ space between the reconstructed W x v’
candidate and lepton in the resolved regime. An upper bound is
placed on AR(Wcand, £) to select for the expected signal topology
in which the W candidate and the v form a collimated system,
having originated from the decay of the boosted s.
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variables in the merged (resolved) SR. N-1 plots for the other selection variables listed
in Table 5.3 can be found in Appendix A. The finalized selections are summarized
in Table 5.4 for the merged and resolved SRs, respectively. The lower bound on
EXss in the merged SR was ultimately kept at the same value of 200 GeV applied in
the baseline selection, because it was found that with the other optimized selections
applied there were very few signal and background events with EXss < 250 GeV,
and explicitly increasing the lower bound was not found to produce any appreciable

improvements in sensitivity.

Table 5.4: Optimized selection criteria for the signal region in the merged and resolved
categories.

Merged Selection ‘ Resolved Selection

Passes baseline selection

Fails merged selection
N(TAR Jets) >0 N(Jets) > 1
mr(f, E) > 220 GeV mr (0, ER) > 200 GeV
EXiss > 200 GeV EXiss > 250 GeV
S>16 S >16
68 GeV < mTARJet = 89 GeV | 68 GeV < m(Wgana) < 89 GeV
AR(TAR Jet, l) < 1.2 ARWeana, £) < 1.4
DJ='(TAR Jet) < 1.1 pr(Weana) > 150 GeV

Tables 5.5 and 5.6 show the predicted yields of MC simulated events for the three
dominant SM backgrounds after successive application of selections in the merged
and resolved SRs respectively, beginning with the baseline selection. Tables 5.5 and
5.6 show the same information for the DH signal model at three sample mass points

in (mg, mg).

5.2.4 Control regions

There are in general numerous uncertain theoretical parameters involved in modelling
signal and SM background processes produced by pp collisions at the LHC, and it is
necessary to fix their values when generating the MC simulated events and weights
used to predict the yields of these processes in the ATLAS collision data. These
include, for example, parameters associated with the parton distribution function
used to model the protons involved in the high-energy collisions. A recent review of

progress in the determination of parton distribution functions can be found in Ref.
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Figure 5.10: N-1 Distributions for the mT™% 7t and AR(TAR Jet, ) variables used
in the merged signal region definition. Grey bands show statistical uncertainty on
background estimate. The lower panel shows the cumulative Asimov significance
normalized to unit peak, where the direction (> or <) specified in the y label indicates
whether the significance is being summed from above (>) or from below (<). Red
vertical line and arrow show placement and direction of selection on the given variable
in this region.
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Figure 5.11: N-1 Distributions for the m(Wgana) and AR(Weana, ¢) variables used
in the resolved signal region definition. Grey bands show statistical uncertainty on
the background estimate. The lower panel shows the cumulative Asimov significance
normalized to unit peak, where the direction (> or <) specified in the y label indicates
whether the significance is being summed from above (>) or from below (<). Red
vertical line and arrow show placement and direction of selection on the given variable
in this region.
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Table 5.5: Cutflow yields after application of preselection cuts for the dominant SM
backgrounds in the merged SR. Percent passage is reported relative to the number of
weighted events after application of the baseline selection.

Cut W jets tt Diboson

None 11352445.72 101404110.82 1270378.37
baseline selection 93740.14 (100.00%) 51263.07 (100.00%) 8469.92 (100.00%)
N(TAR Jets) > 1 36957.80 (39.43%)  44993.63 (87.77%)  6887.00 (81.31%)
b-jet veto 34077.64 (36.35%)  5082.68 (9.91%) 6199.93 (73.20%)
mr (€, ERSs) > 220 GeV  21927.98 (23.39%)  2994.69 (5.84%) 3450.61 (40.74%)
mTARJet € (68,89) GeV  942.31 (1.01%) 165.13 (0.32%) 206.63 (2.44%)

S > 16 437.27 (0.47%) 21.52 (0.04%) 85.00 (1.00%)
AR(TAR Jet, ) < 1.2 65.79 (0.07%) 10.30 (0.02%) 21.46 (0.25%)
DJ='(TAR Jet) < 1.1 24.29 (0.03%) 4.29 (0.01%) 7.61 (0.09%)

[157], and recommendations for the evaluation of uncertainties associated with parton
distribution function parameters in the context of studies performed with LHC data
can be found in Ref. [158].

In some cases, the range of plausible choices for an uncertain parameter, or a set
of related uncertain parameters, can produce an associated uncertain range of yield
predictions that is non-negligible compared with the statistical yield uncertainties.
The resulting uncertainties in predicted yields in the SR can be reduced by constrain-
ing the predicted yields using the ATLAS collision data in a kinematically similar
region.

W+jets and ¢t control regions (CRs), with enriched yields of these respective SM
background processes, are defined in this search with the aim of providing data-driven
constraints on the total yield of the W+jets and ¢t backgrounds in the SRs within each
of the merged and resolved kinematic categories. As discussed in detail in Section 7.3,
the data-driven constraints are obtained within each category by comparing the total
yield of MC simulated SM background events to the observed yield of data in the
CRs for the given category, and scaling the total predicted yield of the W+jets and tf
backgrounds in both the CRs and the SRs by multiplicative “normalization factors”,
H-ets category A [ categorys Stch that the total predicted yield of SM background

processes within each control region is in close agreement with the observed yield of
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Table 5.6: Cutflow yields after application of preselection cuts for the dominant SM
backgrounds in the resolved SR. Percent passage is reported relative to the number
of weighted events after application of the baseline selection.

Cut Wjets tt Diboson

None 11352445.72 101404110.82 1270378.37
baseline selection 93740.14 (100.00%) 51263.07 (100.00%) 8469.92 (100.00%)
Fails merged selection 93552.83 (99.80%)  51178.42 (99.83%)  8435.36 (99.59%)
N(Jets) > 2 41566.23 (44.34%)  49150.32 (95.88%)  6624.88 (78.22%)
b-jet veto 38106.85 (40.65%)  5696.57 (11.11%) 5888.39 (69.52%)
mr(f, EXs) > 200 GeV  30794.06 (32.85%)  4053.26 (7.91%) 4045.52 (47.76%)
Emiss > 250 GeV 14965.69 (15.97%)  1639.75 (3.20%) 2366.03 (27.93%)
m(Weana) € (65,95) GeV 521491 (5.56%) 816.93 (1.59%) 941.15 (11.11%)
S >16 3041.82 (3.24%) 166.35 (0.32%) 429.93 (5.08%)
ARWeana, £) < 1.4 771.85 (0.82%) 58.37 (0.11%) 114.24 (1.35%)
pr(Weana) > 150 GeV 242.64 (0.26%) 21.19 (0.04%) 51.12 (0.60%)

ATLAS collision data.
The selections for the W-+jets and t¢ CRs were designed with the following aims in
order to provide effective and reliable constraints on the total yield of the respective

SM background processes in the SR:

e To obtain a high purity of the background process of interest in the CR, as
evaluated by its MC simulated yield in the CR relative to other MC simulated
background processes. It is important that the predicted event yield in the CR
be dominated by the background process of interest, to ensure that the ratio of
total MC simulated yield from all SM background processes, > (Nuc)i cr

process 1

to the observed yield of ATLAS collision events (Ngata)observed, cr it the CR
represents a reasonable approximation of the equivalent ratio for the background

Process Peonstraint Of interest:

> (Numo)i, cr (M)
process 1 ~ MC Pconstraint, CR. (517)

(Ndata>total observed, CR (Ndata)pconstaint, CR

where the index ¢ runs over all simulated SM background processes.
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5.7: Cutflow yields after application of preselection cuts for three sample signal

points in the merged SR. Signal points are labelled in column headers as (mg/, mjy)
(units of GeV). Percent passage is reported relative to the number of weighted events
after application of the baseline selection.

Cut (1000, 360) (1700, 335) (2100, 210)
None 798.61 396.57 537.03

baseline selection 168.35 (100.00%) 111.66 (100.00%) 143.64 (100.00%)
N(TAR Jets) > 1 147.88 (87.84%)  O8.12 (S7.87%)  124.98 (87.01%)

b-jet

veto 131.89 (78.34%)  87.51 (78.37% 111.32 (77.50%)

mp (0, ERs) > 220 GeV  102.83

—~ ||

61.08%)  70.82 (63.42% 92.86 (64.65%)

S >

16 33.84 (20.10%) 23.97 (21.47%

(

( )

( )
mTARJet ¢ (68 89) GeV  45.00 (26.73%)  30.85 (27.63%)  31.88 (22.19%

( )

( )

11.94% 23.20

(

(
AR(TAR Jet, £) < 1.2 15.80 (9.39%) 13.33
DY (TAR Jet) < 1.1 11.10 (6.59%) 9.50 (8.51%) 16.19

(

( )
24.34 (16.95%)

(16.15%)

(11.27%)

The CR should contain a relatively large number of MC simulated events
(and consequently a lower relative statistical uncertainty) for the background
process of interest compared with the SR. This requirement is designed to ensure
that the normalization factors iy jets,category @A L7 category Will be constrained
predominantly in the overall fit of MC simulated yields to the observed data
(see Section 7.3 for details on the fitting strategy) by the comparison with data
in the CRs, and also to minimize the statistical uncertainties of the fitted nor-
malization factors associated with the limited number of MC simulated events
in the CRs.

To ensure orthogonality with the SR. In order for the CR to provide an
unbiased data-driven constraint on the amplitude of a simulated SM background
used in the signal region, it must be defined in such a way that no events are

shared between these two regions.

To obtain a negligibly small contamination of MC simulated signal
events. Negligible signal contamination is needed to ensure that the constraints
on normalization factors are obtained purely from known physics processes in
the data.
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Table 5.8: Cutflow yields after application of preselection cuts for three sample signal
points in the resolved SR. Signal points are labelled in column headers as (myz/, ms)
(units of GeV). Percent passage is reported relative to the number of weighted events
after application of the baseline selection.

Cut (1000, 360) (1700, 335) (2100, 210)

None 798.61 396.57 537.03

baseline selection 168.35 (100.00%) 111.66 (100.00%) 143.64 (100.00%)

Fails merged selection

152.86 (90.80%)

100.58 (90.08%)

127.22 (88.57%)

(
(
138.08 (82.02%
(
(

N(Jets) > 2 ) 90.56 (81.10%)  110.52 (76.94%)
b-jet veto 121.13 (71.95%)  79.35 (71.06%)  96.14 (66.93%)
mp(f, E™s) > 200 GeV 10111 (60.06%)  68.49 (61.34%)  84.25 (58.65%)
EXiss > 250 GeV 78.78 (46.80%)  55.43 (49.64%)  67.87 (47.25%)
m(Weana) € (65,95) GeV 5587 (33.19%)  39.09 (35.01%)  42.40 (29.52%)
S > 16 40.37 (23.98%)  28.77 (25.77%)  29.22 (20.34%)
AR(Weana, l) < 1.4 16.84 (10.00%)  14.51 (12.99%)  23.77 (16.55%)
pr(Weand) > 150 GeV 13.35 (7.93%) 11.35 (10.16%)  15.87 (11.05%)

e Events in the CR should occupy a kinematic phase space that is as similar
as possible to the SR. This is important to ensure that the ratio of the
MC simulated yield of SM background events to the observed yield of ATLAS

collision data in the CR is representative of the equivalent ratio in the SR.

Table 5.9 summarizes the CRs used in the analysis and the cut changes relative
to the SR that are used to define each CR. The CRs are discussed in more detail in
Section 5.2.4.

W +jets Control Region Definition

A Wjets CR (a.k.a. CRW) is defined to obtain a high purity and yield of the W-ets
background process by reversing the cut on AR (W, £). Orthogonality with the SR is
ensured by the reversal of the AR (W, £) cut. The lower bound on E¥s significance
is also reduced to 12 in the merged category of the CR in order to reduce the relative
statistical uncertainty by boosting the number of MC simulated events in the region.
In addition, after some study the cut on AR (W, ¢) in the merged CRW was tightened



Table 5.9: Summary of control regions.
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Control region Modified selections relative to the SR
. (AR(TAR Jet, ¢) < 1.2) — (AR(TAR Jet, ¢) > 1.8)
Merged W+jets CR (S > 16) = (S > 12)
Resolved W+jets CR (AR(Weana, ¢) < 1.4) = (AR(Weana, £) > 1.4)
= (N(b-tagged jets) < 1) — N(b-tagged jets) > 2
Merged ¢t CR (S > 16) = (8 > 12)
Resolved tt CR (N(b-tagged jets) < 1) — N(b-tagged jets) > 2
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from a simple reversal - (AR(TAR Jet, /) < 1.2) — (AR(TAR Jet,¢) > 1.2) - to a
slightly increased lower bound of (AR(TAR Jet,¢) > 1.8) in order to reduce the
predicted yield of signal processes in the CR to an acceptable level.

The motivation for reversing the AR selection is that, as shown schematically
in Figure 5.12, a AR reversal would largely reverse the directions of the lepton and
neutrino in the W +jets process described in Section 4.4.1, without modifying the
kinematic details of the hadronic activity that fakes a hadronically-decaying W can-
didate for this process in the SR. As a result, the modelling of W +jets events in this
A R-reversed region would be expected to be similar to W+jets events in the SR, with

the exception of the reversed lepton and neutrino directions in the W — (v decay.

DRRE Signal Region dR-Reverse
\ Control Region
Neutrino el > Lepton - >
\ Jet(s), fake Jet(s), fake
Lepton Waq Neutrino ™ W

Figure 5.12: Comparison of typical event topologies between the SR and the W+jets
CR, showing that the typical directions of the lepton and neutrino relative to hadronic
activity faking the hadronically-decaying W boson are simply reversed.

Kinematic distributions of interest are compared between the W +jets CRs and
the SRs in Figures B.1 and B.2 in Appendix B.1.

A comparison of the E¥ distributions between the merged SR and CRW in
Figures B.1i and B.1j indicates some bias towards lower E* for events that pass the
merged CRW selection. This difference is attributable to two factors. First, because
the S is in general expected to be positively correlated with EX5 the loosened S
cut of & > 12 in the merged CRW compared with & > 16 in the SR would be
expected to allow a larger proportion of low- ¥ events into the region. The impact
of the loosened S selection in the merged CRW is shown in Figure 5.13 by comparing
the EXss distribution between the merged SR and the merged CRW, either with or
without the loosened § selection in the merged CRW. Tightening the S lower bound is
seen to remove most of the low- £ bias in the merged CRW. The small remaining
bias towards low EX in the merged CRW even after tightening the S selection
is attributed to the expected reversal of the neutrino direction in the A R-reversed
topology of W +jets background in the CRW, such that it becomes approximately
aligned with the high-pt TAR jet rather than recoiling against both the TAR jet and

the lepton. The neutrino pr required to conserve momentum in the AR-reversed
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topology will on average be somewhat smaller due to the approximately opposing
momenta of the lepton and the TAR jet. Since the neutrino constitutes the only
source of true B in the W-+ets background, this implies that the £ distribution
would be expected to become somewhat biased to lower values in the CRW topology,

as observed.

16 [r—
{E nd3Tev, 130.0fb7! Wlets stop VS =13TeV, 139.0 fb! T Wiets stop
SR Merged ttbar - Triboson CRW Merged ttbar mmm Triboson
14 Z+)ets m=m Diboson Z+)ets m=m Diboson

80

350 400 450 500 550 600 300 350 400 450 500 550 600
EMsS [GeV] EPiss [GeV]

(a) merged SR (b) merged CRW (S > 12)

40

VE =13 TeV, 139.0 fo! [ Wiets stop
CRW Merged (MET Sig > 16) ttbar B Triboson

35 Z+)ets = Diboson

30
25
20
15
10

5

0 200 250 300 350 400 450 500 550 600

Efiss (GeV)

(c) merged CRW (S > 16)

Figure 5.13: Comparison of N-1 distributions between the merged SR (top left) and
the merged CRW, with the lower bound on § in the merged CRW either kept at its
nominal value of 12 (upper right), or tightened (bottom) to match the & > 16 cut
applied in the merged SR.

A comparison of Figures B.1i and B.1j shows that, though present, this bias in
the EMis distribution is much more subtle in the resolved SR. This is attributed to
the fact that the lower bound on § is not loosened compared with the SR in the
resolved category, in addition to the relatively low pr of the hadronic activity that
the neutrino is approximately aligned with in the CRW.

Based on the comparable shapes of the other kinematic distributions in the merged
and resolved categories, it is concluded that the kinematics of events in the W +jets

CRs are sufficiently similar to those in the SR of the corresponding category that the
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constraints on normalization of the W+jets background evaluated in the W+jets CRs
can be reasonably applied in the SR.

Table 5.10 compares the yield and relative composition of the W+jets background
in the SRs with the W +jets CRs. Figures 5.14 and 5.15 compare the signal yield
and signal /background between the SR and the W +jets CR in the merged and
resolved categories, respectively. The W +jets background constitutes over 75% of
the predicted yield of SM background processes in both CRs, making it the dominant
SM background process, with signal contamination below 2.5% for all signal points.
Thanks to the boost in the number of MC simulated events in the CRs afforded by the
reversal of the AR cut, as well as the reduced lower bound on § in the merged CR, the
relative statistical uncertainties of the predicted W+jets yields are reduced by factors
of 2 and 1.5 in the CRW compared with the SR in the merged and resolved categories,
respectively. This ensures that the normalization of the W +jets background process
can be predominantly established in the W+jets CR with a reasonably low statistical
uncertainty.

The benchmark used to evaluate the maximum acceptable level of signal con-
tamination in a given CR is as follows: if the predicted yield of the signal process
is negligibly small (i.e. less than ~half as large) compared with the statistical un-
certainty associated with the predicted yield of all SM background processes in the
CR, then the level of signal contamination is considered acceptably small, since the
presence or absence of the signal process would not be detectable given the statistical
uncertainty of the total predicted yield. In the merged W +jets CR, the predicted
signal yield is at most 5.1 (from Figure 5.14a, which is negligibly small compared with
the total background yield uncertainty of 24.5 (from the third row in Table 5.10). The
signal yields in the resolved CRW are similarly small compared with the statistical

uncertainty of the total background yield.

tt Control Region Definition

Given that b-tagged jets are vetoed in the SR to reduce the yield of events produced
by the tf process, a reversal of this veto presents a straightforward opportunity to
define an orthogonal CR enriched with ¢t events. Early studies found that while a
simple reversal of the b-jet veto in the SR selection to instead require at least one
b-tagged jet was sufficient to obtain a tt-enriched region with a substantially larger

sample of simulated ¢ events compared with the SR, the contamination of signal



385.0 - 4.925 5.053
360.0 - 4.185 4.332
335.01 2956 3.273
310.0

285.0

260.0

235.0 0.061 0.025
210.0 - 0.036

185.0 0.099

160.0 0.085 0.040

Dark Higgs (s) mass [GeV]

150.0 0.3 0.044
140.0 0.035
130.0
125.0
120.0 -
115.0 - CRW Merged

500.0 1000.0 2100.0 2500.0

(a) Signal yield in merged W+jets control

region

0.010

0.015

Vs =13 TeV, 139.0 fb~

2900.0 3300.0
Mediator (Z') mass [GeV]

w

Signal Yield

Dark Higgs (s) mass [GeV]

385.0 - 2.232 2.290
360.0 - 1.897 1.963
1.340

335.0
310.0
285.0
260.0
235.0 0.011 0.005
210.0
185.0
160.0
150.0
140.0
130.0
125.0
120.0 -
115.0 -

Vs =13 TeV, 139.0 fb~!
CRW Merged

2500.0 2900.0 3300.0
Mediator (Z') mass [GeV]

500.0 1000.0 1700.0 2100.0

signal / Background (%)

106

(b) Signal / background in merged W +
jets control region

Figure 5.14: Predicted yields of MC simulated events (left), and ratio of predicted
signal / SM background yields (right) for all signal points in the merged W + jets

control region.
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signal / SM background yields (right) for all signal points in the resolved W -+ jets

control region.
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Table 5.10: Comparison of the W +jets background yield, total background yield,
and the composition of the W + jets background relative to the total background.
Uncertainties on the relative composition are obtained from the sum of squared event
weights.

Region Wjets Yield Total Background Yield Relative W+jets Composition
Merged SR 24.3+7.2 40.1£7.3 (60.6+21.1)%

Resolved SR 243.5+19.6 339.9+24.0 (71.6£7.71)%

Merged CRW 164.0£23.6 220.6+24.5 (74.3£13.5)%

Resolved CRW  598.1+30.4 749.5+31.0 (79.8+£5.2)%

events in the region was found to be too high for a control region.

Further tightening the b-jet veto reversal to require at least two b-tagged jets
was found to reduce the signal contamination in this t# CR to a reasonable level on
the basis of the benchmark requirement of negligible signal yield compared with the
statistical uncertainty of the total background yield discussed above in the context
of the W +jets CR. However, due to the associated reduction in the number of MC
simulated tf events that pass this tightened requirement, it was deemed necessary to
reduce the lower bound on S in the merged ¢t CR to S > 12, as is done in the merged
W +jets CR, in order to increase the number of simulated events admitted for the ¢t
process.

Table 5.11 summarizes the modifications made to the SR selections to define the
tt CR in both the merged and resolved categories.

Table 5.12 compares the yield and relative composition of the t¢ background in
the SRs with those in the ¢ CRs. Figures 5.16 and 5.17 compare the signal yield
and signal/background between the SR and the ¢ CR in the merged and resolved
categories, respectively. As expected, the reversal of the tf veto produces a region
that is highly enriched in ¢¢ events, which constitute 90% of the predicted yield in
the t¢ CR. The merged and resolved t¢ CRs admit comparable yields of ~ 65 — 70 tt
events, which in both categories constitutes a several-fold increase in the predicted
yield compared with the SR. Comparing the predicted signal yields in the merged and
resolved CRTT, shown in Figures 5.16a and 5.17a respectively, with the statistical
uncertainties associated with the total yield of events in these CRTTs from Table 5.11,
the predicted signal yields are in all cases well below the statistical uncertainty of the

background yield, and thus constitute a reasonably low level of signal contamination
in the CRTT.
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(b) Signal / background in merged t¢ en-
riched control region

Figure 5.16: Predicted yields of MC simulated events (left), and ratio of predicted
signal / SM background yields (right) for all signal points in the merged ¢t control
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Figure 5.17: Predicted yields of MC simulated events (left), and ratio of predicted
signal / SM background yields (right) for all signal points in the resolved ¢t control
region.
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Table 5.11: Summary of differences in selections on N (b-jet) and S between signal
regions and ¢t control regions.

Region b-tagged Jet Veto/Requirement S Cut
Merged SR N(b-jet) =0 S§$>16
Resolved SR N(b-jet) =0 S§$>16
Merged CRTT  N(b-jet) > 1 S>12
Resolved CRTT N(b-jet) > 1 S>16

Table 5.12: Comparison of the tf background yield, total background yield, and the
composition of the ¢¢ background relative to the total background. Uncertainties on
the relative composition are obtained from the sum of squared event weights.

Region tt Yield Total Background Yield tt Relative Composition
Merged SR 4.3+0.3  40.1£7.3 (10.7+2.1)%

Resolved SR 21.240.7 339.9424.0 (6.240.5)%

Merged CRTT  70.5+1.7 74.845.0 (94.246.7)%

Resolved CRTT 64.2+1.2 73.3+4.9 (83.1+£3.4)%

Kinematic distributions of interest are compared between the tt CRs and the SRs
in Figures B.3 and B.4 in Appendix B.2. A similar bias towards lower E* that was
discussed in the context of the merged W+jets CR is also seen in the merged CRTT,
and is similarly attributable to the loosened lower bound on & in this region. The
level of shape agreement in the other distributions is considered to be close enough
to conclude that events in the t¢ CR occupy a sufficiently similar region of kinematic
phase space as events in the SR to justify applying data-driven ¢ normalization
constraints obtained in this CR to the SR.

5.2.5 Background Yields

Tables 5.13 and 5.14 show the overall background yields in the merged and resolved
analysis regions, respectively, after application of all the analysis selections described

in this section.
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Table 5.13: Background yields after application of all analysis cuts in the merged
analysis regions. Uncertainty on the yields is statistical.

Background Merged SR Merged CRW Merged CRTT

WH-jets 242 £ 7.2 164.0 £ 23.6 -1.3 £ 4.6
tt 43 £0.3 9.9£0.6 704 £ 1.6
Diboson 7.6 £0.3 26.8 £ 1.5 0.2 £0.0
Triboson 1.2 +£0.1 1.9+ 0.1 0.0 £ 0.0
Z+jets 1.1 £ 0.9 152 £6.3 0.0 £ 0.0
single ¢ 1.6 £0.5 27+£0.6 5.4 £09
Total 40.1 £ 7.3 220.6 £ 24.5 74.8 £5.0

Table 5.14: Background yields after application of all analysis cuts in the resolved
analysis regions. Uncertainty on the yields is statistical.

Background Resolved SR Resolved CRW Resolved CRTT

W+jets 243.5 + 19.6 598.1 + 30.4 1.5 £22
tt 21.2 £ 0.7 20.0 £ 0.7 64.2 £ 1.2
Diboson 51.1 £ 1.1 1055 £ 1.5 0.6 £ 0.0
Triboson 3.0+ 0.2 5.6 £ 0.3 0.0 £ 0.0
Z-+jets 174 + 13.7 17.1 + 6.0 0.0 £ 0.0
single ¢ 3.7 £ 08 3.2 +£0.7 11.0 = 1.2
Total 339.9 + 24.0 749.5 + 31.0 77.3 £ 2.8
5.3 Triggers

As discussed in Section 3.4.5, the ATLAS trigger system only saves collision events
that pass both the hardware-based level-1 (L1) trigger and the software-based high-
level trigger (HLT'). The L1 trigger and the HLT are each comprised of numerous sets
of selection criteria, which are also referred to as triggers. Any collision event that
satisfies at least one of the triggers that comprise the L1 trigger is processed by the
HLT. Likewise, if the event satisfies any of the triggers that comprise the HLT, it will
be saved for later analysis.

The search presented in this thesis is interested in events that produce a single
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energetic lepton due to the s — WW (qqlv) decay, in addition to high EXS due
both to the undetected boosted DM in the final state, and to the undetected v
from the W — fv decay. It is important to determine the efficiency with which the
ATLAS trigger system accepts events in the region of phase space defined by the event
selections described in Section 5.2 above. This efficiency quantifies the probability
that an event that the triggers are designed to accept successfully passes the trigger
criteria and gets accepted. If the trigger efficiency is < 100% in any area of the phase
space considered in the analysis, it is in general necessary to apply scale factors to any
MC simulated events that fall into this phase space to account for the fact that some
of these events would have been rejected by the trigger during actual data-taking. It
is also then necessary to evaluate and propagate uncertainties associated with these
scale factors.

To simplify the trigger efficiency analysis and determine whether any scale factors
may be needed, it is helpful to identify a minimal list of triggers that all events
considered in the analysis would be expected to pass. One of the event selection
criteria for the analysis, presented in Section 5.2, requires all events to have ERS >
200 GeV. Since the ATLAS EX trigger, described in Refs. [159] and [160], is
designed to efficiently select events with Emiss > 150 GeV, it is reasonable to expect
events that pass the event selection criteria to have also passed the EX trigger
with a high efficiency. The specific EX triggers in the ATLAS trigger menu that
are considered in this study are chosen following ATLAS recommendations, and vary
between different data collection periods defined by ATLAS. The full list of Exiss
triggers used, along with the associated data collection period for each, is listed in
Table 5.15.

The ATLAS trigger system also includes single-muon and single-electron triggers,
which are designed to pass events in which a single muon (electron) is reconstructed in
the final state and satisfies some minimum pr requirement. Since all events considered
in the search are required to have a single lepton in the final state, events which pass
the event selection would also be expected to pass these charged lepton triggers with
high efficiency. The specific single muon and electron triggers considered in this
study, along with the ATLAS data-taking period(s) in which they were applied and
the minimum lepton pr requirement associated with each trigger, are listed in Tables
5.16 and 5.17, respectively.

The lepton triggers are known to be < 100% efficient, but the resulting scale

factors and associated systematic uncertainties are in general well calibrated by ded-
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Table 5.15: Summary of EX triggers from the ATLAS trigger menu used for the
search, along with the associated data collection period for each trigger.

Period MET Trigger

2015 HLT _XE70_MHT
2016 (A-D3) HLT_XE90_MHT_L1XE50

2016 (D4-F1) HLT_XE100-MHT_L1XE50
2016 (F2-) HLT xe110_-MHT_L1XE50
)  HLT_xE110_purIT_L1XE55
2017 (D6-K)  HLT_xe110_puriT_L1XE50
B-

D5
2018 (B-C5) HLT_xE110_pUFIT_XE70_L1XE50
2018 (C5-) HLT_xXE110_PUFIT_XE65_L1XE50

(

(

(F2
2017 (B-

(D6

(

(

icated measurements performed within the ATLAS collaboration. As a result, the
charged lepton triggers are useful as a means of independently quantifying the ef-
ficiency of the EM* trigger, as will be shown in a moment. However, if the FERs
trigger can be shown to pass the events considered in this search with 100% efficiency
then there is no need to apply scaling factors or evaluate related uncertainties.

The efficiency of the B trigger for a set of event selection criteria that define a
given region “X” is defined equivalently for ATLAS data (“data”) and MC simulated
events (“MC”). Events considered for the calculation of trigger efficiency are also
required to have passed the single lepton trigger (defined as the logical OR of the
single muon trigger and the single electron trigger), to independently ensure that all
data events considered passed a trigger that is relevant to the final state of interest.

The trigger efficiency is given by:

Z w; passing (BRI triggers)& (single lepton triggers)&(selection cuts for region X)

eﬁ miss
'™, region X = ZZ w; passing (single lepton triggers) AND (selection cuts for region X)

(5.18)
where w; is the total event weight for event ¢ (w; = 1 in the case of data). See Section
4.2.2 for a detailed discussion of weights that are assigned to the MC simulated events.
Correction scale factors, dependent on the pr and 7 of the final-state lepton in each
event, are included in the MC event weights in Eq. 5.18 to account for the < 100%
trigger efficiency of the single lepton triggers.
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Table 5.16: Summary of single muon triggers from the ATLAS trigger menu used
for the search, along with the associated data collection period for each trigger. The
minimum muon pr threshold of each trigger is also listed.

Periods Single Muon Trigger Muon pt threshold
2015 HLT _Mu20_1L00SE_L1IMU15 20 GeV
2016 (A, B-D3, D4-E, F-G2, G3-13, I4-),

2017 (B-), HLT _Mu50 50 GeV
2018

2016 HLT _MU24_1LOOSE 24 GeV
2015,

2016 (A) HLT _Mmu40 40 GeV
2016 (B-D3, D4-E) HLT _MU24_IVARMEDIUM 24 GeV
2016 (D4-E, F-G2, G3-13, 14-),

2017 (B-), HLT _MU26_IVARMEDIUM 26 GeV
2018

Figure 5.18 compares the EX trigger efficiency defined in Eq. 5.18 for MC
simulated events and ATLAS data for the region defined with the baseline selections,

with the following modifications:

e A range of lower bounds on the ER™ are considered, from ~ 100 GeV to
~ 500 GeV.

e The single charged lepton is required to be an electron (a.k.a. the “electron
channel”) in Figure 5.18a and a muon (a.k.a. the “muon channel”) in Figure
5.18b.

Comparing the trigger efficiencies in the electron channel (Figure 5.18a) and the
muon channel (Figures 5.18b and 5.18c), the efficiency in the electron channel con-
verges to 100% for EX5 > 200 GeV, but in the muon channel it instead converges to
~ 97% for Emss > 200 GeV. After some investigation, the inefficiency in the muon
channel was found to be due to events with large E¥ arising from high-pr muons.
This is because high-pr muons leave very little energy in the ATLAS calorimeter
and are detected instead by the muon spectrometer. As a result, such high-pr muon
events can be missed by the EXss triggers, which don’t use information from the muon

spectrometer (see Section 3 of Ref. [160] for details of the construction of EX*s for the



114

2 L B B B L B B LA > I L L B B R B
8 1 —a—o * 8 1 =
e [~ ] 2 r - - ]
$ :/Z ] $ r ]
5 08=% — 5 08 —
D - 4 o L 4
? - - ? L 4
E 0.Gj ] E O.Gj ]
s E ] s - ]
0.4 (s=13 TeV, 139.0 6" ] 0.4 (s=13TeV, 139.0 6" ]
r Baseline Electron ] r Baseline Muon ]
02h e MC A 02 -e-MC 4
r —e-data ] [ —e- data ]
L b b b b b e 1 b b b e b b )
Q00 150 200 250 300 350 400 450 500 Q00 " 150 200 250 300 350 400 450 500
ET™® (GeV) ET™ (GeV)
(a) Electron Channel (b) Muon Channel

> 1.05—— ]

5] E E

S 1 =

b= £ - J

o £ _ - * $ & =

g 095 — —]

g’ E —_ ]

— 09 =

w [ ]

= 0.85 E

o (s=13 TeV, 139.0f6"

08F — Baseline Muon =

075i -~ MC E

R —e- data 3

Hi el b b b Ly

1 Ll L
000 750 200 250 300 350 400 450 _ 500
ET® (GeV)

(¢) Muon Channel (y-axis range reduced)

Figure 5.18: Comparison of the EM trigger efficiency defined in Eq. 5.18, as a
function of the EM lower bound in the event selection, between MC simulated events
and ATLAS data in a region defined by the baseline selection. The event selection is
separated into electron (top left) and muon (top right and bottom center) channels.
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Table 5.17: Summary of single electron triggers from the ATLAS trigger menu used
for the study presented in Section 5.3, along with the associated data collection period
for each trigger. The minimum electron pt threshold of each trigger is also listed.

Periods Single Muon Trigger Electron pr threshold
2015 HLT_g24_LuMEDIUM_L1EM20VH 24 GeV
2015 HLT_E60_LHMEDIUM 60 GeV
2015 HLT_E120_LHLOOSE 120 GeV
2016 (A, B-D3) HLT_E24_LHTIGHT_NODO_IVARLOOSE 24 GeV
2016 (A, B-D3, D4-F, G-),

2017 (B-), HLT_E60_LHMEDIUM_NODO 60 GeV
2018

2016 (A, B-D3, D4-F, G-) HLT_E60_-MEDIUM 60 GeV
2016 (A, B-D3, D4-F, G-),

2017 (B-), HLT_E300_ETCUT 300 GeV
2018

2016 (A, B-D3, D4-F, G-),

2017 (B-), HLT_E140_LHLOOSE_NODO 140 GeV
2018

2016 (D4-F, G-),

2017 (B-) HLT_E26_LHTIGHT_NODO_IVARLOOSE 26 GeV
2018

ATLAS EXss trigger). This can be seen by plotting the ER trigger efficiency using
a calculation of E™S in the event selection that ignores the muon pr (a.k.a. “muon
invisible”) in Figure 5.19, and observing that in this case the efficiency converges to
100% for EMiss (muon invisible) > 200 GeV.

It was found that high- EX$ events in the muon channel that fail the X trigger
do, however, pass the muon trigger with high efficiency. For this reason, the efficiency
of a logical OR of the EX* and single muon triggers is studied in the muon channel.
The (ER* OR single muon) trigger efficiency is calculated as follows for MC simulated

events in a given region “X”:

Zi w; passing (EXs OR single muon triggers) AND (in region X)

off pmiss O o =
ER'*5 OR single muon, MC, region X ZZ w; in region X

(5.19)

where the event weight w; in the numerator includes the scale factors to correct for
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Figure 5.19: B trigger efficiency, as a function of the EX lower bound with the
baseline event selection applied in the muon channel, with muons treated as invisible
in the calculation of ERss,
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the known < 100% trigger efficiency of the single muon trigger. Note that since Eq.
5.19 is evaluated only for MC simulated events, there is no need for an independent
trigger in the numerator and denominator such as the single lepton trigger included
in Eq. 5.18. As shown in Figure 5.20, the EX OR single muon trigger is found
to be effectively 100% efficient, given the application of appropriate scale factors for
the single muon trigger, in the muon channel with the baseline event selection for all
lower bounds on the E down to ~ 100 GeV.

b ]
b
]
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(MET OR single muon) trigger efficiency
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Figure 5.20: Efficiency of the £ OR single muon trigger, as a function of the FMss
lower bound, for the baseline event selection in the muon channel.

Based on the analysis presented in this section, it is concluded that, if all events
considered in the analysis are explicitly required to have passed the (E& OR single
muon) trigger, the trigger efficiency is known to be 100% for all events, except for
the small subset of events with a high-pr muon that pass the muon trigger but fail
the EXs trigger. For these events, scaling factors are included in the event weight
to correct for the known < 100% efficiency of the single muon trigger. An additional
“trigger-matching” requirement is applied for events that fail the EXS trigger but
pass the single muon trigger. This requirement ensures that the final state muon
object that activated the single muon trigger can be identified as the same muon
object (i.e. as having originated from the same muon) that was used to reconstruct

the signal muon used in the search.
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Chapter 6

Systematic Uncertainties

In order to properly assess the significance of any discrepancies between predicted
yields of signal and SM background and of the observed collision data, it is important
to assign uncertainties to all sources that may limit the precision and accuracy of yield
predictions. In addition to a limited precision arising from statistical uncertainty!,
there may be inaccuracies in the values of various parameters input to the simulation
due to a limited precision with which their values are known. These inaccuracies
can systematically shift predicted production rates and kinematic properties of the
simulated processes. Systematic uncertainties aim to quantify the uncertainty of
predicted yields of signal and SM background processes within each region and bin?
used in the search that could result from each source of potential inaccuracy in the
modelling.

Systematic uncertainties (or simply “systematics”) are broadly classified into two
categories according to their origin: theoretical and experimental. Theoretical sys-
tematics account for inaccuracies that could result from a limited knowledge of pa-
rameters involved in modelling the production and decay mechanisms resulting from
pp collision events at the LHC. Experimental systematics are evaluated to account
for the limited accuracy and precision involved with the highly detailed model used
to simulate the operation of the ATLAS detector. In addition to the limited preci-
sion of the measured LHC beam luminosity, uncertainties arise from a wide range of
sources involved with simulating the detection and reconstruction of collision events.
These include limitations associated with the Geant4 model [124] used to simulate

the passage of particles through the detector, with modelling the data acquisition

!See Chapter 4.1 for a discussion of the origin of statistical uncertainty in MC simulations.
2See Section 7.2 for details of the binning in min(ms) performed in the SR
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and readout systems employed by each sub-detector®, and with simulating the re-
construction and identification of physics objects* using the simulated readouts from
all the sub-detectors. Additional uncertainties arise from time-dependent modifica-
tions to the simulation, such as the reweighting of simulated events to account for
time-varying pileup® conditions in the detector.

Experimental systematics are generally constrained in the process of calibrating
particular physics objects reconstructed in the ATLAS detector using the ATLAS
collision data, and as a result are generally considered quite well-defined and robust.
In contrast, the choice of uncertainty to assign to theoretical parameters can be much
less clear, as constraints from experimental results may be sparse, or in some cases
such as appropriate choice of renormalization scale in perturbative QCD calculations,
essentially non-existent (see Section 9.1 of Ref. [22] for a review of running coupling
and the renormalization scale).

Experimental and theoretical systematic uncertainties are evaluated in all analysis
regions and bins for the SM background processes. Due to the negligible yield of the
DH signal process in the CRs, systematic uncertainties are only evaluated for the

signal process in the SRs.

6.1 Experimental Systematics

Experimental systematics are evaluated for all physics objects considered in the
search, and for the LHC beam luminosity.

The integrated luminosity L;,; recorded by the ATLAS detector for the full data
set considered in this search is known with a precision of 1.7% [161]. Since, from Eq.
1.2, the total number of recorded collision events scales linearly with the integrated
beam luminosity, propagating this £1.7% systematic to the yields results in coherent
1.7% up and down shifts of the predicted yield for each process across all analysis
regions and bins.

For a given systematic uncertainty on a parameter £ used in the reconstruction
of physics objects, the general procedure for propagating the systematic uncertainty

to the predicted yield N, of a process p in a bin j is as follows:

3See Section 3.4 for a description of the ATLAS sub-detectors.

4See Section 5.1 for a presentation of the reconstructed physics objects used in this search.

5See Section 4.2.2 for a discussion of the pileup reweighting weight used to account for time-
varying pileup conditions in the detector.
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e Repeat the reconstruction with k shifted up by one standard deviation: k£ up =

/{Z+Uk.

e Evaluate the predicted yield in the bin NV, j up, bin ; With updated simulation.

The “up” systematic yield uncertainty is:

syst(exp, p, k up, bin j) = Ny kup. ; — Np. nom, j (6.1)
where N, nom, j s the nominal yield.

e Repeat the above process with k£ shifted down by one standard deviation to

evaluate the “down” systematic uncertainty.

Due to statistical uncertainties arising from the limited number of MC events available
to evaluate shifted yields, asymmetries between the up and down yield shifts in the
above procedure can occur simply due to statistical fluctuations in the number of
events that fall into each bin, rather than from actual asymmetries in the underlying
distribution being sampled. For this reason, the propagated yield systematics are

symmetrized in each bin as follows:

Nn k,up,j — N,

syst(exp, p, k symm, bin j) = :|:< 5 P, K, down, j) (6.2)

Table 6.1 summarizes the sources of experimental systematics considered for all
physics objects in the search.

Figure 6.1 shows the envelope of all symmetrized shifts in the total predicted yield
of all SM backgrounds in the SRs due to the sources of experimental systematics con-
sidered for each type of physics object. Figure 6.2 shows the same set of envelopes
for a sample signal point at (ms, mz) = (210,2100) GeV. Comparing the yield shifts
associated with the reconstruction of the various physics objects, the experimental
systematics are dominated by sources of uncertainty associated with the reconstruc-
tion of R = 0.4 jets and R = 0.2 TAR subjets in the merged SR. The R = 0.2 TAR
subjets uncertainties produce relatively small yield shifts in the resolved SR because
TAR jets are not used in this region. Shifts in predicted yield are also notably smaller
for the signal model compared with the SM background processes.

Tables 6.2 and 6.3 show a sample breakdown of systematic uncertainties associ-
ated with the total predicted yield of SM background processes in the SRs and CRs,
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Table 6.1: Sources of experimental systematic uncertainty considered for all physics
objects used in the search.

Physics Object Systematic Uncertainties Considered

Electrons — Reconstruction, ID and isolation efficiency
— Energy scale and resolution

Muons — Reconstruction, ID and isolation efficiency
— Trigger efficiency
— Energy scale and resolution
— Track-to-vertex association

R =04 Jets — Energy scale and resolution
— Quark flavour composition
— Jet-vertex association
— Pileup
— b-tagging efficiency

TAR jets — R = 0.2 subjets input to TAR algo
(consider same sources as for R = 0.4 jets)
— Uncertainties associated with tracks input to TAR algo

Emiss — Soft terms used in B calculation
(note that uncertainties associated with other objects used in the
ERiss calculation are propagated to ENiSS| so are not classified as
Emiss gystematics)
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Figure 6.1: Envelope of shifts in the total predicted yield of SM background processes
in the merged (left) and resolved (right) SRs due to experimental systematics associ-
ated with each physics object considered in the search. The predicted yield is binned
in min(m;) using the binning strategy employed in the fit used to search for evidence
of the DH signal model in the data (see Chapter 7 for details). Bottom panel shows
ratio of the shifts relative to the nominal yield.
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Figure 6.2: Envelope of shifts in the predicted yield of the DH signal process at
(ms, mz) = (210,2100) in the merged (left) and resolved (right) SRs due to experi-
mental systematics associated with each physics object considered in the search. The
predicted yield is binned in min(ms) using the binning strategy employed in the fit
used to search for evidence of the DH signal model in the data (see Chapter 7 for
details). Bottom panel shows ratio of the shifts relative to the nominal yield.
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respectively, which arise from shifting uncertain parameters associated with the re-
constructed jet energy resolution (JER) of R = 0.4 jets by 0. The R = 0.4 JER
systematics are shown because they produce relatively large shifts in predicted yields

compared with other experimental sources.

Table 6.2: Symmetrized uncertainties in the total predicted yields of all SM back-
ground processes in the merged and resolved SRs due to varying parameters associated
with jet energy resolution (JER) by +10. Uncertainties are reported as percent shift
relative to nominal yield.

Name of JER parameter Mgd SR Res SR
JET_JER_DataVsMC_MC16 +2.92% +0.85%
JET_JER_EffectiveNP_10 +0.29% +0.11%
JET_JER_EffectiveNP_11 +0.62% +1.41%
JET_JER _EffectiveNP_12rest Term  40.78% +1.30%
JET_JER_EffectiveNP_1 +1.80%  £0.10%
JET_JER _EffectiveNP_2 +0.25% +2.48%
JET_JER_EffectiveNP_3 +0.46% +2.33%
JET_JER_EffectiveNP_4 +0.29% +0.55%
JET_JER_EffectiveNP_5 +1.94% +2.62%
JET_JER_EffectiveNP_6 +1.05% +1.64%
JET_JER _EffectiveNP_7 +0.42% +1.46%
JET_JER_EffectiveNP_8 +0.73% +0.01%
JET_JER_EffectiveNP_9 +0.86% +0.49%

6.2 Theoretical Systematics

The sources of theoretical uncertainty considered in this search, as well as the methods
used to evaluate the resulting uncertainties in predicted yields for the various processes
relevant to the search, are discussed in the following sections. Some sources are only
evaluated for a subset of the processes considered in the search.

Table 6.4 summarizes the theoretical uncertainties that are evaluated for each
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Table 6.3: Symmetrized up and down uncertainties in total predicted yield of all
SM background processes in the merged and resolved CRs due to varying parameters
associated with jet energy resolution (JER) by £1o0. Uncertainties are reported as
percent shift relative to nominal yield.

Name of JER parameter Mgd CRW Res CRW Mgd CRTT Res CRTT
JET_JER_DataVsMC_MC16 +0.27% +0.24% +12.07% +15.00%
JET_JER _EffectiveNP_10 +0.17% +0.32% +12.07% +22.03%
JET_JER_EffectiveNP_11 +0.17% +0.65% +12.07% +18.64%
JET_JER _EffectiveNP_12restTerm  40.42% +1.02% +12.07% +2.92%
JET_JER_EffectiveNP_1 +0.63% +0.21% +12.07% +4.31%
JET_JER_EffectiveNP_2 +1.03% +0.25% +12.07% +6.03%
JET_JER_EffectiveNP_3 +0.44% +0.14% +12.07% +23.77%
JET_JER EffectiveNP _4 +0.92% +1.24% +0.00% +39.84%
JET_JER_EffectiveNP_5 +0.01% +0.06% +12.07% +20.10%
JET_JER_EffectiveNP_6 +0.54% +1.24% +12.07% +6.32%
JET_JER_EffectiveNP_7 +0.21% +0.30% +0.00% +5.43%
JET_JER_EffectiveNP_8 +0.05% +1.04% +0.00% +10.51%
JET_JER_EffectiveNP_9 +0.86% +0.61% +12.07% +13.51%
pI‘OCeSS6.

6.2.1 Use of Acceptance for Evaluating Theoretical Systematics of the
DH Signal Model

For the SM background processes, the systematic uncertainties of predicted yields
due to theoretical sources are in general evaluated directly using yield shifts induced
by varying the uncertain parameter. Following ATLAS guidelines, theoretical uncer-
tainties associated with the modelling of the DH signal process are instead evaluated
in a given bin by calculating the relative shift in the so-called “acceptance”. The
acceptance is defined for a given process p as the ratio of yield in the given bin with
all analysis selection applied, relative to the inclusive yield of the process with no

selections applied:

6Due the relatively low yield and small number of MC simulated events admitted into the analysis
regions for the Z + jets process and the similarity in the production mechanisms for the W + jets
and Z + jets processes, theoretical uncertainties are not explicitly calculated for the Z + jets pro-
cess. Instead, all relative theoretical uncertainties evaluated in each bin j for the W +jets process
syst(theo unc, W+jets, 7)/Nw tjets, nominal, j are also assigned to the Z+jets process.
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Table 6.4: Summary of theoretical uncertainties evaluated for each process considered

in the search.

Source W-+jets Diboson Triboson Z+jets tt Single Top DH Signal
PDF v’ v’ v’ v’ v v v’

as (PDF) Vv v’ v’ v’ X X X

as (ISR) X X X X v v X

pr and up Vv v’ v’ v’ N v’

ME X X X X v v X

PS v’ v’ v’ v’ v v v’

Wt/it Int.  x X X x x v X
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N(p,7)

N(p, inclusive) (6.3)

acc(p, bin j) =

The uncertainty in the predicted yield in each bin is then evaluated by multiplying

the relative shift in acceptance by the nominal yield in the bin:

syst(p, up, bin j) = N,

(acc(p, up, j) — acc(p, nom, j)) (6.4)
) O acc(p, nom, j)

Unless a given uncertainty applies exclusively to the signal model, the methods
used to evaluate the uncertainties in the yield associated with each theoretical source
are for the sake of brevity presented in their direct application to the yield, as would
be used for background processes. In general, the presented methods would be ap-
plied rather to the acceptance when considering the DH signal process, and the yield
uncertainty would subsequently be derived from the relative acceptance uncertainty

using Eq. 6.4.

6.2.2 Modelling the Parton Distribution Function

Uncertainties associated with the parton distribution function” (PDF) used to model
the substructure of protons involved in LHC collisions can affect the predicted cross
sections of production and decay processes at the LHC. Following ATLAS guidelines
and recommendations from the PDF/LHC [158] working group, generator weights®
of events simulated for all processes are re-evaluated for 100 replicas of the nominal
PDF. Each replica is obtained by randomly re-sampling all uncertain inputs to the
PDF model and re-evaluating the PDF with the new inputs [162]. The yield in each
region and bin is re-evaluated with each set of generator weights, and the uncertainty
of the yield in each bin for a given process is estimated as the standard deviation over

all yield variations [158].

6.2.3 Strong Coupling Constant o

The nominal PDF is produced with the strong coupling constant a, set to its currently

accepted value of ag(m%) = 0.1180 £ 0.0015 [158] at a momentum scale m.

"See Section 3.1 for an introduction to the parton model and parton distribution functions.
8See discussion of generator weights in Section 4.2.2
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as in PDF Modelling

For the W +jets, diboson and triboson processes generated using SHERPA 2.2, alter-
native generator weights are produced using PDFs re-evaluated with «, varied up or
down by its £0.0015 uncertainty. Following the PDF4LHC prescription, the yield
N, for a given process p is re-evaluated in each bin j with the alternative generator

weights, and the uncertainty is evaluated as:

N, « o i — N, ag-lo, j
syst(as, p, binj)=i< P e ) (6.5)

and added in quadrature with the PDF uncertainties discussed in Section 6.2.2.

Strong Coupling Constant in the Modelling of Initial State Radiation (ISR)

For the single-top and tf processes generated using the POWHEG BOX matrix element
generator interfaced with the PYTHIA 8 parton shower generator, the effect of varying
the strong a; used to model initial state radiation (ISR) from o, 1sr = 0.1 to s 1sr =
0.15 is evaluated using the up and down Var3c Al4 tune variation [163], and the
associated yield uncertainty in each bin is evaluated as half the resulting difference

of yields, as in Eq. 6.5.

6.2.4 Renormalization and Factorization Scales (ur and pr) in QCD

In the framework of perturbative QCD, the strong coupling constant is expressed as a
function of the “renormalization scale” pg, which is unphysical in the sense that the
values of physical observables should be independent of ug. However, the choice of
g can impact the calculated values of observables in perturbative QCD calculations
due to missing higher-order terms in truncated expansions. See Section 9.1 of Ref.
[22] for a review of running coupling and the renormalization scale. A similar effect
is seen with the “factorization scale” pp used in calculations of the proton PDF (see,
for example, Section 9.2 of Ref. [22]), which effectively quantifies the resolution with
which the proton is probed in a collision. As with g, the choice of pp has no physical
meaning, but affects the calculated values of observables due to missing higher-order
terms in truncated QCD expansions.

To account for the unphysical impact of the choice of ur and pupr on simulated
observables, generator weights are re-evaluated for each process with pg and ppr varied

by factors of either § or 2 in pairwise combinations (i.e. (pr, ir) = {(3pr, 1r), (1R, 200F) },
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etc.) from their values used for the nominal event generation. Following ATLAS
guidelines, the systematic uncertainty in the yield in each bin is evaluated as the
envelope of yield variations over all pairwise combinations of g and pur variations,

excluding the extreme off-diagonals { (11, 21r), (21r, 31F)}:

syst(scale, up, p, bin j) = max |0, max {N k5 — Np. nom, j} (6.6)

ke{ur,ur varns}

where “max”— “min” for the “down” variation.

6.2.5 Matrix Element (ME) Generator Comparison

For the tf and single-top processes, for which separate generators are used to calculate
the ME (POWHEG BoOX) for the hard scatter process and model the subsequent parton
shower (PYTHIA 8), an uncertainty associated with the choice of using POWHEG Box
to calculate the ME is obtained by comparing the nominal yield predictions with those
obtained using an alternate MadGraph5_aMCNLO [130] generator. The associated
uncertainty in the predicted yield for a given process p (¢t or single-top) in bin j is

evaluated using the difference in yield obtained with the alternate ME calculator:

syst(ME, p, bin j) = + <Np, ME=MadGraph5_aMCNLO, j — {Vp, nom, j) (6.7)

6.2.6 Parton Showering (PS)

Uncertainties associated with the modelling of the PS are evaluated for all processes.
The approach used to evaluate these uncertainties for a given process differs depending
on which package, or set of packages, was used to generate the nominal set of MC

simulated events for the process.

Alternate PS Generator

For the tt, single-top and DH signal processes for which separate packages are used to
calculate the ME and to model the subsequent PS, an uncertainty associated with the
choice of PS generator is evaluated by comparing the predicted yields obtained with
the nominal PYTHIA 8 PS generator with an alternate HERWIG 7 [164, 165] generator.
In analogy with the evaluation of ME uncertainty described in Section 6.2.5 above,

the associated uncertainty in yield is evaluated for the ¢t and single-top processes as:
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SySt(PS7 D, bin ]) = :l:<Np, PS=HERWIGT7, j — Np, nom, j) (68)

For the DH signal model, MC simulated samples are generated with the alternate

HERWIG 7 PS generator at three sample points in mg and m:
e (mg,mz) = (160,1000) GeV
e (mg,mz) = (160,2100) GeV

e (mg,my) = (310,1000) GeV

For each choice of PS generator - nominal or alternate - all three sets of samples
generated at the mass points listed above are statistically combined, with the cross
section excluded from the event weights?. The cross section is excluded when com-
bining the samples to prevent the signal points at my; = 160 GeV with larger cross
sections from dominating the shape of the combined sample. Using the combined
DH sample, the relative uncertainty in the predicted acceptance associated with the

alternate PS generator is evaluated as:

.. aCCcomb. DH, PS=HERWIG 7, j — @CCcomb. DH j
(rel. syst)(PS, comb. DH, bin j) = £ o ’ = -J = R
aCCcomb. DH, nom, j

(6.9)

This relative uncertainty is then applied to the DH signal yields at all m, and m:

SYSt(PS, (ms, my), bin j) = = [(rel. syst)(PS, combined DH, j)] X [N(m& M), nom, j] (6.10)

CKKW and QSF PS Systematics

For the W +jets, diboson and triboson processes, the SHERPA 2.2 generator is used
to model both the ME calculation and the PS. Since it is not in general possible
to disentangle the ME and PS components of the SHERPA 2.2 event simulation, the

uncertainty associated with the PS shower generation is instead evaluated by varying

9see Section 4.2.2 for a detailed discussion of event weights
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the following theoretical parameters in the parton showering model implemented in

SHERPA 2.2:

e The “merging scale” Q.. is used to merge the matrix element associated with
partonic emissions with the ensuing parton shower evolution in the CKKW
scheme [166, 132]. This merging scale is set to 20 GeV for the nominal event
generation. Following ATLAS guidelines, the uncertainty associated with the
choice of Q. is evaluated by producing alternate MC simulated samples with

cht varied to either cht, down = 15 GeV or cht, up — 30 GeV.

e The “resummation scale” pqgr is used in modelling parton shower evolution (see
Section 9.2.3.3 of Ref. [22] for a review of resummation in QCD calculations).
Following ATLAS guidelines, the uncertainty associated with the choice of pqgp
is evaluated producing alternate samples with pqsr varied by factors of either

1
501‘2.

FEvaluation Strategy for the W+jets Process

For the W +jets process, event weights associated with up and down variations of
the Qcut and pqgr scales are evaluated by the method described in Ref. [167] using
truth-level'® MC simulated samples that were generated with each scale variation.
These event weights are used to re-evaluate the predicted yield of W +jets events
in all regions and bins for each scale variation, and the associated uncertainty is

calculated as half the difference in yields between up and down variations:

: S NWJrjets, Qcut up (LQSF, up)s J ‘ZVVVJrje‘DS7 Qcut down (LQSF, down), J
SYSV(CKKW (QSF), W +jets, bin j) —

2
(6.11)

Evaluation Strategy for Diboson and Triboson Processes

For the diboson and triboson processes, predicted yields are evaluated for each
truth-level sample of MC simulated diboson events generated with variations of the
Qcut and pqsr scales, and for the nominal truth-level sample, in a single “inclusive”

region defined by the following selection on truth-level observables:

10Gee Section 4.2 for information on the distinction between truth-level and reconstruction-level
simulation
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(1 signal muon) or (1 signal electron)

e (1 or more R = 1.0 large-R jet'') or (2 or more R = 0.4 jets)

ERiss > 150 GeV

mr (0, EX) > 150 GeV

The inclusive region is designed to contain all of the analysis regions used in the
search, with the lower bounds on ER and m (¢, E25) placed as high as possible in
order to reflect the kinematics of events in the analysis regions, while still admitting
enough simulated events to ensure that statistical yield fluctuations are sub-dominant
in comparison to the yield shifts resulting from varying Qc.: and pqgsr. Within this
inclusive region, the relative uncertainty in yield is evaluated for each set of scale

variations as:

Ndiboson (tr.), Qcut up (LQsF, up), incl. — Ndiboson (tr.), Qcut down (LQSF, down), incl.)

(rel. syst) . =+
(CKKW (QSF), diboson) 2 % Ndiboson (tr.), nom, incl.

(6.12)

The relative uncertainty (rel. syst) (CKKW (QSF), diboson) is applied to the yield in each

analysis region and bin in the reconstruction level diboson and triboson'? samples:

SySt(CKKW (QSF), diboson (triboson), bin j) — + (rel. SySt)(CKKW (QSF), diboson):| X |:Ndiboson (triboson), nom, j
(6.13)

Combination of CKKW and QSF Systematics

For each process, the CKKW and QSF systematic uncertainties are combined in
quadrature to obtain an overall estimate of the total uncertainty associated with the

parton shower modelling.

1 The TAR jets used in the search are by default built at reconstruction level. At truth level, the
TAR jets are approximated by R = 1.0 jets constructed using the anti-k; algorithm [118].

12The relative CKKW and QSF uncertainty evaluated for the diboson process is also applied to
the triboson process because there are currently no MC simulated samples available for the triboson
process with Qcut and pqsr varied.
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6.2.7 Interference Between single-top Wt and tf Processes at NLO

Interference between the mechanisms for single-top (W) and ¢t production (details
of which can be found in Ref. [168]) is accounted for when simulating the single-
top process to obtain an accurate prediction of the combined production rate for
the two processes. Two theoretical schemes, diagram removal (DR) and diagram
subtraction (DS) have been developed to handle this interference. The DR scheme is
used to generate the nominal MC simulated samples for the single-top process, and
an uncertainty associated with the choice of interference handling scheme is evaluated
by generating alternate samples for the single-top process using the DS scheme. The
associated uncertainty in the predicted yield of the single-top process is evaluated in

each bin j as:

Syst(Wt/tLt, single—top, bin j) = :i:<Nsingle-top, DS, j — Nsingle-top, nom, j) (614)

6.2.8 Shifts in Predicted Yields due to Theoretical Systematic Uncer-

tainties

Figure 6.3 shows yield variations associated with all sources of theoretical uncertainty
presented in this section in the merged SR for sample processes.

Tables 6.5 and 6.6 summarize the uncertainties associated with the total predicted
yield from all theoretical sources for each background process in the SRs and CRs,

respectively.

6.3 Relative Impact of Statistical and Systematic Uncertainties in Anal-

ysis Regions

Table 6.9 compares the statistical uncertainty associated with the total MC simulated
yield of all background processes in each analysis region with the combined statis-
tical4-systematic uncertainty. The combination of systematic uncertainties from all
sources is done within the HistFitter framework used to perform the statistical anal-
ysis for the search (see Chapter 7 for details). Table 6.10 shows the same comparison
for the DH signal model at a sample mass point. As discussed in Section 7.1.2, shifts
in the predicted yield of a given process induced by varying a given systematic source
are treated as correlated between all regions and bins in the fit. Yield shifts asso-

ciated with experimental sources are additionally treated as correlated between all
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Figure 6.3: Shifts in the predicted yield of various processes considered in the search
in the merged SRs due to theoretical systematic uncertainties. The predicted yield
is binned in min(m,) using the binning strategy employed in the fit used to search
for evidence of the DH signal model in the data (see Chapter 7 for details). Bottom
panel shows ratio of the shifts relative to the nominal yield.

processes.

For the SM background, the combined systematic uncertainty is comparable in

size to the statistical uncertainty in the merged SR, but all other analysis regions

the combined systematic uncertainty is dominant. For the DH signal process, the

statistical uncertainty dominates in the merged SR, but is comparable to the combined
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Figure 6.3: Shifts in the predicted yield due to theoretical systematic uncertainties

(continued)
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systematic uncertainties in the resolved SR.
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Table 6.5: Theoretical systematic uncertainties associated with predicted yields of
dominant backgrounds in the SRs, reported both in terms of absolute yield, and (in
parentheses) as percent relative to nominal yield.

Bkg and Syst. Megd SR Res SR
Wedets pptpr 2358 (F0500) B s

W-+Jets PDF+ag

+1.03 (+4.27%)

+3.18 (+1.34%)

W-+Jets PS

+1.25 (46.22%)

+16.31 (+7.54%)

diboson pur+pr

+1.26 (+16.82%)
—1.11 \-14.85%

+7.62 (+15.22%)
—6.61 \-13.19%

diboson PDF-+ay

+2.50 (+33.35%)

+16.30 (+32.55%)

diboson PS +0.28 (+£3.77%) +1.89 (+£3.77%)
T PS £0.76 (£17.94%)  +£1.82 (£8.64%)
tf ME +£2.15 (£50.36%)  +£4.91 (+23.26%)
tf PDF 40.03 (£0.80%)  +0.09 (+0.43%)

tt prtpr (ME)

+0.16 (+3.74%)
—0.21 \—4.91%

+0.59 (+2.79%)
—0.86 \—4.08%

tt ISR

+0.04 (£0.94%)

+0.24 (+1.13%)

tt pr+pr (FSR)

+0.60 (+£14.12%)

+£0.73 (£3.44%)

stop PS

+1.04 (+£64.74%)

+3.00 (+80.10%)

(
(
+1.82 (£113.45%)
(
(

(
(
+3.07 (£82.10%)
(
(

stop ME
stop Wt /tt +0.78 (£48.58%)  £2.33 (£62.20%)
stop PDF +0.04 (£2.58%) +0.09 (£2.54%)

stop pp+ur (ME)

+0.15 (+9.24%)
—0.11 \—-7.02%

+0.39 (+10.45%)
—0.33 \ —-8.78%

stop ISR

+0.15 (£9.04%)

+0.48 (+12.87%)

stop pur+ur (FSR)

+1.19 (£74.13%)

+1.59 (£42.47%)

triboson pup+pr

+0.04 (+3.58%)
—0.04 \-3.11%

+0.12 (+4.39%)
—0.11 \—-3.83%

triboson PDF+ay

+0.02 (+1.78%)

+0.04 (+1.37%)

triboson PS

+0.07 (£6.22%)

+0.21 (+7.54%)

Z+Jets up+ur

+0.32 (+20.15%)
—0.18 \-10.99%

+2.49 (+14.33%)
—3.14 \—18.07%

Z+Jets PDF+ay

+0.07 (+£4.27%)

+0.23 (+1.34%)

Z+Jets PS

+0.07 (£6.22%)

+1.30 (£7.54%)
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Table 6.6: Theoretical systematic uncertainties associated with predicted yields of
dominant backgrounds in the CRs, reported both in terms of absolute yield, and (in
parentheses) as percent relative to nominal yield.

Bkg and Syst.

Mgd CRW

Res CRW

Mgd CRTT

Res CRTT

WJets pup+ur

+35.90 (+21.89%)
—23.55 \—14.36%

+42.02 ( +7.03% )
—60.43 \-10.10%

+3.50 (—27&89%)
—0.87 \ +68.98%

+4.83 <+319.96%)
—0.57 \ —37.98%

W+Jets PDF 4+

+3.38 (£2.06%)

+13.10 (£2.19%)

+0.68 (+-54.00%)

+0.30 (+19.81%)

W+Jets PS

+12.17 (£8.02%)

+£35.66 (£6.86%)

+£0.19 (£8.44%)

+0.18 (£10.77%)

diboson pr+pr

+1.09 (+4.06%)
—4.20 \-15.66%

+18.37 (+17.40%)
—15.45 \—14.64%

+0.03 (+20.96%)
—0.02 \-15.84%

+0.13 (+22.80%)
—0.10 \-16.85%

diboson PDF+a,  48.62 (£32.18%)  +33.34 (£31.59%) +0.05 (£32.59%)  +0.17 (£29.12%)
diboson PS +1.00 (£3.77%) +3.99 (£3.77%) +0.00 (£3.77%)  £0.02 (£3.77%)
tt PS +0.02 (£0.20%) +0.20 (+0.98%) +3.14 (£4.46%)  +4.93 (£7.68%)
tt ME +2.74 (£27.66%)  +£0.13 (£0.64%) +1.39 (£1.97%)  £9.00 (£14.02%)
tt PDF +0.03 (£0.33%) +0.06 (£0.30%) +0.29 (£0.41%) +0.14 (£0.22%)
Fpntpr MB)  CRR O3 SECWN) SR R GE)

tt ISR

+0.03 (40.28%)

+0.11 (£0.53%)

+0.89 (£1.26%)

+0.04 (+0.07%)

tt pptpr (FSR)

+0.95 (+£9.60%)

+0.46 (£2.31%)

+£5.97 (+8.47%)

+2.89 (£+4.49%)

stop PS

+2.10 (£77.12%)

+1.18 (+36.86%)

+1.97 (£36.44%)

+4.57 (£41.68%)

stop ME

stop Wt /tt

+3.05 (£112.13%)

+1.09 (+34.30%)

+3.85 (+71.16%)

£7.90 (£71.98%)

stop PDF

(
(
+0.21 (£7.65%)
(
(

+0.05 (£2.02%)

(
(
+2.03 (+63.64%)
(
(

+£0.22 (£6.90%)

(
(
+1.80 (+33.28%)
(
(

+0.08 (£1.44%)

(
(
+2.05 (£18.72%)
(
(

+0.25 (£2.31%)

stop pr+ur (ME)

+0.25 (+9.08%)
—0.18 \-6.72%

+0.48 (+14499%)
—0.34 \-10.61%

+0.37 (+6.89%)
—0.27 \—-4.98%

+1.58 <+14.44%)
—1.08 \ —9.87%

stop ISR

+0.02 (+0.75%)

+0.28 (£8.65%)

+0.17 (43.09%)

+0.43 (£3.91%)

stop pr+ur (FSR)

+0.24 (+8.87%)

+£0.24 (£7.67%)

+0.05 (40.99%)

+1.57 (£14.32%)

triboson pur+ur

+0.11 (+5.86%)
—0.10 \—4.99%

+0.34 (+6.05%)
—0.29 \-5.20%

+0.00 (+6.16%)
—0.00 \-5.27%

+0.00 (+10.12%)
—0.00 \ —8.51%

triboson PDF+a

+0.02 (£1.12%)

+0.06 (£1.12%)

+0.00 (£1.76%)

+0.00 (£3.98%)

triboson PS

+0.07 (£3.77%)

+0.21 (£3.77%)

+0.00 (£3.77%)

+0.00 (+3.77%)

Z+Jets pr+pr

+3.34 (+21.89%)
—2.19 \-14.36%

+1.21 ( +7.03% )
—1.73 \=10.10%

+0.00 (7278.89%)
—0.00 \ +68.98%

+0.00 (+319.96%)
—0.00 \ —37.98%

Z+Jets PDF+a

+0.31 (£2.06%)

+0.38 (£2.19%)

+0.00 (£-54.00%)

+0.00 (+19.81%)

Z+Jets PS

+0.95 (£8.02%)

+1.24 (£6.86%)

+0.00 (£8.44%)

+0.00 (£10.77%)
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Table 6.7: Theoretical systematic uncertainties associated with predicted yields of
the DH signal model at several m, and my in the merged SR, reported both in terms
of absolute yield, and (in parentheses) as percent relative to nominal yield.

Signal Point (my, m;) PDF ur+pr  PS
1.76%

(500, 260) GeV +0.71%  FLISE £4.74%

(1000, 335) GeV +£1.58% 0% £4.74%

(1700, 235) GeV +£1.29% U0 £4.74%

(2100, 210) GeV +£1.05% FLIS% £4.74%

Table 6.8: Theoretical systematic uncertainties associated with predicted yields of
the DH signal model at several m, and my in the resolved SR, reported both in
terms of absolute yield, and (in parentheses) as percent relative to nominal yield.

Signal Point (mz, m;) PDF ur+upr PS

(500, 260) GeV +073% G +8.23%
(1000, 335) GeV £130%  Hiopn  8.23%
(1700, 335) GeV +1.33% 4% £8.23%
(2100, 210) GeV +0.67% +0.37% +8.23%

Table 6.9: Comparison of the statistical uncertainties associated with the total pre-
dicted yield of SM background events in each analysis region with the total combined

statistical+systematic uncertainties.

Analysis Region Predicted SM Bkg Yield Stat Unc

Stat+Sys Unc

Merged SR 39.74 +7.29 (18%)  +11.05 (28%)
Resolved SR 331.73 +23.92 (%)  +64.68 (19%)
Merged CRW 220.62 +24.48 (11%) 445.12 (20%)
Resolved CRW 749.53 +31.03 (4%)  +110.68 (15%)
Merged CRTT 77.27 +2.28 (3%)  +11.32 (15%)
Resolved CRTT ~ 77.28 +2.75 (4%)  +16.57 (21%)
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Table 6.10: Comparison of the statistical uncertainties associated with the predicted
yield of the DH signal process at (ms, mz) = (210,2100) GeV in each analysis region
with the total combined statistical+systematic uncertainties.

Analysis Region Predicted SM Bkg Yield Stat Unc Stat+Sys Unc

Merged SR 16.19 +2.89 (18%) =+3.00 (18%)

Resolved SR 15.86 +1.49 (9%) +2.11 (13%)
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Chapter 7

Statistical Framework

This chapter presents the statistical framework used to search for evidence of new
physics in the ATLAS collision data and, if no such evidence is found, establish the
range of parameters over which the DH model is excluded by the search. Evidence
of new physics would take the form of a statistically significant discrepancy between
distributions of the observed collision data in the SRs compared with distributions of
the predicted yield of SM background processes.

Owing to the observation of mgsdependent peaks in the min(m,) distribution
of the DH signal model in the SRs', the sensitivity of the search was found to be
dramatically boosted by binning all data - MC simulated and ATLAS collision events
- in the SRs into several bins of min(mg) prior to performing the statistical analysis.
Details of the binning strategy are presented in Section 7.2. Within each analysis
region and bin, the statistical analysis is performed by fitting the predicted yields
of background and signal processes to the ATLAS collision data with the aim of
maximizing the likelihood function presented in the following section.

The computational construction and analysis of the likelihood function is per-

formed within the HistFitter [1] statistical analysis framework.

7.1 Likelihood Function

The likelihood function that lies at the heart of the statistical framework is a product

of Poisson distributions of event counts in all regions and bins:

ISee Section 5.1.7 for details.
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L(n7 OO’uSiga S, K, ba 0) = PSR X PCRS X Csyst
= H P(ns,i|Asi(psig, i Si, bi, ) x

1€SR bins
H P(nj‘)‘j(/LSiga Hjs Sy, bj’ 0>) x
j€CRs

Osyst (90 ) 0)

(7.1)

where:

n € ng;,n; is the set of all observed event counts in each region and bin.

ng; and n; are the number of observed events in the i bin of the SR and in

the 7' CR, respectively.

The signal strength pg;, is an overall factor that scales the predicted yield of

collision events produced by the DH signal model in all regions and bins.

H;;) represents the normalization factors in each bin ¢ or region j, which scale
the W +jets and tt backgrounds in all regions and bins of the fit. Separate
normalization factors are used in the merged and resolved categories. The
normalization factors are treated as unconstrained nuisance parameters (NPs)

in the fit. They are initialized as 1, with an uncertainty of +1.

si(j) is the yield of the signal process in each bin i or region j predicted by MC
simulation. Likewise, b;(;) is the set of yield predictions for all SM background

processes in each bin i or region j.

0 represents the set of NPs that parametrize all uncertainties associated with
the MC simulated yields. For each uncertainty source k, the corresponding NP
0, continuously interpolates between the nominal value of the predicted yield
and the up/down shifts associated with varying the given uncertainty source by
+10, as discussed in Section 4.4 of Ref. [1]. For systematic sources, the NPs
are normalized in the HistFitter framework such that 6, = 0 for the nominal
yield and 6, = +1 corresponds to +1¢ variations of the uncertainty source.
NPs associated with statistical uncertainty of the predicted yields are instead
normalized such that 6 = 1 represents the nominal yield in the given bin and
O = 1+10gai /N represents +1o yield shifts, where N and oy, are the expected

yield in the bin and its statistical uncertainty, respectively.



143

° Syst(OO, 0) is a composite function of Gaussian priors, which is used to constrain
the floating NPs @ in the fit based on their central values 8° and uncertainties

K:

1
Clver(6°,0) =
vt (07,0) k]}wk ors

0
03— 0

e 25 (7.2)

where S is the full set of uncertainties considered in the fit.

e The Poisson expectation functions Ag ;(fisig, 1, Si, i, @) and A, (psig, 45, S5, b;, ),
represent the total expected yield in each SR bin ¢ and CR bin j, respectively.
The Poisson expectation function is discussed in further detail in the following

section.

7.1.1 Poisson Expectation Function

Within a given SR bin or CR k, the Poisson expectation function A\; in Eq. 7.1 is
given by:

)‘k (ILLSiga Mk, Sk, bk’a 0) = ”Sigsknk,Sig(e) + Z Mk,pbk,pnk,p(e) (73)
pe{SM bkg processes}

where s; (by,) is the yield of the signal process (SM background process p) predicted
by MC simulation, as discussed in Section 4.2. 7;,(0) is a scaling factor, nominally

set to 1, which parametrizes the variations in expected yield induced by varying the
NPs 0 in the fit:

Wp(@) =1+ > 1(0s(k.p), Naown (K, p), Nup(k, p)) (7.4)

s€all systematics

where I(6,, 0aown (i, 8), 0up(i, $)) is a continuous function of 6s(k, p) that interpolates?
the relative shift in predicted yields between the up Ny, (k,p) and down Nygwn (K, p)

extrema, associated with varying the given uncertainty source by £1o.

ZHistFitter employs a 6th-order polynomial to interpolate between ogown (i, s) and oy (k, p) using
a linear extrapolation beyond these extrema. See Section 4.1 of Ref. [169] for details.
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7.1.2 Nuisance Parameter Nomenclature and Correlations

Many of the NPs that appear in the likelihood function are correlated between bins,
categories, and/or processes. For example, if a given NP is correlated between all
bins in the fit, the value of the NP will be the same within all bins: 6,(k, p) — 05(p).
The names given to NPs in the HistFitter framework reflect the presence of any such
correlations by omitting the correlated information in the NP name. Taking the above
example of an NP that is correlated between all bins, this correlation will be reflected
by the omission of any bin number specification (eg. _binl).

The background normalization factors g and uncertainty-related NPs @ are broken

down as follows:

JIAS {MW—Fjets, merged, MW +jets, resolved s Htt, mergeds Ui, resolved} (75)

and

0 c {Hstatisticab Osys, experimental ; esys, theory} (76)

Table 7.1 summarizes the correlations present for each type of NP, and the scheme
used by HistFitter to assign names to each.
Table C.1 (C.2) summarizes the scheme used to name NPs associated with the

experimental (theoretical) uncertainty sources presented in Chapter 6.

7.2 Binning Strategy

As shown in Figure 7.1, the min(m,) variable presented in Section 5.1.7 has a mg-
dependent peaked distribution, which for most mg values is distinct in shape from the
distribution of SM background processes in this variable. This shape discrimination
between the signal and background processes is exploited when performing the likeli-
hood fit by binning the MC simulated events and collision data into several min(my)
bins.

The exact placement of bin edges in min(m,) used when performing the fit was
optimized with the aim of maximizing the projected exclusion of the DH signal model
for a background-only hypothesis using the limit-setting strategy presented in Section
7.3.3, while maintaining a total predicted yield of > 5 SM background events in each
bin to justify the use of the asymptotic approximation during limit-setting (see Section
7.3.3 for details).
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Table 7.1: Summary of naming scheme and correlation information for nuisance pa-
rameters in the likelihood function. See Tables C.1 and C.2 for details of the names
assigned to NPs associated with individual sources of systematic uncertainty.

NP Type

Description

Correlation Info

Naming Scheme

— MW +jets, mgd
— KW +jets, res
— Htt, mgd

— Htg, res

Normalization factor that
scales the W + jets (t?)
background in all anal-
ysis regions and bins of
the merged (resolved) cat-

egory.

Correlated between all
analysis  regions  and
bins for the W + jets
(tt) background in the
merged (resolved) cate-
gory. Each normalization
factor scales one process
(tt or W + jets) - i.e.
no correlation between
processes.

— p_Wijets_mgd
— p_Wijets_res
— p_ttbar_mgd
— p_ttbar_res

05tatistical

NPs that parametrize the
statistical uncertainty as-
sociated with the pre-
dicted yield in each region
and bin from MC simula-
tion.

Correlated between all
processes. Not correlated
between regions or bins.

bin type = {

~v_{region}_{category}_
{bin type}_bin_
{bin index}

“mS_bin”

“Cuts”

in SR bins
in CRs

esys, experimental

NPs that parametrize sys-

Correlated between all

a_{uncertainty

tematic uncertainties from processes, regions and source}
experimental sources. bins.
Osys, theory NPs that parametrize sys- Correlated between all re- «_process_

tematic uncertainties for
each process from theoret-
ical sources.

gions and bins. Not corre-
lated between processes.

{uncertainty source}
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Figure 7.1: Predicted yields of SM background processes (stacked filled) and the DH
signal model (unfilled lines) at several mass points in the merged (left) and resolved
(right) SRs, binned in min(ms). The lower panel shows the ratio of yields predicted
for the DH signal process over the sum of MC background processes. Grey bands
show the statistical uncertainty of the background estimate.



147

Distributions of min(mg) are shown with the optimized binning in Figure 7.2.
In the merged SR, binning the data into four min(mg) bins with non-equidistant
bin edges was found to provide maximal sensitivity while maintaining > 5 predicted
SM background events per bin. In the resolved SR, binning into five min(mg) bins
was found to be optimal, and equidistant bin edges are used because no appreciable

sensitivity improvements were found with non-equidistant edges.

- W+jets Diboson . W+]ets Diboson
Vs =13 TeV, 139.0 fb~* VS =13 TeV, 139.0 fb!
Merged SR ttbar 1 me=385, mz=1000 2009 Rasolved SR ttbar 1 ms=385, mz=1000

2 Z+jets ms=310, mz=500 15 Signal Scaled x4 Z+jets ms=310, mz=500
stop [ mg=235, mz=2100 stop [ ms=235, mz»=2100

Triboson 3 ms=150, mz=500 150 Triboson [ ms=150, mz»=500

15

125
100
10
75
5 50

25 *
0 0
100 150 200 250 300 350 400 150 200 250 300 350
min(ms) (GeV) min(ms) (GeV)
(a) Merged SR (b) Resolved SR

Figure 7.2: Predicted yield of SM background processes (stacked filled) and the DH
signal model (unfilled lines) at several mass points in the merged (left) and resolved
(right) SRs, binned in min(m,) with the optimized bin edges presented in Table 7.2.
Grey bands show the statistical uncertainty of the background estimate.

The CRs are left unbinned in the fit to provide constraints on the overall yield of
the W +jets and tf processes in each kinematic category. Table 7.2 summarizes the

binning strategy in all analysis regions.

Table 7.2: Binning used in the analysis regions.

Region Binning in Merged Category Binning in Resolved Category
SR 4 non-equidistant bins in m 5 equidistant bins in my
bin edges: [125, 165, 190, 225, 375] GeV  bin edges: [125, 175, 225, 275, 325, 375] GeV
W+jets CR none none
tt CR none none

7.3 Fit Setup

With the MC simulated yields and ATLAS collision data binned into CRs and

min(m,) bins within the SRs, as detailed in Section 7.2 above, the statistical analysis
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is performed by fitting the simulated yields to the collision data in all regions and
bins. The fits are performed within the HistFitter framework by varying the signal
strength parameter pg;, and all floating NPs {g, 0} in the likelihood function pre-
sented in Eq. 7.1, until the set of parameter values that maximizes the likelihood is

determined.

7.3.1 Pruning of Systematics

Prior to performing a fit, NPs associated with systematic uncertainties are pruned
within the HistFitter framework at a user-defined threshold. The pruning is done as
follows: for a given source of systematic uncertainty, HistFitter compares the relative
up and down yield shifts due to a given NP within each analysis region and bin. If
the relative shift in both directions is below the user-defined threshold in all regions
and bins, the given NP is ‘pruned’, which means that it is not included in fit. Pruning
helps to reduce fitting time, as well as minimizing numerical instabilities in the fit.
For this search, a 1% pruning threshold is applied. Dedicated studies were done
to ensure that pruning systematics at a 1% threshold has no appreciable impact on

the overall fit behaviour or search results.

7.3.2 Background-only Fit and Signal Region Extrapolation

To initially check for an excess of data in the SRs, a “background-only” fit of the
SM background yield prediction to the observed collision data is performed in the
CRs to constrain the normalization factors (eg. pw tijets, mga) for the W4 jets and
tt backgrounds within each category, along with all other NPs 0 that affect yields
expectations in the CRs. The likelihood function presented in Eq. 7.1 is modified
such that pgi, is fixed to 0 (i.e. “background-only”), and the SR component Psg is
fixed to 1 (i.e. “CR-only”).

The values of normalization factors and other NPs that are constrained in the
background-only fit to maximize this modified likelihood function are subsequently
extrapolated to the SR to incorporate these constraints into the predicted yields of
background processes in the SR. The updated distributions of the total predicted SM
background yield in the SR are compared with distributions of the observed collision
data to check for the presence of any discrepancies that, if statistically significant
considering all statistical and systematic uncertainties, would be indicative of new

physics in the data.
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The extrapolation to the SR is performed by building the total expected yield of
SM background events in each SR bin using the Poisson expectation formula in Eq.
7.3 with the constrained NPs, and with pg;, still set to 0. Any NPs that are specific
to the SR and thus not constrained in the background-only fit are maintained at their
nominal pre-fit values when constructing the extrapolated Poisson expectations. Fur-
ther details of the extrapolation method and its implementation within the HistFitter

framework can be found in Section 5.2 of Ref. [1].

Evaluation of Systematic Uncertainties by Means of the Transfer Factor

After the values of all background normalization factors g are constrained in the
background-only fit, the total yield ((bﬁt)p, med CRW + (Dt)p, med CRTT) of a process
p (either W +jets or tt) in the merged CRs whose normalization factor pi,mga is
constrained in the fit can be expressed using the formalism of Eq. 7.3 (neglecting for

now the @ constraints) as:

(bit)p, mgd CRW + (bfit)p, mgd CRTT = Mp,med | Op, med CRW + bp, mgd CRTT] (7.7)

where an equivalent formula would apply in the resolved CRs with “mgd” — “res”.
Extrapolating the constrained normalization factor ji,mgq to any region or bin j
in the merged category scales the predicted yield of the process p in a bin j of the

merged SR as follows:

(bﬁt)p,j = Mtpmgd X b ]
(7.8)

bp J
by, mgd CRW + Up, mgd CRTT

= |:(bﬁt)p, med CRW + (Dfit)p, mgd CRTT] X [

The ratio of raw MC yields in brackets, which extrapolates the fitted yield ((bﬁt)p7 mgd CRW+
(b6t ) p, med CRTT) of process p in the merged CRs to the estimated yield (bg),, ; in a
given region or bin 7, is referred to as the “transfer factor” TF.
When considering how the systematic uncertainties, which are correlated between
regions and bins, can be expected to impact the predicted yields (bgt),, j, the fitted
yield of the process p € {W +jets, ¢t} in the CRs will be predominantly set by
the observed yield of collision data, and consequently should be effectively unshifted

when systematic uncertainty sources are varied. As a result, the primary impact of
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systematic uncertainty sources on the predicted yields (bgt)p, sk bin j in the SR will
take the form of correlated shifts of the predicted yields on the top and bottom of
the T'F' ratio. For this reason, relative systematic uncertainties associated with the
post-fit predicted yields in all regions are evaluated for the W-+jets and ¢t backgrounds
using systematic shifts in the T'F' rather than in the pre-fit yields. In a given SR bin
or CR j in the merged category:

TF(sys up, p, j (mgd))
TFnom

rel. syst(TF, sys up, p, j (mgd) =

bp, sys up, j (mgd)] 5

b

p, j (mgd)

[ bp, mgd CRW + Up, mgd CRTT ] _q
by, sys up, mgd CRW + Up. sys up, mgd CRTT

(7.9)
where an analogous equation holds in the resolved category with "mgd” —"res”.

If yield shifts associated with a given systematic source are positively correlated
between the region or bin j and the CRs and comparable in size relative to the
nominal yield, then the relative systematic uncertainty of the transfer factor can be
significantly reduced compared with that of the raw yields due to cancellation between
the two terms in square brackets in Eq. 7.9.

Table 7.3 compares the total relative systematic uncertainty associated with the
predicted yield of the W 4 jets process in the SRs (bins combined) and W + jets
CRs, evaluated using either the systematic yield uncertainties alone (first term in
square brackets in Eq. 7.9) or using the TF. The t¢ CRs are excluded from the
comparison due to the relatively small predicted yield of W+jets events in these CRs.
The combination of systematic uncertainties from all sources is performed within the
HistFitter framework. The relative systematic uncertainties are reduced in all regions
when evaluated using the T'F rather than the yield. In the W+jets CR (CRW), much
of the reduction comes from the fact that most of the W+jets events in the combined
CRW+CRTT are contained within the CRW, so systematic shifts in the combined
CRW+4CRTT yield are guaranteed to be highly correlated with those in the CRW.
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Table 7.3: Comparison of total relative systematic uncertainty associated with the
predicted yield of the W+jets process in the SRs and W+jets CRs (CRW), evaluated
using either the predicted yield (second column) or the TF (third column). The
relative statistical uncertainty is shown in the first column for comparison.

Analysis Region Stat Total Sys (yield) Total Sys (TF)

Merged SR +14% +31% +27%
Resolved SR +7%  +24% +14%
Merged CRW +11% +£24% +12%
Resolved CRW +4%  +16% +4%

7.3.3 Exclusion Hypothesis Test and Limit Setting

In the event that no significant discrepancy is seen in the comparison of SM back-
ground yield predictions to the ATLAS collision data in the SR following the background-
only fit and extrapolation of constraints to the SR, an exclusion hypothesis test of
the DH signal model is performed at each simulated m, and m to assess the range,
or “limits”, of model parameters that can be excluded by the search. This procedure
is referred to as “limit setting”.

The exclusion hypothesis test is performed using “signal+background fits”, which
incorporate all regions and bins in the likelihood function presented in Eq. 7.1, and
allow for a nonzero signal strength figi,. The ultimate product of the hypothesis test
at each mg and myz of the DH model is a “CL, value”. A CL; value below 0.05 is
considered to exclude the signal+background hypothesis at a 95% confidence level
(CL).

Typical approaches to evaluating a CL associated with an alternative hypothesis
directly consider the level of agreement between the observed data and the expecta-
tion of the alternative hypothesis. In the context of a search for new phenomena in
experimental particle physics, this amounts to evaluating the confidence level CLg,,
associated with the signal+background hypothesis. The CL;,; approach encounters
issues when one considers a regime in which the data is expected to be predominantly
comprised of background events (s << b). In this regime, CLg,;, becomes increas-
ingly similar to the confidence level CL, associated with the null background-only
hypothesis; this effect tends to diminish the ability of the search to exclude the sig-
nal+background hypothesis at a fixed reference CL (eg. 95%). To address this issue,
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the CL; method considers instead the CL, ratio:

CLs+b
CL, = —=tt
CL,

which compares the confidence with which the observed data can be explained by

(7.10)

the alternative signal+background hypothesis relative to the null background-only
hypothesis. The CL; is generally found to provide more powerful exclusion than the

CLs,p in the high-background regime.

CL, Evaluation Strategy

For a given value of the hypothesized signal strength ps,, a “profiled log-likelihood

ratio” gy, is constructed as follows:

L(psig, 0
Gy, = —2l0g <M> (7.11)

where fig;, and 6 are the values of pisig and of the NPs 0 that maximize the likelihood
function with all parameters left floating (i.e. profiled over) in the signal-+background
fit. é is the set of floating NP values that maximize the likelihood function for a given
fixed pg;ig in the fit. Note that the background normalization parameters p are folded
into the set of NPs @ in Eq. 7.11, and in all equations that follow in this section.

Two p-values are evaluated to quantify the CL4,;, (CLy) by integrating the dis-
tribution f(qyg,|tsig, @) above (below) the value g, obs evaluated for pg, = 1
(usig = 0) with the observed ATLAS collision data and the central NP values in-
put to the fit:

CLsip = Pugig=1 = / f((thig =1,0)dq (7.12)
q1, obs
CLy = Pugig=0 = / f(qOWSig =0, 0)dqo (7.13)
qo, obs

The distribution f(qg,

that randomize the number of observed events and the central values of the NPs 6,

Usig, @) can be obtained by throwing pseudo-experiments

and re-calculating ¢, for each pseudo-experiment. However, for sufficiently high

statistics in the analysis regions - typically taken to be at least O(5) expected SM

background events per region or bin - f(qug, |#isig, @) is known to follow a x* distri-

bution according to Wilks’ theorem [170]. In this “asymptotic regime”, asymptotic
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formulae [171] are used to evaluate the p-value, thus avoiding the need to generate
pseudo-experiments. The CL; value is then evaluated using Eq. 7.10 to test the
exclusion of the DH signal hypothesis at the given m, and my. In addition to the
“observed” CLg value CL; o5 obtained with the observed ATLAS collision data, an
additional “expected” CL, value CL;, o is evaluated by replacing the observed col-
lision data with the background-only “Asimov data set”, which is simply set to be

equal to the predicted yield of SM background processes in each region and bin.

Visualization and Limit Setting

Having obtained a CL; obs and CL; ey for each mg and my by the above procedure,
interpolation is performed with respect to both sets of CL; values within the (m,
my) plane to obtain an expected (observed) “exclusion contour”, which corresponds
with CLjg, exp = 0.05 (CLj, obs = 0.05). The CLj, ¢xp = 0.05 contour is evaluated with
a £1o uncertainty band, and a fine-grained colour-coded distribution of the CLj, exp
is plotted within the modelled range of m, and myz.. The interpolation is performed

internally by HistFitter using a radial basis interpolation function?.

3Interpolation is performed using the interpolate.Rbf() class function in python’s scipy module.
This work uses the ‘linear’ (r) interpolation function rather than the default ‘multiquadratic’, because
linear interpolation was found to provide a smoother interpolation of the signal grid.
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Chapter 8

Results

This chapter presents the results of applying the statistical analysis presented in
Chapter 7 to the MC simulated and observed yields of ATLAS collision events in all
analysis regions and bins' to search for evidence of new physics in the SRs. No signif-
icant discrepancy is found between the predicted yields of SM background processes
and the collision data in the SRs, so the exclusion hypothesis test described in Section
7.3.3 is used to determine the parameter space of the DH model that is excluded by

the search.

8.1 Background-only Fit

This section presents the results of performing the “background-only” fit of the pre-
dicted yields of SM background processes obtained from MC simulation to the ob-
served yields of ATLAS collision events in the CRs, as described in Section 7.3.2, with
the goal of obtaining data-driven constraints for the normalizations of the W +jets

and tt backgrounds within each kinematic category.

8.1.1 Pre- and Post-Fit Yields of MC Simulated Background Events

Figure 8.1 compares the total predicted yield of all SM background processes consid-
ered in the CRs with the yield of observed events in the ATLAS collision data, both
before and after the background-only fit in the CRs. The observed yield of ATLAS
collision events is consistent with the pre-fit predicted yield of SM background events
within the combined statistical and systematic uncertainties in all CRs, with the ex-
ception of the merged CRTT. In the merged CRT'T, a slight overprediction of the SM

1See Section 5.2 for details of the selections applied to define the regions used for the search, and
Section 7.2 for details of the strategy used to bin data in the SRs.
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The uncertainty of the total expected yield of SM background processes is reduced

in all CRs after the fit, as the post-fit uncertainty is predominantly set by the Poisson

uncertainty associated with the observed event counts.
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Figure 8.1: Comparison between the predicted yields of SM background processes and
observed yields of ATLAS collision data in the CRs, before and after the background-
only fit. Hatched band shows the combined statistical and systematic uncertainty of
the total yield prediction of SM background processes. Black error bars represent the
Poisson uncertainty associated with the observed event count in each CR.

8.1.2 Nuisance Parameter Pulls and Correlations

Figure 8.2 summarizes the post-fit shifts (a.k.a. “pulls”) of the values of all NPs

included in the background-only fit, as well as their post-fit uncertainties. Both the

values and uncertainties of the p normalization factors, which scale the W +jets and
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tt backgrounds separately in the merged and resolved categories, are constrained by
the fit to obtain the post-fit agreement seen in Figure 8.1 between the total predicted
yield of SM background processes and the observed yields in the ATLAS collision
data. The values of all other NPs, which parametrize sources of statistical and sys-
tematic uncertainty, receive negligible pulls in the fit, since agreement with data can
be obtained in all CRs just by varying the W +jets and ¢t normalization factors.
The uncertainties of the v_* parameters® that parametrize the statistical uncertainty
associated with the MC simulated yield predictions in each CR are reduced by the fit
to data, which results in the reduction seen in Figure 8.1 of the uncertainty associated
with the post-fit expected yield of SM background events.

Figure 8.3 shows the Pearson correlation coefficient r between NPs in the fit. There
is some appreciable correlation (|r| 2 0.2) between separate background normalization
factors u_*, and between normalization factors and a few of the v_* NPs - for example,
r = —0.7 between p_Wjets_ mgd and v_stat_ CRW _Merged_cuts_bin_0. However, there
is in general very little cross correlation (r < 0.01) between the v_* and a_* NPs,
which collectively parametrize all uncertainty sources in the fit due to the negligible

shifts induced on these parameters by the background-only fit (see Figure 8.2).

8.2 Comparison of SM Background Expectation and Data in the Signal
Region

After performing the background-only fit in the CRs, the constraints on the back-
ground normalization factors g and the other NPs 8 summarized in Figure 8.2 are
extrapolated to the SR following the procedure described in Section 7.3.2. Figure
8.4 compares the predicted yields of SM background processes in the SR - binned
in min(ms) using the binning strategy presented in Section 7.2 - before and after
the background-only fit and extrapolation procedure. Table 8.1 summarizes the total
predicted and observed yields in the merged SRs, combined over all bins within each
SR.

Both before and after the background-only fit extrapolation, Figures 8.4a and
8.4b, respectively, show an excess of observed ATLAS collision events compared with
the predicted yield of SM background processes in the first three bins of the merged
SR. However, the difference is within uncertainty in all three bins, and a comparison

of the combined yields reported in the first row of Table 8.1 reveals that the overall

2See Table 7.1 for a description of the scheme used to name NPs.
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Table 8.1: Comparison of the total observed yields of events in the SRs with the
predicted yield of SM background processes, either before (pre-fit) or after (post-fit)
extrapolation of constraints from the background-only fit in the CRs.

Region Observed Yield SM Bkg Prediction SM Bkg Prediction
(Pre-fit) (Post-fit)

Merged SR 51 39.7+ 11 36.8 + 10

Resolved SR 285 331.7 + 65 321.2 +40

yield of ATLAS collision data in the merged SR a factor of 1.3 larger than the total
post-fit uncertainty associated with the expected yield of SM background processes
(a.k.a. a 1.30 excess). If the distribution of measured discrepancies between the
predicted yield of SM background processes and the observed yield of collision data is
assumed to be reasonably approximated as Gaussian, the observed 1.3¢ discrepancy
corresponds to a two-sided p-value of 0.18 (see, for example, Section 11 of [172] for an
introduction to the p-value and its use in hypothesis testing). If a p-value below 0.05
is taken to represent a statistically significant deviation from the null hypothesis, the
observed p-value of 0.18 implies that the observed yield of ATLAS collision events
in the merged SR is statistically compatible with the null hypothesis that all events
observed in the SR were produced by SM background processes.

Figures 8.4c and 8.4d show an over-prediction of the SM background yield com-
pared with the observed number of ATLAS collision events in all bins of the resolved
SR, both before and after NP constraints from the background-only fit are extrapo-
lated to the SRs. Comparing the observed yield of collision events from Table 8.1 in
the resolved SR with the post-fit predicted yield of SM background events reveals a
—0.80 discrepancy. The resulting two-sided Gaussian p-value of 0.42 indicates that,
as in the merged SR, the observed yields are statistically compatible with the null
background-only hypothesis.

8.3 Exclusion of the Dark Higgs Signal Model

Given the absence of any statistically significant discrepancy between the observed
yields of ATLAS collision events in the SRs and the predicted yields of events from
SM background processes, the exclusion hypothesis test presented in Section 7.3.3 is
used to determine the range of m, and my for which the DH signal model can be

confidently excluded by the search for the fixed choices of the DM mass m,, mixing
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angle sin f and coupling choices g, and g, in the DH model used for the search?:

o m, =200 GeV

e g,=0.25
® g, = 1
e sinf = 0.01

8.3.1 Signal+Background Fit

Figures 8.5, 8.6 and 8.7 compare the observed yield of ATLAS collision events in the
SRs, binned in min(my), with the predicted yields for the SM background and DH
signal processes at the three sample combinations of mg and my in the signal model.
The sample mg and my combinations, listed below, are chosen to cover the range of

production cross sections for the DH model considered in the search:
o (my,mz) = (160,1000) GeV (cross section: 93.3 fb™1)
o (mg,myz) = (210,2100) GeV (cross section: 3.9 fb™!)
o (my, my) = (310,2900) GeV (cross section: 0.31 fb™1)

As shown in Figure 8.5, the DH signal model at (ms,mz) = (160, 1000) GeV
with a cross section of 93.3 fb~! has a sufficiently large production rate that the
signal+background fit constrains the signal strength parameter to pgi; = 0.09 £ 0.08.
Therefore, the signal+background hypothesis (ugi; = 1) is excluded with a high degree
of confidence.

Figure 8.6 shows the results of the signal+background fit for (ms, mz) = (210,2100) GeV
in the signal model, with an intermediate cross section of 3.9 fb=!. The predicted
yield of the signal process is comparable in the first three bins of the merged SR
to the discrepancy between the observed yield of data and the predicted yield of SM
background processes, which results in a fitted signal strength close to 1 (ug;; = 0.88).
However, since the predicted yield of the signal and background processes are still
consistent with the background-only prediction, there is a large (nearly 100%) un-
certainty associated with the fitted signal strength. As a result, the fit can neither
support nor confidently exclude the signal+background hypothesis at this mass point.

3See Sections 2.2.1 and 2.3.2 for a presentation and discussion of the choices for the m,, siné
and coupling parameters in the DH model.
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Further reduced exclusion power is observed for the fit shown in Figure 8.7d, which
considers the signal model at the mass combination (mg, mz) = (310, 2900) GeV with
the lowest cross section of the three combinations considered. The signal yields are
so small compared with the uncertainty of the total yield prediction that the fitted
signal strength could range from —3.82 to 5.06 within its post-fit uncertainty. As a
result, the search can neither meaningfully support nor exclude the DH signal model
at this mass point.

Figure 8.8 summarizes the post-fit value and uncertainty of the signal strength
parameter fg; for the signal+background fit performed with the DH signal model at
all m, and myz considered in the search. The fitted value and uncertainty vary de-
pending on the production cross section and the shape of the signal distribution with
respect to min(myg). The size of the uncertainty for a given m, and my combination
reflects the exclusion power of the search at the given mass combination, where a
larger uncertainty generally implies less exclusion power. In general, the fitted values
of pgig are consistent with 0 within 1.50, in agreement with the null background-only

hypothesis.

Nuisance Parameter Pulls and Correlations

Figure 8.9 summarizes the pulls and uncertainties of all NPs included in the sig-
nal+background fit using the DH signal model at the sample mass point (ms, mz) =
(210,2100) GeV. In contrast with the background-only fit, the pulls of some v_* and
a_* NPs, which constrain the statistical and systematic uncertainties associated with
MC simulated yields, can be appreciably shifted (i.e. pulled) relative to their pre-fit
values. This is due to differences in the shapes of min(mg) distributions in the SRs
between the observed ATLAS collision data and the predicted yields of the SM back-
ground and signal processes, which cannot be corrected by varying the p_* normal-
ization parameters alone. Particularly large pulls are seen for the NPs a JET_JER_*
and o JET _R02_JER_*, which parametrize the systematic jet energy resolution (JER)
uncertainties associated with the R = 0.4 and R = 0.2° jets, respectively (see Tables
C.1 and C.2 for descriptions of individual NPs used to parametrize systematic uncer-

tainties). As shown in Figures 6.1 and 6.2, the JER systematic uncertainties induce

4See Section 5.1.2 for a description of the R = 0.4 jets, and Section 5.1.3 for a description of the
method used to reconstruct the W boson candidate in the resolved category.

See Section 5.1.4 for a description of the algorithm used to construct TAR jets using input
R =0.2 jets.
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the largest yield shifts in the SRs relative to other systematic sources. Therefore,
it is reasonable to expect that these NPs would in general receive relatively strong
pulls in the signal+background fit to help correct for the observed differences between
expected and observed event yields in the SRs.

Figure 8.10 shows the Pearson correlation coefficient r» between NPs in the sig-
nal+background fit for the sample mass point (mg, mz ) = (210,2100) GeV in the
DH signal model. As with the background-only fit, there is appreciable correlation

* and between

-

(Ir] = 0.2) between separate background normalization factors p
normalization factors and several of the v_* NPs that parametrize the statistical
uncertainties associated with MC simulated yield predictions. In contrast to the
background-only fit, some of the a_* parameters also have non-negligible correlations
(|r] up to ~ 0.3) with one another and with v_* and p_* NPs. The introduction
of correlations involving a_* NPs in the signal+background fit compared with the
background-only fit is attributed to the non-negligible post-fit shifts of these NPs
observed in Figure 8.9 for the signal+background fit.

Ranking of Systematic Uncertainties

Figure 8.11 shows the pre- and post-fit values and impacts of NPs in the signal+background
fit on the fitted signal strength pug;,. The 30 leading NPs are ranked from top to bot-
tom in order of the size of their impact. The pre- and post-fit impact of a given NP

0 is measured as follows:

e Pre-fit impact: Shift the value of 6 to the upper bound 6y + A# of its pre-fit
uncertainty. Perform the signal+background fit with 6 fixed to this upper value,
and all other NPs left floating. Repeat with the value of 6 fixed to the lower
bound 6y 4+ A6 of its pre-fit uncertainty. The resulting shifts Ay, downfisig Of
the best-fit ug;, are shown as unfilled white boxes with black borders in Figure
8.11.

e Post-fit impact: As above, but with the value of 6 shifted instead to the upper
and lower bounds of its post-fit uncertainty. The resulting shifts Ay, /down/isig
are shown as filled boxes, where the colour of the box indicates whether jigi, is

correlated (blue) or anti-correlated (green) with the value of the NP.

The highest-ranked NPs are associated with systematic JER uncertainties, which

also receive some of the largest pulls in the fit (see Figure 8.9 and related discussion
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in Section 8.3.1). Following in rank are some of the statistical y_* NPs.

8.3.2 Hypothesis Testing and Model Exclusion

Hypothesis testing is performed following the method presented in Section 7.3.3 to
determine the range of mg and my that can be confidently excluded by the search.
The colour map in Figure 8.12 shows the expected CL, value evaluated over the
range of my and my considered in the search. Interpolated contours are drawn at
CLs = 0.05 for the expected (grey dashed) and observed (solid red) values, and the
contained areas represent the expected and observed range of mg and my that are
excluded by the search for the assumed DM mass and coupling choices.

Figure 8.13 summarizes the excluded range of mg and mz in the DH model -
for the fixed choices of the DM mass, DH mixing angle and couplings presented at
the beginning of this section - by this and all other searches presented in Section
2.3.2 that place constraints on the model by targeting various decay modes of the
DH boson s. This search (blue) extends the excluded range for on-shell WW decays
(ms > 160 GeV). By additionally probing off-shell WW decays in the range m, < 160,
this search largely closes the pre-existing gap in coverage (150 GeV < mg < 160 GeV)
between searches in the s — WW and s — bb DH decay channels.

8.3.3 Dependence of Sensitivity on Signal Strength

Neglecting slight changes to the width of the Z’ mediator, the production rate of the
DH model would be expected to scale in proportion to gg and gi [12] if the values
of the g, and g, coupling strength parameters, respectively, are varied, since both
correspond to a single annihilation (g,) or decay (g,) vertex in the model (see Figure
2.1). As noted in Section 2.2.1, upper bounds are placed on the coupling strength g,
between the Z’ mediator and quarks in the DH model by dijet searches, which range
from approximately 0.04 to 0.2 depending on the value of mz/, and on the methods
the assumptions involved in placing the constraints. However, the actual value of g,
in the model is unknown, and is not currently constrained by dijet or other searches.

Given the dependence of the production rate on the choices of g, and g,, a test
was done following recommendations in Ref. [173] to evaluate the impact of reducing
the production rate of the DH process on the sensitivity of the search. Implicit in
this test is a simplifying assumption that the modified values of g, and g, associated

with reducing p will result in the same distributions of kinematic variables as the
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benchmark choices, such that the predicted yields of the signal model in all regions
and bins of the search scale linearly with u. Figure D.1 compares the range of mj
and myz excluded by the search with the value of a “signal strength” parameter pu,
which coherently scales the production rate of the DH signal process at all m, and
my considered in the search. The search is able to exclude phase space in the mg vs.
my plane for p down to 0.3, with the excluded range successively diminished as p is

reduced.
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Figure 8.2: Post-fit values and uncertainties of all NPs in the background-only fit. See Tables 7.1,
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for details of the scheme used to name the NPs.
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Figure 8.4: Comparison between predicted yields of SM background processes and
observed yields in the SRs, before (left) and after (right) the background-only fit and
extrapolation to the SR. Yields are binned in min(mg) using the binning strategy
presented in Section 7.2.
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Figure 8.5: Comparison between predicted yields of SM background processes, the
DH signal process at (ms,mz) = (160,1000) GeV and observed yields in the SRs.
Yields are shown before (left) and after (right) the signal4+background fit. The pre-
and post-fit values of the signal strength pg;, are also reported. Yields are binned in
min(m,) using the binning strategy presented in Section 7.2.
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Figure 8.6: Comparison between predicted yields of SM background processes, the
DH signal process at (mgs,mz) = (210,2100) GeV and observed yields in the SRs.
Yields are shown before (left) and after (right) the signal4+background fit. The pre-
and post-fit values of the signal strength pg;, are also reported. Yields are binned in
min(ms) using the binning strategy presented in Section 7.2.
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Figure 8.7: Comparison between predicted yields of SM background processes, the
DH signal process at (ms,mz) = (310,2900) GeV and observed yields in the SRs.
Yields are shown before (left) and after (right) the signal4+background fit. The pre-
and post-fit values of the signal strength pg;, are also reported. Yields are binned in
min(ms) using the binning strategy presented in Section 7.2.
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Figure 8.9: Post-fit values of all NPs in the signal+background fit using the DH signal model at
(mg,mz) = (210,2100) GeV. See Tables 7.1, C.1 and C.2 for details of the scheme used to name
the NPs. Yellow hatched band shows the pre-fit uncertainty for each NP, and black horizontal error
bars show the post-fit uncertainty.
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Figure 8.10: Correlation matrix for all NPs considered in the signal+background fit at a sample
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with another NP is larger than 0.1. See Tables 7.1, C.1 and C.2 for details of the scheme used to
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Chapter 9

Conclusion

The study presented in this thesis is part of a worldwide programme to search for
dark matter using particle physics detectors, and focusses in particular on dark matter
production at the LHC. Given the potential for yet-unconceived mechanisms by which
the hypothetical interactions between dark matter and the Standard Model could
occur, the search programme at the LHC emphasizes a comprehensive coverage of the
possible final states that could result in the detector from dark matter production in
the high-energy pp collisions, with searches guided by and interpreted using simplified
models for the dark matter production mechanisms. While there could be many
possible dark matter production mechanisms that would predict a signature in the
EXiss + WW final state studied in this thesis, the construction and interpretation
of the search are guided by the Dark Higgs model [40]. No statistically significant
deviation was found between distributions of ATLAS collision events in the signal
regions and Standard Model predictions. The search places exclusion limits on the
Dark Higgs model for masses of the Dark Higgs mediator in the approximate range
of 150 GeV to 350 GeV. As shown in the summary plot in Figure 8.13, the parameter
space of the Dark Higgs model excluded by this search extends the reach of existing
searches for the model performed by the ATLAS and CMS collaborations [100, 101,
98], which targeted different final states.

The semileptonic WW (gqlv) final state studied by this search presented a number
of opportunities compared with alternative WW decay modes to develop targeted
data selections and analysis strategies that enhance the sensitivity of the search in
this final state. The requirement of a single energetic lepton in the final state allows
for a significant reduction of SM background processes relative to the fully hadronic
channel, and the W +jets process that dominates the Standard Model background in

this semileptonic final state is massively reduced by the application of a lower bound
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on the transverse mass between the final-state lepton and the E&®. In addition, the
distinct decay modes of the two W bosons enable a detailed reconstruction of the
hadronically decaying W. This reconstruction is facilitated in the boosted merged
regime by a modification to the basic TAR algorithm [2] used to reconstruct hadronic
activity in the final state within one or more large-radius jets, where the modification
additionally disentangles the final-state lepton from the hadronic activity. Targeted
selections involving the reconstructed hadronically decaying W further reduce the
background of SM processes in the search. Although the final-state neutrino prevents
a full reconstruction of the Dark Higgs boson, the min(my) strategy allows for an
approximate reconstruction, which provides valuable shape discrimination between
the DH signal model and SM background processes in the signal regions.

While the searches that target the WW final state were optimized to probe the
Dark Higgs model, it is important to acknowledge that appreciable constraints on the
Dark Higgs model were also obtained in the bb final state [98] by re-interpreting an
existing dark matter search [102] that targeted the same final state, but which was
optimized to probe a different model. The impressive sensitivity of the re-interpreted
search in the bb final state to the Dark Higgs model highlights the value of ensuring
that searches in this FXs* + WV final state can also be re-interpreted in the future
to constrain any alternative models that may predict a signature in the same final
state. This search has been preserved for future re-interpretation using the RECAST
framework [3] developed within the ATLAS collaboration. More generally, given the
vast multitude of mechanisms by which dark matter could be produced at the LHC,
and the tremendous amount of human effort and computing resources involved in
developing searches to probe new final states, it will be important moving forward
to ensure that all new searches for dark matter can be efficiently re-interpreted to
constrain alternative models, thus maximizing the potential impact of each search.

Despite longstanding evidence from observational astronomy for the abundance
of dark matter in the universe, its composition remains one of the open mysteries of
modern physics. Each time that a new model is tested or new parameter space is
probed, a collective step is taken towards cracking the mystery of what makes up the

most abundant form of matter in the universe.
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Appendix A

Kinematic Distributions (IN-1) in Signal Regions

Figures A.1 and A.2 show N-1 plots with the finalized selections for the variables
listed in Table 5.3 that are used to define the analysis regions that are not shown in
Figures 5.10 and A.2, respectively, in Section 5.2.3. The placements of cuts is also

shown using red arrows.
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Figure A.1: N-1 Distributions for variables used in the merged signal region defini-
tion. Grey bands show statistical uncertainty on background estimate. The lower
panel shows the cumulative Asimov significance normalized to unit peak, where the
direction (> or <) specified in the y label indicates whether the significance is be-
ing summed from above (>) or from below (<). Red vertical line and arrow show
placement and direction of selection on the given variable in this region.
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Figure A.2: N-1 Distributions for variables used in the resolved signal region defi-
nition. Grey bands show statistical uncertainty on the background estimate. The
lower panel shows the cumulative Asimov significance normalized to unit peak, where
the direction (> or <) specified in the y label indicates whether the significance is
being summed from above (>) or from below (<). Red vertical line and arrow show
placement and direction of selection on the given variable in this region.
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Appendix B

Kinematic Distributions in Signal and Control

Regions

This appendix documents comparisons of the distributions of kinematic variables
of interest for the search between the signal region (SR) and each control region
(CR), considering the merged and resolved categories separately. The aim of these
comparisons is to validate that, within each of the merged and resolved categories,
the kinematic properties of events in the CRs are sufficiently similar to those in
the corresponding SR that the data-driven normalization factors for the W + jets
and tt background processes, which are evaluated primarily by comparison with the
observed yield of ATLAS collision data in the CRs, can be reasonably applied to scale
the predicted yields of these processes in the SR as well.

B.1 Signal region vs. W +jets control region

Figure B.1 compares distributions of kinematic variables of interest for the analysis
between the merged SR and the W-jets CR. Figure B.2 presents the same comparison
between the resolved SR and the W +jets CR.

B.2 Signal region vs. tt control region

Figure B.3 compares distributions of kinematic variables of interest for the analysis
between the merged SR and the ¢ CR. Figure B.4 presents the same comparisons
between the resolved SR and the t¢ CR.
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Figure B.1: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the W-jets CR in the merged category. Grey bands show statistical

uncertainty on the background estimate.
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Figure B.1: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the W +jets CR in the merged category (continued).
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Figure B.2: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the W+ets CR in the resolved category. Grey bands show statistical

uncertainty on the background estimate.
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Figure B.2: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the W +jets CR in the resolved category (continued).
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Figure B.3: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the t# CR in the merged category. Grey bands show statistical
uncertainty on the background estimate.
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Figure B.3: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the ¢ CR in the merged category (continued).
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Figure B.4: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the ¢ CR in the merged category. Grey bands show statistical
uncertainty on the background estimate.



120] Y =13TeV,139.0 b _—Weets stop VS = 13TeV, 139.0 b1 _—Witjets stop
SR Resolved ttbar - Triboson 25 CRTT Resolved ttbar - Triboson
Z+)ets w Diboson Z+ets mw Diboson
100
20
80
15
60
10
40
20 5
0 15 2.0 25 0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
DR(Weana, 1) AR(Weang, D)
(g) AR(Weana, £) (resolved SR) (h) AR(Wcand, ¢) (resolved tt CR)
200
VS = 13 Tev, 139.0 fb~! [ Wiets stop 0]  YE=13Tev,139.0 fo! [ Weets stop
SR Resolved ttbar B Triboson CRTT Resolved ttbar B Triboson
175 Z+)ets B Diboson a5 Z+Jets B Diboson
150
30
125 25
100 20
75 15
50 10
25 5
200 300 400 500 0 0 100 200 300 400 500
Pr(Weang) [GeV] pr(Weana) [GeV]
(i) pr(Weana) (resolved SR) (j) pr(Wecana) (resolved tt CR)
14
s YS=.13Tev, 13001 [ Wiets stop VE =13 TeV, 139.0 fo-! L Weets stop
SR Resolved ttbar - Triboson CRTT Resolved ttbar - Triboson
o Z+jets == Diboson 12 Z+jets  mmm Diboson
10
8
6
4

350 400 450
Efpiss [GeV]

(k) Emiss (resolved SR)

200 250 300 350 . 400 450 500 550 600
Efpiss [GeV]

(1) Emiss (vesolved tf CR)

204

Figure B.4: Comparison of N-1 distributions for kinematic variables of interest be-
tween the SR and the ¢t CR in the merged category (continued)
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Appendix C

Nuisance Parameter Descriptions for Systematics

Tables C.1 and C.2 provide qualitative descriptions of the NPs used to parametrize
systematic uncertainties in the likelihood function presented in Section 7.1. Details
of the systematic uncertainty sources can be found in Chapter 6.

Table C.1: Qualitative description of NPs associated with sources of experimental
systematic uncertainty considered in the search.

Nuisance Parameter Short Description
Event
a_lumiSys uncertainty on the total integrated luminosity
o PRW_DATASF pileup reweighting uncertainty
Electrons

a_EL_EFF_Reco.TOTAL_INPCOR_PLUS_UNCOR reconstruction efficiency uncertainty

a EL_EFF_ID_TOTAL_INPCOR_PLUS_UNCOR ID efficiency uncertainty

a_EL_EFF _Iso. TOTAL_INPCOR_PLUS_UNCOR isolation efficiency uncertainty

a EG_SCALE_ALL energy scale uncertainty

a EG_RESOLUTION_ALL energy resolution uncertainty
Muons

a_MUON_EFF _TrigSystUncertainty
a_MUON_EFF_TrigStatUncertainty
a-MUON_EFF_RECO_STAT
a-MUON_EFF_RECO_SYS
a_MUON_EFF_RECO_STAT_LOWPT
a-MUON_EFF_RECO_SYS_LOWPT
a_MUON_EFF_ISO_STAT
a_MUON_EFF_ISO_SYS
a_MUON_EFF_TTVA_STAT
a_MUON_EFF_TTVA_SYS

trigger efficiency uncertainties

reconstruction and ID efficiency uncertainty for pp > 15 GeV

reconstruction and ID efficiency uncertainty for pp < 15 GeV

isolation efficiency uncertainty

track-to-vertex association efficiency uncertainty

a-MUON_SCALE energy scale uncertainty
a_MUON_ID energy resolution uncertainty from inner detector
a-MUON_MS energy resolution uncertainty from muon system

a-MUON_SAGITTA_RESBIAS uncertainty in the momentum scale
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a-MUON_SAGITTA_RHO uncertainty in the momentum scale

anti-k; R = 0.4 jets

a_JET_EffectiveNP_Detector JES uncertainty: detector effects (2 components)
a_JET_EffectiveNP_Mixed JES uncertainty: mixed effects (3 components)

a_JET _EffectiveNP_Modelling JES uncertainty: modelling effects (5 components)
a_JET _EffectiveNP_Statistical JES uncertainty: statistical uncertainty (6 components)

a_JET _Etalntercalibration_Modelling
a_JET_Etalntercalibration_NonClosure_2018data
a_JET _Etalntercalibration_NonClosure_highE oL . . .
i i uncertainties in scale calibration of forward / central jets
a_JET _Etalntercalibration_NonClosure_negEta
a_JET_Etalntercalibration_NonClosure_posEta
a_JET _Etalntercalibration_TotalStat
a_JET_BJES_Response
a_JET _Flavor_Composition flavour-related uncertainties

a_JET _Flavor_Response

a_JET_JER_EffectiveNP jet energy resolution uncertainty (12 components)
a_JET_JER_DataVsMC_MC16 jet energy resolution uncertainty (data vs. MC)
a_JET_JvtEfficiency jet-vertex-tagger efficiency uncertainty

a_JET_Pileup_OffsetMu

a_JET_Pileup_OffsetNPV

a_JET_Pileup_PtTerm

a_JET_Pileup_RhoTopology

a_JET_PunchThrough - MC16 punch through uncertainty

Pileup uncertainties

Tagging efficiency (using anti-k; R = 0.4 jets)

o FT_EFF_EIGEN_B b-tagging efficiency uncs (medium eigenvector decomp. of
flavour tagging uncs)
a FT_EFF_EIGEN_C

3 components for b-jets, 4 for c-jets and 5 for light jets
a FT_EFF_EIGEN_L

a_FT_EFF_EIGEN _extrapolation b-tagging efficiency uncertainty on the extrapolation on high
pr-jets
a_ FT_EFF_EIGEN _extrapolation_from_charm b-tagging efficiency uncertainty on 7-jets

Rscan R = 0.2 jets used for TAR jet construction

a_JET_RO02_EffectiveNP_Detector JES uncertainty: detector effects (2 components)
a_JET_RO2_EffectiveNP_Mixed JES uncertainty: mixed effects (3 components)
a_JET_R02_EffectiveNP_Modelling JES uncertainty: modelling effects (5 components)
a_JET_R02_EffectiveNP _Statistical JES uncertainty: statistical uncertainty (6 components)

a_JET_RO02_Etalntercalibration_Modelling

a_JET_RO02_Etalntercalibration_NonClosure_highE

a_JET_RO02_Etalntercalibration_NonClosure_negEta uncertainties in scale calibration of forward / central jets
a_JET_R02_Etalntercalibration_NonClosure_posEta

a_JET_RO02_Etalntercalibration_TotalStat

a_JET_R02_BJES_Response

a_JET_R02_Flavor_Composition flavour-related uncertainty
a_JET_R02_Flavor_Response

a_JET_R02_JER_EffectiveNP jet energy resolution uncertainty (17 components)
a_JET_R02_JER_DataVsMC_MC16 jet energy resolution uncertainty (data vs. MC)

a_JET_R02_Pileup_OffsetMu
a_JET_R02_Pileup_Offset NPV
a_JET_R02_Pileup-PtTerm
a_JET_R02_Pileup_-RhoTopology

Pileup uncertainty



a_JET_R02_PunchThrough_-MC16
a_JET_R02_SingleParticle_HighPt
a_JET_R02_Rscan_Dijet_DeltaR
a_JET_R0O2_Rscan_Dijet_Isolation
a_JET_RO02_Rscan_Dijet_Jvt
a_JET_R02_Rscan_Dijet MC
a_JET_R02_Rscan_Dijet_Stat
a_JET_R02_Rscan_NonClosure

a_JET_R02_Rscan_Zjet_DeltaR
a_JET_R02_Rscan_Zjet_Isolation
a_JET_R02_Rscan_Zjet_MC
a_JET_R02_Rscan_Zjet_stat
a_JET_R02_Zjet_Jvt
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punch through uncertainty

High pT term (2012 version)

Dijet Direct matching, delta R between Rscan and Ref jets
Dijet Rscan isolation requirement

Dijet Rscan LAr JVT

Dijet Rscan MC generator difference

Dijet Rscan comb. of stat. components

Non closure observed at low pr in the Z+jets calibration
method

Zjet Direct matching, AR between Rscan and Ref jets

Zjet Rscan isolation requirement

Zjet Rscan MC generator difference

Zjet Rscan comb. of stat. components

Zjet Rscan LAr JVT

Tracks used for TAR jet construction

a TRK_BIAS_DO_-WM

a TRK_BIAS_Z0-WM

a TRK_BIAS_.QOVERP_SAGITTA_WM
a TRK_EFF_LOOSE_GLOBAL

a TRK_EFF_LOOSE_IBL

a TRK_EFF_LOOSE_PHYSMODEL

a TRK_EFF_LOOSE_PP0O

a TRK_EFF_LOOSE_TIDE

a TRK_FAKE_RATE_LOOSE

a . TRK_FAKE_RATE_LOOSE_ROBUST
a TRK_FAKE_RATE_LOOSE_TIDE

a TRK_RES_DO_DEAD

a TRK_RES_DO_MEAS

a TRK_RES_Z0_DEAD

a TRK_RES_Z0_-MEAS

dp residual alignment tracking uncertainties

2o residual alignment uncertainties

pr residual alignment tracking uncertainties

tracking efficiency (loose working point) uncertainty
tracking efficiency (loose working point) uncertainty
tracking efficiency (loose working point) uncertainty
tracking efficiency (loose working point) uncertainty
tracking in dense environments efficiency (loose working point)
uncertainty

tracking uncertainties on fake rate

tracking uncertainties on fake rate

tracking uncertainties on fake rate in dense environments
tracking uncertainties associated with IP dp resolution
tracking uncertainties associated with IP dg resolution
tracking uncertainties associated with IP zg resolution

tracking uncertainties associated with IP zg resolution

miss
ET

a_MET_SoftTrk_ResoPerp

a_MET _SoftTrk_ResoPara

a_MET _SoftTrk_Scale
a_MET _JetTrk_Scale

track-based soft term related to transversal resolution uncer-
tainty
track-based soft term related to longitudinal resolution uncer-
tainty
track-based soft term related to longitudinal scale uncertainty

track MET scale uncertainty due to tracks in jets

Table C.2: Qualitative description of NPs associated with sources of theoretical sys-
tematic uncertainty considered in the search.

Nuisance Parameter

Short Description

a_W+jets_scale
a_W+jets_pdf_plus_alphas
a_W+jets CKKW _plus_QSF
«_Z+jets_scale
«a_Z+jets_pdf_plus_alphas

QCD scale (ugr+up) for W+ jets process

combined PDF + as for W+ jets process

combined CKKW + QSF PS for W +jets process
uncertainty of QCD scale (ugr+up) for Z+jets process
combined PDF + a5 for Z+jets process



a_Z+jets_ CKKW _plus_QSF
«a_Diboson_pdf_plus_alphas
«a_Diboson_scale

a_Diboson_ CKKW _plus_QSF
a_Triboson_pdf_plus_alphas
a_Triboson_scale
a_Triboson_ CKKW _plus_QSF
a_ttbar_scale

a_ttbar_pdf
a_ttbar_2pt_PhHw7
a_ttbar_2pt_AMcPy8
a_ttbar_ISR_alphas
a_ttbar_FSR_alphas
«a_stop_scale

a_stop_pdf
a_stop_2pt_PhHw7
a_stop_2pt_AMcPy8
a_stop_ISR_alphas
a_stop_FSR_alphas
a_stop_2pt_DS

a_monoSww_*_zp*_dm200_dh*_scale
a_monoSww_*_zp*_.dm200_dh*_pdf
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combined CKKW + QSF PS for Z+jets process
combined PDF + a; for diboson process

QCD scale (ur+upr) for diboson process

combined CKKW + QSF PS for diboson process
combined PDF + a; for diboson process

QCD scale (ur+pr) for diboson process

combined CKKW + QSF PS for diboson process
QCD scale (ug+pr) for tt process

PDF for tt process

comparison with alternate PS generator for tt process
comparison with alternate ME generator for tf process
ISR as for tt process

FSR as (ur+pr) for tt process

QCD scale (ugr+ur) for single top process

PDF for single top process

comparison with alternate PS generator for single top process
comparison with alternate ME generator for single top process
ISR «s for single top process

FSR as (ur+pr) for single top process

tt/Wt interference at NLO for single top process
QCD scale (ur+pr) for DH signal process

PDF for DH signal process

a_monoSww_*_zp*_.dm200_dh* _2pt_MGHw7_3pt_noxsec comparison with alternate PS generator for DH signal process
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Appendix D

Dependence of Sensitivity on Signal Strength

To assess the impact of varying the production rate of the DH signal model on the
sensitivity of the search, Figure D.1 compares the range of m, and my excluded by
the search with the value of the signal strength parameter p, which coherently scales
the production rate of the DH signal process at all my and my considered in the

search.
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Figure D.1: Range of mg and my in the DH signal model excluded by the search for
various choices of the signal strength p which coherently scales the production rate of
the signal model at all mg; and myz.. Note that the variation with pu assumes changes
to coupling combinations yield the same kinematic distributions as the benchmark
choices.
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Figure D.1: Range of mg and my in the DH signal model excluded by the search for
various choices of the signal strength p (continued).
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