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Abstract

This thesis first presents differential cross-section measurements of events with large missing
transverse energy in association with jets, using 140fb™" of data from /s = 13 TeV proton-
proton collisions delivered by the Large Hadron Collider (LHC) and measured with the ATLAS
detector from 2015 to 2018. Auxiliary measurements with leptons or photons are made in the
same kinematic regions, where correlated theoretical and experimental uncertainties cancel in
ratios between cross-sections. This analysis is designed to be maximally model-independent
and re-interpretable in the context of a wide range of theoretical predictions: the phase space
is defined only in terms of the final state particles and results are corrected for detector effects
with an iterative Bayesian method. Experimental data are compared to state-of-the-art Standard
Model predictions in a likelihood fit that shows adequate modelling of most observables except
the invariant dijet mass. The measured cross-sections are also compared to theories beyond the
Standard Model. Constraints on a benchmark dark matter model show competitive limits to a
dedicated beyond the Standard Model search using the same dataset, proving the effectiveness
of using precision measurements in re-interpretation studies. Secondly, improvements are made
to several open-source software tools that are at the heart of the LHC re-interpretation ecosystem:
RIVET, YODA and CONTUR. The latter is used to set the first collider limits from precision measure-
ments on a beyond the Standard Model scenario, in which a particle dark matter candidate arises
naturally from gauge anomaly cancellation. Large parts of parameter space are constrained by
the presented ATLAS measurement of missing transverse energy. Collider constraints are com-
bined with results from cosmology and direct dark matter searches, while sensitivity studies for
the future High-Luminosity LHC project show promising prospects to either discover or rule out

this model in the near future.



Impact statement

Modern society is shaped by the desire of physicists to fathom Nature at subatomic scales. Ma-
terial science, electronics and medicine are only a few examples of fields that are driven by ad-
vancements in our understanding of the building blocks of matter. The work presented in this
thesis subjects our current best theory of fundamental particles, the Standard Model, to empir-
ical tests using experimental data collected at the Large Hadron Collider (LHC) at CERN, and
furthermore looks at what lies beyond the Standard Model.

The presence of dark matter — inferred from astrophysical observations — is one of the big gaps in
our understanding of the Universe and occupies many researchers worldwide. This thesis shines
light on studies of dark matter at particle accelerators, which is complementary to the domains
of astrophysics and cosmology that looks for signs of dark matter in the cosmos with direct and
indirect detection experiments. More specifically, the measurement of missing transverse energy
with the ATLAS experiment at CERN that is performed in this work is used as a probe for the
creation of dark matter at the Large Hadron Collider. The research carried out in this doctoral
study argues that analysis preservation and re-interpretation are instrumental moving forward
in the LHC program. The longevity and impact of experimental results is significantly enhanced
if they can be re-used to squeeze as much information as possible from LHC collisions. The miss-
ing transverse energy measurement is designed to be optimally re-usable, and the effectiveness
of this approach is demonstrated by re-interpreting the experimental data in terms of three dif-
ferent theoretical models for dark matter candidates. This approach also shows that precision
cross-section measurements of Standard Model processes are complementary and competitive in
terms of obtained limits to detector-level searches for physics beyond the Standard Model, with
precision cross-section measurements having a wider range of applications from effective field
theory fits to the tuning of Monte Carlo event generators.

From an experimental point of view, building the most powerful particle accelerator leads to
many byproducts that quickly find applications outside the academic world or collider physics.
The incredible demands in terms of technology and computation at the LHC have lead to inno-
vations in for example medical physics and grid computing, and most famously the invention of
the World Wide Web.
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Chapter 1

Introduction

With the word “ATLAS’ in the title of this thesis, it is tempting to start by drawing parallels be-
tween modern society and Ancient Greece: we still organise Olympic games every four years,
still run marathons and still ponder big questions of the Universe. This thesis is concerned with
the latter. While the roots of modern physics, natural philosophy and astronomy indeed date
back centuries to earlier civilizations, the most fundamental questions about the Universe re-
main partly unanswered. What are we made of? Why is there something rather than nothing,
and what is the origin of this space and time? Finally, what does the Universe look like at the
smallest or largest possible scales?

In fundamental physics we seek answers to such questions. More specifically, the description
of Nature at the smallest scale is in the realm of particle physics. Ancient Greek philosophers
already suggested that matter was made of small, indivisible objects called ‘atomos’. This turned
out to be a reasonable proposal. The Standard Model (SM) is the pinnacle of modern science
and particle physics, providing the most accurate description to date of Nature’s smallest scales.
In the SM, point-like elementary particles interact via the exchange of force-carriers. The SM has
been able to classify existing particles in a theoretical framework, but also to predict the existence
of new particles that were then observed in experiments at later times.

Despite its immense successes, the SM also has shortcomings. For example, cosmological ob-
servations show that all SM particles make up a mere 5% of the total content of the Universe.
The majority of the matter and energy content are in the form of ‘dark matter” (DM) and ‘dark
energy’, which the SM does not accommodate. The hunt for dark matter is one of the great
challenges that (astro)particle physicists are currently occupied with. There are a multitude of
theories that go beyond the Standard Model (BSM) to explain such unexplained phenomena, but

as of yet none have been confirmed in observations.

Experimentally, the Standard Model is tested to unprecedented levels at the Large Hadron Col-
lider (LHC). This is an era of measuring SM interactions at higher energies and with better preci-
sion than ever before. The crown jewel of both the LHC and the SM is the discovery of the Higgs
boson in 2012, the existence of which was predicted nearly fifty years before. The LHC collides
protons or heavy-ions to probe the Standard Model at energies way above the electroweak sym-
metry breaking scale and to open the way for precision studies of the strong interaction.

10
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The LHC is also used as a laboratory to look for signs of physics beyond the SM. For example,
since the beginning of LHC operations much time and effort has been spent to discover super-
symmetry (SUSY). While SUSY has not been found experimentally, nor any other BSM theory,
the null results have taught us much about which properties new physics can and cannot have.
One of the important lessons to draw from a decade of LHC results, in my opinion, is that we
need to further develop flexible approaches to look for signs of BSM physics.

Traditional searches for new physics are optimised to have a high signal-over-background ratio
for a single BSM configuration. The parameter space of the model in question is constrained if
no excess over the Standard Model background predictions is observed in the data. Such anal-
yses are often a one-trick pony, because the obtained limits and experimental data are typically
difficult to re-use, or “re-interpret”, in the context of a different BSM model. Supermarkets like
to advertise that they are replacing single-use carrier bags by re-usable bags. As LHC physicists,
why should we not do the same? Over the last decade, this idea has become more popular and
the work in this thesis build further on existing strategies for analysis re-interpretation.

Re-interpretation is the physics equivalent of re-usable canvas bags. This domain of HEP has sig-
nificant importance as the LHC may very well be the last hadron collider for this generation of
physicists, and we must do our very best to leave a legacy of physics data that future generations
can benefit from. In fact, history has already proven the merits of re-usable data: results from
deep inelastic scattering experiments are instrumental to LHC physics through their impact on
parton distribution functions. The preservation of experimental results is key in the advancement
of particle physics, as re-interpretation does not only have strong implications for BSM interpre-
tation, but also in the context of SM theory predictions, effective field theories and indeed parton
distribution functions. Major parts of the work for this PhD project involve the development of
open-source preservation and re-interpretation tools in the context of collider physics.

In this thesis, we discuss why certain representation levels of experimental data are more suitable
for re-interpretation than others, and for the same reason motivate an approach that keeps irre-
ducible SM background processes as part of signal in the data. These ideas are exemplified in the
design and results of a precision measurement of proton-proton collisions leading to transverse
missing momentum and jets in the final state with the ATLAS detector, the meat and potatoes
of this thesis. The analysis results are preserved in public databases for later re-use. In fact, I
immediately demonstrate the validity of this approach by re-interpreting the public results from
this new ATLAS measurement in the context of a BSM scenario that predicts a DM candidate
from gauge anomaly cancellation.

Finally, the field of particle physics is strongly connected with other domains in physics. Ad-
vances in collider physics and the understanding of radioactive decays shaped the landscape of
medical physics with radiation therapy, medical imaging and nuclear medicine. Perhaps counter-
intuitively, particle physics provide the foundations for cosmology, which is the study of our
Universe at the largest scales. Furthermore, an understanding of physical processes in astronomy
shares overlap with particle physics. The focus of this thesis is predominantly on the realm of
particle physics itself, but at the very end we see the connection between particle physics and
cosmology through a theory of dark matter.

The structure of the thesis is as follows. Chapter 2 summarises the theoretical framework for this
thesis, including a review of the Standard Model and motivations to look beyond the Standard
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Model. Experimental techniques used in the LHC and the ATLAS experiment are discussed in
Chapter 3. The aim of Chapter 4 is to find a suitable common ground to compare theoretical
predictions to experimental observations. Chapter 5 contains the motivation, design and results
of the missing energy plus jets measurement with the ATLAS detector. In Chapter 6 we discuss
analysis preservation and re-interpretation, with details on a phenomenological study of a DM
model using the CONTUR framework.



Chapter 2

Theoretical framework

The main goal of particle physics is to understand the fundamental nature of matter, time and
space. Centuries of research have culminated in our best scientific description of the Universe
at the smallest scale: the Standard Model (SM). This is a quantum field theory that accurately
describes all known fundamental forces — except for gravity — and coherently classifies every
fundamental particle that so far has been observed in nature. A major milestone in the success
story of the SM was the discovery of the Higgs boson in 2012. However, the Higgs discovery is
not the final chapter in particle physics. There are various shortcomings that motivate physics
beyond the SM (BSM), and numerous attempts to unify new theories with currently unexplained
phenomena in nature.

Section 2.1 is a review of the most important aspects of the SM relevant to this thesis. We present
the particle content of the SM and their interactions via force-carrying mediators, before intro-
ducing the mechanism of spontaneous symmetry breaking that leads to the prediction of the
Higgs boson. Several tests show that predictions from the Standard Model agree well with many
experimental observations. Section 2.2 steps into the realm of BSM physics, with an emphasis on
dark matter (DM). We discuss important shortcomings of the SM, after which the focus shifts to
different models and experimental tests for DM.

2.1 The Standard Model

The Standard Model is the accepted paradigm in which particle physicists operate. While we call
it “standard” now, it took some of the brightest minds more than a century to bring this theory
of quantum fields where it is today, leading to the award of multiple Noble prizes along the way.
From a theoretical point of view, I hope to convey with this section that the Standard Model is an
elegant and powerful description of nature rooted in gauge theory. The real great success of the
Standard Model is arguably its predictive power: theoretical predictions from the SM have stood
the test of time through myriad experimental measurements made in the last decades.

13
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Figure 2.1: Fundamental particles in the Standard Model. Graphic adapted from Ref. [2].

2.1.1 Fundamental particles

Quarks and leptons are elementary spin-1/2 particles that describe matter. Quarks come in six
flavours, each with a different mass. Three “up-type” quarks carry an electromagnetic charge
of +2/3, while “down-type” quarks have charge —1/3. Except mass and charge they carry the
same quantum numbers and can (in principle) undergo the same types of interaction with other
particles in the SM. There are also six types of leptons. Three of these are negatively charged (—1),
each of which has an electrically neutral counterpart — the neutrino’s. Both quarks and leptons
have corresponding anti-particles which will have the same mass but opposite quantum num-
bers. The fermions are categorised into three “generations”, where the only difference between
the generations is the particle mass. This ordering is illustrated in Figure 2.1.

The first generation of fermions is also the first part of the SM that humans uncovered. The
electron is a charged lepton and the first elementary particle to be observed experimentally, by
J. J. Thomson in 1897 [1]. The up- and down-quarks bind to form protons and neutrons. The
protons and neutrons, together with electrons, form atoms. These make up all everyday objects,
but also materials in Earth, the Sun and larger astronomical objects, as well as the molecules that
form DNA in animal life and plants. The (anti-)electron neutrinos are emitted in beta decays, the
process in which a neutron is converted to a proton in an atomic nucleus, along with a charged
electron and the corresponding neutrino: n — p+ e~ + 7. The heavier fermions from the second
and third generations were all discovered over the last century.
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2.1.2 Forces

In the SM, elementary particles interact via the exchange of force-carriers from three fundamen-
tal forces. The electromagnetic force couples to electrically charged particles via the exchanges of
massless photons. The photon itself carries no electric charge. The weak nuclear force, or elec-
troweak (EW) force, is responsible for beta decays and carried by the electrically charged W=
and and electrically neutral Z bosons. These bosons have non-zero mass generated by the Higgs
field and couple only to fermions with a negative chirality (‘left handed’) or anti-fermions with
positive chirality (‘right handed’). These interactions therefore violate parity symmetry. The
strong nuclear force binds nuclei together via the exchange of massless gluons. Gluons only cou-
ple to to particles that carry a colour charge, i.e. quarks and the gluons itself. The strong force is
associated to asymptotic freedom and confines quarks and gluons to form bound multiquark states
known as hadrons. The SM is written as a Lagrangian field theory, where the force carriers arise
naturally by imposing a set of local gauge symmetries of the system. In the following we discuss
this formalism for the three fundamental forces of the SM.

Quantum electrodynamics

The kinematics of free a fermion ¢ with mass m is described with the Dirac Lagrangian
EDirac = Z@(@W’”%W@ - qu)(ﬁ)w(x) (21)

This is not invariant under a local U (1) transformation,

eia(z)w(ﬂc) , (2.2)

=
=
=
&
I

due to the derivative operating on the exponential term in Equation 2.1 that depends on x
through the local phase a(z). To retain local U(1) symmetry, one needs to consider the covariant
derivative

Dyip(x) = [0, — ieAu () |y (). (2.3)

In this expression, A, (x) is a new spin-1 field that transforms under U(1) as

Au(z) LY A (@) = A, () + é@ua(a:). (2.4)

!
Dirac

Replacing 0,, with D,, in Equation 2.1 leads to £ = Lpirac, implying gauge invariance un-
der local U(1) transformations. The price to pay for this invariance is the introduction of a new
degree of freedom, i.e. the massless field A, that interacts with electrically charged, fermionic
fields: this is interpreted as the photon field that carries the electromagnetic force. The constant
e is interpreted as the electromagnetic coupling. This relativistic quantum field theory of elec-
trodynamics based on the symmetry group U(1) is also called quantum electrodynamics (QED).
In the next sections we see that QED is closely intertwined with the weak force in electroweak

unification.

Weak force

Enrico Fermi proposed an explanation of the beta decay process of a nucleus via the reaction
n — p+e~ + 7, through a four-point interaction as shown in Figure 2.2a. Currently this process
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Figure 2.2: Feynman diagrams for nuclear beta decay (a) in Fermi’s four-point theory and (b) as
an electroweak interaction mediated by a massive W~ boson.

is understood at a more fundamental level through the exchange of a charged, massive W boson,
as indicated in Figure 2.2b. Nevertheless, Fermi’s model is very accurate for beta decays, because
it occurs in the limit where the energy scale of the W mass is much larger than the energy scale of
the decay process. Developments of a theory for weak interactions valid at higher energy scales
followed the strategy of the successful model of QED: the existence of extra bosons that carry the
weak force are inferred by imposing additional local gauge symmetries of the Standard Model
Lagrangian. Before the development of a fundamental theory, weak processes were experimen-
tally understood quite well. For example, the famous Wu experiment [3] indicated that only
particles with a left-handed chirality interact via the weak force. This was taken into account
when the theory was developed.

Electroweak interactions follow from imposing a local SU(2) symmetry,

SU(2)
4

() wmﬂ—wﬁgm@»ﬂ¢®, 25)

where g,, indicates the charged weak coupling and T are the three generators of the group. The
W
and W7. The generators of SU(2) are 2 x 2 matrices and fermions that interact weakly are placed

requirement of invariance of the Lagrangian under SU(2) introduces three gauge fields 1,
in doublets of weak isospin. These carry a weak isospin Iyy = 1 and isospin component I}, =
+1. Physical W vector bosons are given by the linear combinations

S

Wi =
iz \/i

(W) FiW?). (2.6)

We know from experiment that the weak force only couples to left-handed particles. For this
reason, the local symmetry is often referred to as SU(2)1, where the L refers to left-handedness. To
ensure that right-handed particles are not affected by local SU (2) transformation in Equation 2.5,
they are placed in an isospin singlet with Iy = 0. As example, the isospin doublet in the first
generation of leptons and quarks are

W=Cﬂ mingg. 2.7)
L

Because the gauge symmetry is only imposed on left-handed states, the weak interaction is said
to violate parity maximally.
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Electroweak unification

In addition to charged W= bosons, this predicts the existence of a third force carrier of the weak
interaction. The W2 boson can not be interpreted as the neutrally charged Z boson, because from
experimental observations we know that the Z boson couples to both left-handed and right-
handed fermions. This would contradict our statement that SU(2) symmetry is imposed on left-
handed states only. The Glashow-Weinberg-Salam (GWS) [4-6] mechanism introduces a new
U(1)y local gauge symmetry in addition to SU(2); with associated vector gauge field B, [5].
This field couples to the hypercharge Y. In electroweak (EW) unification, the physical Z boson
and the photon field A, are formed through a rotation in the plane of W and B,,,

Zy\  [cosby —sinfy Wg 2.8)
A, B sinfy  cos Oy B, ’ ’

where 0y is the Weinberg angle. The Weinberg angle is a combination of the couplings constants
gw and ¢’

/
9 and cosfOy = L — (2.9)

et o N

Similar to the theory of QED, the partial derivative for EW theory

sin Oy =

D, =8, +igwW, T+ %g’YB,,, (2.10)

ensures that the SU(2)1, x U(1)y gauge symmetry is preserved.

Hypercharge is a quantum number that is shared between two particles in weak isospin doublets,

for example Y., =Y, . Itis related to weak isospin and electric charge via

Is + % = Q. (2.11)

Quantum chromodynamics

Quantum chromodynamics (QCD) is the quantum description of the strong force with mass-
less gluons as the force carriers. QCD poses that quark fields are symmetric under local SU(3)

transformations, i.e.

SU(3)
=

e ¥ (@) = expigsa(x) - T (). (2.12)

QCD is an example of a non-Abelian gauge theory, because the generators of the group 7' = {7}
do not commute. There are in total eight generators of the SU(3) symmetry group, that are
proportional to the hermitian and traceless Gell-Mann matrices A*:

1
T = )\, (2.13)
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The quantum numbers associated to the SU(3) symmetry are three conserved colour charges. The
three colour-states red (r), green (g) and blue (b) can be represented by three-component vectors:

1 0 0
r=10|, g=|[1|, b=]|1]. (2.14)
0 0 0

The gauge coupling constant of the strong force is normally indicated with g;.

Gluons are the force-mediators of the strong interaction that couple to the colour charge of a
quark-antiquark pair. Eight gluons correspond to the eight linearly independent colour com-
binations. In contrast to the neutrally charged photon in QED, gluons actually carry a colour
charge themselves due to the non-Abelian structure of QCD. The fact that gluons carry colour
charge allows them to have a triple or quartic self-interaction.

The strong coupling constant g evolves with the energy scale of the momentum transfer Q?

approximately as [7]
1

1 (Q2/A30p)

At high energy scales the strong coupling is small enough such that perturbative calculations of

95(Q%) (2.15)

QCD can be made. However, the coupling increases for lower energy scales to the point where
perturbativity breaks down at the perturbative QCD scale Aqcp. The property that the cou-
pling becomes asymptotically weaker at higher energy scales is called asymptotic freedom. This
leads to the ‘elastic’ behaviour of QCD that confines quarks in bound hadron-states and the non-
observation of isolated quarks in nature. As we discuss in Section 4.1.5, there are phenomenolog-
ical models to describe the hadronisation of quarks into bound hadron states. Quarks and gluons

are collectively referred to as partons.

2.1.3 Spontaneous symmetry breaking

There is one major problem with the EW theory proposed in Section 2.1.2, namely experimental
observations show that the W and Z electroweak gauge bosons have a non-zero mass. However,
adding a mass term to the EW Lagrangian spoils the SU(2)1, x U(1)y symmetry and massive
gauge bosons cannot be accommodated in this version of the theory. The Higgs mechanism
resolve this issue by introducing a scalar field that interacts with the gauge bosons, through
which non-zero mass terms for W and Z bosons arise naturally as the Higgs field acquires a

minimum value.

An isospin doublet with two complex scalar fields,

+ 1 ;
6= ¢0 _ 1 (ot Z.<152 7 (2.16)
¢ V2 \ 63 +igs
is added to the Lagrangian in the following combination:

»CHiggs = (Du¢)T(Du¢) - V(¢) (217)

The kinetic term contains the covariant derivative as defined in Equation 2.10. The Higgs poten-
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tial has the form

V(9) = 12(67¢) + A(¢'9)?, with p* <0, (2.18)

which due to its shape is also referred to as the “Mexican hat potential”. There is an infinite set
of minima satisfying

by M _0?
o' = TR (2.19)

2 2
We choose ¢1 = ¢2 = ¢4 = 0 and ¢3 = v. This choice retains invariance under U (1)gym, such that
the massless photon can be associated to the gauge boson from this local symmetry. Expending

the field around the vacuum expectation value v, we choose the unitary gauge

1 0
o(z) = NG (v . h(z)) . (2.20)

Writing out the terms with the covariant derivative in Equation 2.17 explicitly gives

1 -
(D) (D) = 50 |gh (WH)? 4 gw (W7 + (g + 9722 +0- 42, @2D)
where interaction terms with the Higgs field h(z) have been omitted. Representing the physical
gauge bosons in the same decomposition as Equations 2.6 and 2.8, we now identify mass terms

for the W and Z gauge bosons, while the photon remains massless:

1

my+ = my- = ivng (2.22)
1

my = 5”‘/912” + g2, (2.23)

m, = 0. (2.24)

2.1.4 Yukawa interactions

In the Standard Model, also the quarks and leptons also obtain their mass via interactions with
the Higgs field. This is motivated by the same reason as the Higgs mechanism for massive gauge
bosons: mass terms of the form my spoil the electroweak gauge symmetry. Let us adapt the
notation that groups the fermions in Figure 2.1 into five different representations according to

their quantum numbers:

Left handed quarks Qri(3,2)41/3
Right handed up-type quarks Uri(3,1)14/3
Right handed down-type quarks Dg;(3,1)41/3
Left handed leptons Lri(1,2)4
Right handed leptons lri(1,1)_o.

In this notation, Q7,(3,2),1/3 indicates an SU(3) triplet, SU(2)1, doublet with hypercharge
Y = +1/3. The subscript i = 1,2,3 is the generation index. The Yukawa Lagrangian is an in-
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teraction term between the Higgs field and fermions that gives rise to fermion masses [8]:

—Lyukawa = Yij¥Li¢¥r; + h.c. (2.25)
+ Yi(jj‘QLi¢DRj + Y;?QLiéURj +h.c. (2.26)

An important observation is that the coupling of fermions to the Higgs field is proportional to
the fermion mass.

In above expressions, Y;; are arbitrary, complex matrices. Since these matrices are generally
not diagonal, this couples different generations ¢ and j. The physical fermion states evolve as
eigenstates of the free-particle Hamiltonian and are labelled as the mass eigenstates. This is distinct
from the weak eigenstates that correspond to the flavour states of fermions that undergo weak
interactions. To describe a physical system we wish to describe interactions in the mass basis,

and translate weak eigenstates to the mass eigenstates by a (unitary) matrix rotation.

For quarks, the change of basis is made by operating with the 3 x 3 Cabibbo-Kobayashi-Maskawa
(CKM) matrix on down-type quarks:

i d Via Vus Vb d
st =Vekm | s| = Vea Ves Ve s|. (2.27)
dI b Vvtd V:cs ‘/tb

The CKM matrix is not fully diagonal, and as a result charged-current interactions involving the
weak force can mix quarks of different generations. The couplings of weak, charged interactions
are proportional to the CKM elements. The Wolfenstein parametrisation decomposes the CKM
matrix into four parameters that can be determined from fits to experimental data. Decompo-
sition of the CKM matrix in the expansion parameter A ~ 0.22 shows that interactions between
quark-pairs of the three generations are suppressed up to different orders in A:

o) O\ 0O\
Vekm = [ O())  0(1) 00 |- (2.28)
O 0\ 0(1)

An equivalent change of basis for leptons is made with the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix that mixes mass and flavour states of neutrinos.

2.1.5 Successes of the Standard Model

Let us take a step back and appreciate that the Standard Model is outstandingly successful by
looking at some examples. First and foremost: all particles in the SM have been observed exper-
imentally, with the discovery of the Higgs boson in 2012 as one of the biggest scientific achieve-
ments of the twenty-first century. It is important to state that many particles, including the W
boson, Z boson, charm quark and top quark, have been predicted before being observed exper-
imentally. The LHC has - so far — been very favourable to the SM. It succeeded in finding the
Higgs boson, but no additional particles or signatures from beyond the SM have been discovered.
Excitement of discrepancies between theory and experiment, such as the “750 GeV diphoton ex-
cess” by ATLAS [9, 10] and CMS [11, 12] or the Rx measurement by LHCb [13, 14], took the
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Figure 2.3: Comparison between theoretical predictions (bars) and experimental ATLAS mea-
surements (symbols) of various proton-proton scattering processes. Figure from Ref. [16].

physics community by storm but went away as the SM prevailed in the end. This is exempli-
fied in Figure 2.3, where LHC measurements of SM processes show agreement between theory
and experiment across an astonishing 15 orders of magnitude. Another example is the measure-
ment of the electron magnetic moment, where experimental data agree with state-of-the-art SM
predictions up to 1 part in 10'2 [15].

2.2 Beyond the Standard Model

We have discussed the fundamentals of the Standard Model and seen that it can described many
processes observed in nature with great accuracy. However, it faces several problems that mo-
tivate searches for BSM physics. In this section, we first summarise the biggest open questions
in particle physics. We focus our attention on quests for dark matter and describe a theoretical
model that predicts a dark matter candidate particle from anomaly cancellation. Finally, we pro-
vide an overview of how dark matter (and other dark signatures) could be measured at particle

colliders.

2.2.1 Shortcomings of the Standard Model

There are multiple open questions from a theoretical point of view. The first obvious problem
with the SM is that it does not describe gravity, and attempts to unite gravitational forces with
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the SM are so far unsuccessful. Secondly, naturalness problems such as the hierarchy problem
(why is gravity is so much weaker than the weak force?) and the strong CP problem (why does
the strong interaction not seem to violate CP invariance experimentally, while it theoretically
could?) are not explained by the SM. There are also experimental hints that make us believe that
the SM is incomplete. For example, according to the SM matter and antimatter should have been
produced in equal amounts in the Big Bang. However, cosmological observations show that there
is much more matter than antimatter. This large imbalance is referred to as the matter-antimatter
asymmetry. Lastly, the Standard Model has no explanation for dark energy and dark matter. The
latter has a central role in this thesis; both in the ATLAS measurement of p§**+jets in Section 5
and in phenomenological studies of a dark matter model in Section 6.

2.2.2 Dark matter

The search for dark matter is one of the biggest challenges and open-ended questions in physics
and astronomy. In this section, we review the motivations for dark matter, what it could be and
how it could be discovered.

Evidence from astrophysical observations

There is compelling evidence for the existence of dark matter, and first notions of it date back
more than one hundred years.! Pioneering work in the field of dark matter include Fritz Zwicky’s
observations in 1933 of galaxies orbiting the Coma Cluster [18]. He observed that the gravita-
tional effect of visible clusters was too small to explain the high orbital velocities, and concluded
from this that dark matter must be present in greater amounts than visible matter. Similar dis-
crepancies between observed and expected orbital velocities is seen at galactic rotation curves.
The rotation velocity v, (r) of matter within galaxies is expected to decrease with the distance to
the centre of the galaxy r. Experimental measurements of rotation curves in Figure 2.4 however,
show that rotational velocities at large distance to the centre of the galaxy remain constant. This
suggests the presence of additional matter in the galaxy.

Further evidence comes from cosmological measurements of the large-scale structure in the uni-
verse. The ACDM (Lambda cold dark matter) model, also “the standard model of cosmology”,
accurately describes the evolution of our universe. Cosmological parameters in this model can
be fitted by using measurements of the cosmic microwave background (CMB). CMB radiation
is an emission of black body radiation across the universe and is a remnant from early stages
of the expanding universe. While the CMB is very uniform, there are small fluctuations. These
CMB power spectra are consistent with the ACDM model when approximately 5% of the energy-
matter density of the universe is in the form of visible, baryonic dark matter. The majority is
attributed to dark energy (72%), while the final 23% has the form of dark matter [20, 21].

Non-particle dark matter

Non-particle dark matter hypotheses suggest that whatever fraction of the universe we classify
as dark matter does not come in the form of (yet unidentified) fundamental particles, and that the
astronomical observations can be explained in a different way than hypothesising new particles.

1A comprehensive guide with historical context on how dark matter came to matter in the twentieth century is given
in Ref [17].
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Figure 2.4: Galactic rotation curves indicating the rotational velocity in kilometre per second as a
function of distance to the galaxy centre in kiloparsec (1 kpc &~ 3 x 101 m). At large radii, galaxies
M31, M81 and M101 exhibit flat rotation curves. Figure taken from Ref. [19].

One such proposal is that of Massive Astronomical Compact Halo Objects (MACHOs), stellar
bodies that are hard to detect as they do not directly emit light. MACHO candidates include
for example brown dwarfs, black holes and neutron stars. Collaborations such as the EROS-2
project [22] look for gravitational lensing effects of these objects to find evidence for (or constrain
the parameter space of) MACHOs. Another dark matter proposal is that of primordial black
holes, hypothetical stellar bodies that would have been created in the early Universe [23, 24].
The theory of Modified Newtonian Dynamics (MOND) explains the observed motion of large-
scale structures by modifying Newton’s laws in the limit of small acceleration [25]. While this
can successfully describe the observed galaxy rotation curves, it is not a relativistic theory and it
does not accommodate gravitational lensing and gravitational waves.

Particle dark matter

Many theories explain the astrophysical observations via the existence of new, fundamental par-
ticles beyond the SM. From the experimental observations we can infer some characteristics of
particle DM candidates. First and foremost: it does not interact electromagnetically. It does
not absorb, reflect or emit light and therefore it can not be detected by conventional telescopes,
hence the name “dark”. Because it does not interact via the electromagnetic force, DM is electri-
cally neutral. There are a myriad of particle DM candidates proposed in the literature that fit this
description. In this thesis, we restrict the discussion to the general class of Weakly Interacting
Massive Particles (WIMPs), take a whistle-stop tour through a few other candidates in the “zoo”
of dark matter, and finally zoom in further on a small set of DM theories that are most relevant
to this work.

Although there is no official definition of WIMPs, they are normally taken to be particles in the
range from approximately 1 GeV to 10 TeV range that interact feebly. In this context, “feebly”
means that they interact weaker than, or as weak as the weak nuclear force with SM particles. In
the search for dark matter, WIMPs have historically taken centre stage mainly for two reasons.
The first is the “WIMP miracle”, alluding to the coincidence that weak-scale WIMPs with cou-
plings to the SM of O(1) freeze out with the DM relic density observed in the Universe. Depend-
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Figure 2.5: Overview of the particle dark matter landscape in terms of mass. Blue arrows indicate
mass rangers of proposed candidates, red arrows indicate observed anomalies and green arrows
demarcate the reach of different detection methods. Figure taken from Ref. [27].

ing on assumptions made in the calculation of interaction between WIMPs and visible matter, this
restricts WIMP masses to the GeV to TeV mass range. This is consistent with the Lee-Weinberg
lower bound, restricting hypothetical particles with feeble interactions to a lower mass of at least
2 GeV to be consistent with the observed relic density in the universe [26]. From a model-building
perspective it is very attractive that WIMPs provide answers at both the smallest length scales (in
particle physics) and the largest length scales (in cosmology). Second, there is a high complemen-
tarity between different experimental detection mechanisms of WIMPs, providing a falsifiable
theory with enhanced discovery potential. WIMPs are probed via direct detection, indirect de-
tection and collider searches [27], which makes them appealing from an experimental viewpoint.

As illustrated in Figure 2.5, WIMPs are only one proposed candidate in a DM landscape that
offers many orders of magnitude in mass. Models of DM include (but are not limited to) super-
symmetric (SUSY) particles® [28, 29], axions and axion-like particles [30, 31] or sterile neutrinos
[32]. In the pfi*+jets analysis we investigate the two-Higgs-doublet model with a pseudo-scalar
mediator 2HDM-+a), a model that extends the SM Higgs sector with an additional Higgs doublet
[33]. These are examples of UV complete theories (i.e. valid up to high energy scales) that are
theoretically motivated and self-consistent. Full models (can) have many free parameters and a
complicated phenomenology that is difficult to test and constrain with a finite dataset.

The simplified model approach [34], which only captures the main features of SM-DM interac-
tions, is complementary to full model searches. It is a more model-agnostic approach that is
useful to constrain certain regions of DM parameter space in a global way. For experimentalists
it is also a useful model to benchmark the sensitivity of different analysis or phase spaces, as
exemplified in the reinterpretation part of Chapter 5. Simplified models include s-channel me-

diators or t-channel mediators that couple SM quarks to Majorana or Dirac DM. DM effective

2These are typically WIMPs.
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Figure 2.6: Different detection mechanisms of dark matter. If dark matter is produced at collid-
ers, this is via the scattering of SM particles that create DM in the final state. Direct detection
experiments attempt to measure the direct scattering of DM particles coming from the cosmos to
SM particles on Earth. Indirect searches look for smoking gun evidence of dark matter, particu-
larly the annihilation of DM into SM particles.

field theory (DM EFT) is an even more model-independent approach that models interactions
between DM and SM field with four-point operators [35]. Of course, the EFT approach is only
valid up to the relevant energy scale of the DM mediator.

In Section 6.3 we focus on a model that predicts a DM candidate from gauge anomaly cancella-

tion, and revise constraints on this model from different experimental measurements.

Detection of particle dark matter

In our discussion of DM so far, we discussed why it exists, what it could be, but not how to discover
it. As summarised in Figure 2.6, dark matter detection is broadly classified in three categories:

direct detection, indirect detection and collider searches.

Direct search experiments are designed to detect the rare events where SM particles are struck by
DM particles travelling through Earth. The main principle is to have a container filled with a ho-
mogeneous material which nuclei serve as “SM targets”. Interactions with dark matter can lead
to ionisation electrons scintillation photons, phonons, Cherenkov radiation and more signatures
that can be used to identify such a scattering event. These experiments are located underground
to suppress background from cosmic rays. Direct detection groups like the XENON collaboration
[36-38] and LZ [39—41] use liquid xenon as the active target. Not only does it have a relatively
large atomic number (54), beneficial as the DM-SM cross section is small, it is also attractive be-
cause it is stable, suffers from low background contamination and it can be purified very well.
Over the past decade these detectors have grown in size because the interaction probability in

the detector scales with the interaction volume of the SM medium.

Direct detection experiments are mostly aimed at detecting WIMPs, reporting exclusions of WIMP-
models parametrised in the WIMP cross-section and dark matter mass. So far, no evidence of
dark matter has been found. The non-observation is converted into exclusions in the plane of
WIMP cross-section and dark matter mass. Current bounds are summarised in Figure 2.7.
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Indirect searches look for the existence of dark matter via the annihilation of DM-DM into SM
particles, which could for example be photons, (anti)neutrinos, (anti)lepton and (anti)protons.
This gives a wide scope of measurement tools: charged-particle detectors, neutrino detectors
and v-ray detectors are all suitable for indirect DM searches. The annihilation products would
be mainly originate in places with high DM density, e.g. in galactic centres and galaxy clusters.
Both space and ground based experiments, including Fermi-LAT [43], H.E.S.S. [44] and IceCube

[45], make measurements at these astrophysical scales to hunt for remnants of DM.

Where direct and indirect searches attempt to detect DM signatures coming from outer space,
colliders provide a controlled environment where DM can be produced and the initial state of
the SM-to-DM process is known very well. The guiding principle of collider searches is that if
DM is produced in a proton-proton collisions, it can leave the experiment undetected. The main
signatures of DM production in colliders is therefore some sort of “missing energy”.

As we discuss more carefully in Chapter 4, the big unknown in the initial state of proton-proton
collisions is which fraction of momentum is carried by each individual parton that makes up the
proton. This makes it difficult to infer any information of how much energy would have gone
into the creation of DM particle in the longitudinal direction. However, incoming SM particles
in collider beams carry no transverse momentum component and conservation of momentum
dictates that the sum of transverse momenta of the final state particles add up to zero. There-
fore, the total sum of transverse momenta is a robust alternative to the total missing transverse
momentum.

The fact (or assumption) that DM leaves no detector signature is both a blessing and a curse.
Consider the simplest case of the production of a DM candidate x via pp — xx. In this scenario,
the x pair will be produced back-to-back and lead to no momentum imbalance in the transverse
plane. What is more: the detector will notice absolutely nothing. There is no distinction between
the production of pure pp — xx or “nothing” happening. It is only possible to detect DM in
collider searches if it is produced in association with at least some SM particle in the final state
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that are measured by the detector. If DM is produced in association with a highly energetic jet, for
example via pp — xxJj, the detector can trigger on the jet, add up the momenta of all particles and
notice there is a missing momentum component in the transverse plan, p2**. So while the main
trigger for DM production at colliders is a large p'**, there are SM background contributions
from neutrinos that are produced during the collision and like DM leave the detector undetected.
The search for DM production in final states with large p2i* is the focus of the ATLAS analysis
in Chapter 5 and Section 6.3.

While p2iss signatures are a well-motivated and popular approach to collider DM searches, there
is a multitude of ways at which LHC physicists extend reach of the DM search program. To
give an idea we briefly review two of them. First, the community has shown a grown interest
in the interplay between DM and long-lived particles (LLPs) [46]. LLP signatures, which could
come from a (heavy) DM particle that decays in the detector volume, leads to exotic signatures
that are very different from SM processes: there will be displaced decay vertices leading to dis-
placed leptons, jets or combinations of both; disappearing tracks; trackless jets in electromagnetic
calorimeters; and more. Secondly, models strongly coupled (QCD-like) dark sectors are currently
under study at the LHC. A distinctive signature of these models are semi-visible jets, that arise
when parton evolutions include dark sector emissions [47, 48].



Chapter 3

Collider experiments at CERN

CERN (“Conseil Européen pour la Recherche Nucléaire”, or European Council for Nuclear Re-
search) is an international organization based in Geneva, Switzerland with research facilities that
help to deepen our understanding of particle physics. It was founded in 1954 in the wake of the
Second World War, both to re-establish Europe as a powerhouse in fundamental physics research
and to strengthen ties between countries on the European continent. Seventy years later coun-
tries from across the globe work together on the particle physics experiments housed at CERN.

The (current) flagship project of CERN is the Large Hadron Collider; the largest particle acceler-
ator ever built that accelerates protons to relativistic velocities. Most famously, the LHC enabled
the discovery of the Higgs boson in 2012. But the realm of CERN extends beyond the LHC;
it is also home to multiple fixed-target experiments, antimatter experiments and non-collider
experiments. CERN’s history includes many other notable scientific achievements, such as the
discovery of W and Z bosons, or the determination of the number of neutrino families at the
Large Electron-Positron Collider (LEP).

Alike to human spaceflight programs, collaborations between motivated physicists and engi-
neers — who dream of specific physics goals — give many byproducts. For example, the World
Wide Web was born at CERN (in 1989) in the development of an automated information-sharing
system. Technologies developed at CERN, both in software and hardware, often lead to innova-

tions in different sectors, including medical imaging, grid computing and cryogenics.

Section 3.1 provides an introduction to the main operating principles of the LHC, while details

on the ATLAS experiment are given in Section 3.2.

3.1 Large Hadron Collider

The LHC is the world’s highest energy particle collider, situated approximately 100 metres un-
derground in a 26.7 km tunnel that was constructed for the Large Electron-Positron collider be-
tween 1984 and 1989. It is designed to accelerate charged particles in two adjacent beam pipes
— with particle travelling opposite direction — and to collide them at a centre-of-mass energy of
up to /s = 14 TeV. The tunnel is not entirely circular but instead is made up out eight straight
sections and eight arcs [49].

28
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There are four main collision points, each of which is home to a dedicated particle detector to
reconstruct (different properties of) charged-particle collisions. The LHC mostly accelerates pro-
tons, but there are also dedicated heavy-ion runs with lead-proton or lead-lead collisions. ATLAS
[50] and CMS [51] are “general-purpose” detectors that cover a wide range of physics; from Higgs
boson physics to BSM searches to precision SM measurements. LHCb [52] is a forward-backward
asymmetric detector with excellent (secondary) vertex reconstruction designed for making preci-
sion measurements of heavy-flavour decays. ALICE [53] focuses on heavy-ion collisions to probe

the quark-gluon plasma.

The final centre-of-mass energy is limited by two factors. First, charged particles in the beam
pipe are kept in their trajectory using bending dipole magnets. Even though the superconduct-
ing magnets are incredibly powerful and a generate magnetic field of up to ~ 8T, the finite
strength of the magnets is a natural limit on the particle velocity in circular colliders. Depend-
ing how you look at it, the size of the accelerator can also be a limiting factor, as one could
achieve a higher centre-of-mass energy with the same magnets but at a larger radius. The second
fundamental limitation is synchrotron radiation: electromagnetic radiation emitted by charged

particles travelling in curved trajectories.

The acceleration of protons through electromagnetic fields relies on the principle of radio fre-
quency (RF) system. In the LHC, each beam segment consists of eight cavities in disk-shaped
conductors. Each conductor is individually driven by a RF system that operates at 400 MHz,
which then provides an alternating electromagnetic field [49]. Every time a charged particle tra-
verses a cavity and its electromagnetic field it accelerates a little bit. To ensure the RF cavities
accelerate (and not accidentally slow down) the beam, the RF frequency must always be an inte-
ger multiple of the frequency at which bunches revolve the LHC. The RF mechanism also keeps
charged particles tightly packed in bunches. The proton bunches are kept in orbit by 1232 dipole
magnets and 474 quadrupole magnets are used to focus the beams into a small longitudinal area
to increase the interaction probability at the collision points.

The CERN accelerator complex consists of multiple components and pre-accelerators to ulti-
mately achieve a proton-proton centre-of-mass energy of /s = 14TeV in the LHC ring. The
proton source is hydrogen gas, which is passed through an electromagnetic field to isolate the
constituent protons. These are then inserted into Linear accelerator 2 (Linac2), which accelerates
the proton beam up to an energy of 50 MeV.! The next stage is the Proton Synchrotron Booster
(PSB, or sometimes “Booster”) a small circular accelerator achieving a beam energy of 1.4 GeV?2
for injection into the Proton Synchrotron (PS) [56]. The PS has a circumference of 628 m and in-
creases the particle energy up to 26 GeV. The final stage before injection into the LHC ring is the
Super Proton Synchrotron (SPS) [57], which delivers proton beams with an energy of 450 GeV.
The beam injection from SPS into the LHC takes several minutes and during this time the beam
energy is kept at 450 GeV. When the LHC beam reaches the desired beam intensity, the ramp-up

phase accelerates protons to their final energy of up to 7 TeV.3

Linac2 was the first step in the acceleration of protons for the LHC between 1978 and 2020. If it ain’t broke, don’t fix
it. Its successor Linac4, connected to the pre-accelerator complex at CERN during Long Shutdown 2 in 2020, accelerates
a beam of negative hydrogen ions (H™) up to an energy of 160 MeV [54]. The two additional electrons of the hydrogen
ions are stripped after leaving Linac4. This will ultimately achieve an increase of beam intensity by a factor two [55].

2 Also the Proton Synchrotron Booster underwent major upgrades in 2020, and its current beam energy is 2 GeV.

3The LHC is designed to run at a maximum collision energy of /s = 14 TeV, but operated at /s = 13 TeV during
Run-2 and is currently running at /s = 13.6 TeV for Run-3.



30 Collider experiments at CERN
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Figure 3.1: The CERN accelerator complex with the four main LHC detectors ATLAS, CMS,
LHCb and ALICE, and the pre-accelerators including the SPS, PS, PSB and the Linac [58]. The
Low Energy Ion Ring (LEIR) is used in heavy-ion runs to inject the heavy-ions into the PS.

The operation of the LHC is organised in “runs” with temporary “long shutdowns” in-between
runs for upgrades and maintenance of both the LHC accelerator complex and the particle de-
tectors. Within each run, there is a technical stop towards to end of the year (year-end technical
stop; YETS) until early in the next year, normally for smaller technical work on the detectors
and repairs on the LHC and its injectors. During Run-1, the first operational run of the LHC
from 2010 to 2013, the LHC delivered beam energies between 3.5 TeV and 4 TeV [59]. The main
datasets that are analyses in this thesis were collected during Run-2, which was the period of
operation between 2015 and 2018. During this time, the total centre-of-mass energy of proton-
proton collisions was 13 TeV. At the time of writing, the CERN experiments are in the third year
of data-taking in Run-3, with the highest beam energy achieved at the LHC so far of 6.8 TeV. The
next scheduled phase, after a Long Shutdown 3 from 2026 to 2028, is the High Luminosity LHC
(HL-LHC) project [60, 61]. At the HL-LHC, there is no big jump in beam energy but instead an
increase of the collision rate by a factor of five compared to the original design of the LHC and
the current instantaneous luminosity during Run-3. Significant upgrades are planned to all ma-
jor experiments to cope with the high-density environment to come from 2029, with a projected
delivered luminosity of 3000 fb~! (compared to e.g. 156 fb~* LHC delivered luminosity during
Run-2).
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Figure 3.2: Schematic overview of the ATLAS detector [50].

3.2 ATLAS experiment

A Toroidal LHC Apparatus (ATLAS) [50] is a general-purpose detector built to measure proton-
proton collisions at the LHC. Situated in a cavern approximately 100 meters underground, it has
a forward-backward symmetrical and cylindrical shape around the interaction point (IP), with
a diameter of 25m and length of 44m. ATLAS has a layered structure consisting of multiple
sub-detectors, each designed to reconstruct specific aspects of the final state. By combining the
information from the different detector parts, full events are reconstructed and used for physics
analyses.

Closest to the beam pipe is the inner detector (ID), providing accurate measurements of the mo-
mentum and charge of charged particles. Moving radially outwards from the IP, the electro-
magnetic (EM) and hadronic calorimeters measure energy deposits of EM and hadronic showers
respectively. The outer layer is the muon spectrometer (MS). ATLAS owes its name to the super-
conducting toroid magnets, which provide magnetic field up to 4 T across the MS to measure the
charge and momentum of traversing muons. To extend the fiducial region of the detector in a
higher angular range, end-caps for the ID, calorimeters and MS are placed on either side of the
detector. A schematic overview is shown in Figure 3.2. More technical details are provided in the

following sections.

3.2.1 Coordinate system and geometrical parameters

To describe the design of ATLAS and the physics we do with it, we will first need a common
set of coordinates and parameters to discuss spatial directions, dimensions and observables. AT-
LAS uses a three-dimensional coordinate system with the interaction point placed at the origin.
The positive z-axis points to the centre of the LHC ring, while the z direction points along the
tunnel (counter-clockwise looking at the LHC from above) and the y-axis is perpendicular to the
x, z-axes pointing upwards. The azimuthal angle ¢ indicates the rotation around the beam axis
and the polar angle 6 is the angle from the beam axis. The radial distance to the beam pipe is
denoted by R. Figure 3.3 illustrates the spatial coordinates in a three-dimensional simplification
of ATLAS.
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Figure 3.3: Three-dimensional view of the ATLAS coordinate system, indicating the z, y and z
directions, polar angles 6 and ¢, pseudorapidity n and radial distance R. Figure adopted from
Ref. [62].

A useful quantity is the rapidity

1 E+p,
:71 .1
v=3m(F2) 61

where FE is the energy of a particle and p, its momentum in the z-direction. Why is this useful?
First, the rapidity difference between two objects is a Lorentz invariant quantity under boosts in
the z-direction. Second, it tells us if an object is produced forwards (large y) or centrally (small ).
When the momentum along the beam axis is zero, in other words when it is produced centrally,
the rapidity will evaluate to zero. A positive rapidity corresponds to a particle moving in the
positive Z direction and vice versa.

More specifically in the massless case £/ > m, where m is the mass of a particle, this formula can
be rewritten to define the pseudorapidity

n=—In (tan g) (3.2)

Physicists like this re-parametrization of the polar angle, not only because the polar angle is
one of the key quantities we are interested in, but also because it helps to visualise the relation
between rapidity and “forwardness”. It is also used as an approximation of the rapidity for
massive (but relativistic) particles. Objects travelling with » = 0 move perpendicular to the beam
pipe (0 = 7/2), while || — oo corresponds to objects travelling along the beam pipe (¢ = 0, ).

The azimuthal angle ¢ and rapidity y allow for an unambiguous direction in which an object is
travelling from the interaction point. The angular difference

AR =/ Ay? + Ag? (3.3)

is a dimensionless quantity to measure differences in direction of travel.

3.2.2 Inner detector

The ATLAS ID currently consists of four layers that together provide charged track measure-
ments and both primary and secondary vertex reconstruction in the pseudorapidity range || <
2.5. The goal is to minimally perturb the incoming particles while precisely determining their
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charge and momenta. Moving radially outwards from the interaction point, the four layers are
the Insertable B-layer (IBL), the Pixel detector, the Semiconductor Tracker (SCT) and the Transi-
tion Radiation Tracker (TRT). The layers are arranged in a barrel for central track measurements
and two end caps on either side of the barrel to extend the track reconstruction to the more for-
ward regions. Figure 3.4 illustrates the layout of the ID with the barrel, end caps and various

layers.

Reconstruction of charged particle momenta is achieved by surrounding the ID with a central
solenoid, which generates an axial 2 T magnetic field with its field lines aligned with the beam
pipe. This magnetic field bends the trajectory of charged particles. Track reconstruction algo-
rithms use the curvature and bending direction to precisely measure charge and momenta of

tracks above a nominal pr of 0.5 GeV [50].

Because the ID is the component closest to the collision point only 3.3 cm from the LHC beam line,
each layer is designed to resolve a large track density and endure large amounts of radiation at
design luminosity. To this end, the innermost part covering the vertex region uses pixel silicon
technology. High-granularity pixel modules are arranged in three barrel layers and two end caps
with three disks each, which is referred to as the Pixel detector. The barrel, which covers the
In| < 1.5 region, has 1456 pixel sensors installed on a total of 112 barrel staves. The end-caps
extend the coverage to || < 2.5 and are comprised of 48 end-cap sectors and 288 pixel sensors
divided between the six disks. Each pixel sensor consists of roughly, 47232 pixels, such that there
is a total of around 80 million pixels in the barrel and end-cap segments of the Pixel detector
combined. The nominal pixel size is 50 x 400 um? in the ¢ and z-direction respectively, providing
an active area of 1.7m? (1.45m? in the barrel and 0.28 m? in both end-caps combined) [63]. The
fruits of our labour are intrinsic accuracies in both the barrel and end-caps of 10 yum and 115 yum
in the ¢ and longitudinal directions respectively.*

During the long shutdown before Run 2, another pixel layer was installed as the layer that is
now closest to the beam pipe [64]. The motivation for this new layer, the Insertable B-layer
(IBL), was to improve the flavour-tagging efficiency and preserve tracking precision under higher
instantaneous and integrated luminosity conditions after the shutdown. The IBL consists of a
single layer of pixel modules with a pixel size of 50 x 250 um?. The cell size reduction in the z
direction improves the resolution of the track parameter z, across the entire pr spectrum. With
the IBL, b-tagging performance has significantly increased compared to Run 1 by having one
additional high-precision hit closer to the interaction point, as this reduces the impact of multiple

scattering in track reconstruction [65].

Surrounding the pixel modules is the Semiconductor Tracker (SCT). Four layers of microstrip
pairs provide eight measurements per track in the SCT barrel, where the SCT end-caps consists
of nine double layers per side. The SCT subdetector covers an area of 63 m? of silicon. The 4088
modules, divided between the SCT barrel and end-caps, provide a tracking resolution of 17 yum
and 580 yum in the ¢ and longitudinal directions respectively [50, 67].

Straw-like drift tubes are used in Transition Radiation Tracker (TRT), which is the outermost
component of the ID [68]. The tubes with a diameter of 4 mm are filled with a xenon-based gas

mixture and gold-plated tungsten wires of 31 ym are arranged at the centre of the tubes. When

4For the barrel components, the longitudinal direction refers to the z direction. For the end-caps, the longitudinal
direction is used to indicated distances in R.
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Figure 3.4: (a) Three-dimensional cross section of the barrel of the ATLAS ID. Moving radially
outwards from the interaction point, this figure shows the IBL, Pixel detector, SCT and TRT [66].
(b) Cross section of the barrel layers and an end-cap on one side of the detector [50].

a charged particle traverses the TRT, it ionises the gas in the straws. The free electrons drift
towards the central wire which is kept at a voltage of —1.5kV, where the signal is amplified and
read out. In the TRT barrel, 52544 straw tubes of length 1.5m are arranged radially around the
LHC beam pipe. This provides R — ¢ information with a resolution of approximately 120pum
for charged particle tracks with || < 2 and pr > 0.5GeV. In each end-cap, 122880 straws are
arranged perpendicular to the beam axis to cover the full range in ¢. Figure 3.4b shows the end-
cap configuration for a small region in ¢. A charged particle track leaves typically more than 30
hits (except in the barrel-end-cap transition region where this number decrease to 22) in the TRT.
This large number of hits and the extended measured track length complement the silicon-based
layers of the ID, allowing very precise momentum measurements and robust pattern recognition
[50].

3.2.3 Calorimeters

In contrast to tracking detectors like the ATLAS ID, where particles by design maintain most of
their energy and momentum as they traverse it, calorimeters bring objects to a full stop with
the goal to measure their total energy. The ATLAS calorimeters provided a coverage of up to
[n| < 4.9. Figure 3.5 shows a schematic overview of the ATLAS calorimeter system.

To fully absorb these high-energetic particles, a calorimeters need to consist of a high-density ma-
terial such as lead to maximize the interaction between the incoming radiation and the material.
Cascades of secondary particles are produced in this interaction, and in their turn the secondary
particles undergo a similar reaction until all the energy in these daughter particles is fully ab-
sorbed (and measured) in the calorimeter. The energy of these showers can be measured with a
scintillating material, where the number of measured photons is proportional to the energy of the
interacting particles. A homogeneous calorimeter consists a single component that both induces
the particle showers and measures the energy. An example a material that has these properties is
leaded glass. ATLAS uses sampling calorimeters, where layers of dense material are interleaved
with a material to detect the energy emitted by particles. This means that the scintillating materi-
als measure only a fraction of the energy. The full energy is reconstructed after final calibrations
[69].
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Figure 3.5: Three-dimensional cross section of the ATLAS calorimeter system [66].

The electromagnetic calorimeters (ECal) are lead-liquid argon detectors optimised to measure
the energy of particle that react via the electromagnetic force: electrons and photons. Moving
radially outwards, the absorbers and electrodes are shaped into an accordion-like structure to
provide a continuous coverage in the ¢ without cracks. This is immersed into liquid Argon which
acts as the active material. High-energy electrons lose most of their energy via bremsstrahlung.
Photons create e*e™ pairs that consequently yield energy deposits in the EM clusters. In the
ATLAS ECal, the lead plates are 1.53 mm thick for || < 0.8 and 1.13mm for || > 0.8. In the
end-caps, the thickness varies between 1.7 mm and 2.2 mm, where thinner lead strips lead to a
smaller sampling fraction. The barrel part is made of two half-barrels and provides coverage up
to |n| < 1.475. Together, they are 6.4 m long and have an inner and outer diameter of 2.8 m and
4 m respectively. The EM end-caps consist of two wheels that cover the region 1.375 < |n| < 3.2.

Hadrons mainly interact via the strong and nuclear force and deposit less energy via electromag-
netic interactions. Most of the hadron’s energy can bypass the ECal, so in order to detect them
we need to add another layer to our detector: the hadronic calorimeter (HCal). Like the ECal,
it is a sampling calorimeter but consisting of scintillator tiles and steel as the absorber medium.
Tile layers are spatially oriented in the radial direction to reconstruct hadronic showers initiated
by the steel layers.? These clusters are the main inputs for particle and jet reconstruction. The tile
calorimeter consist of a central barrel and two extended barrels and covers the range of |n| < 1.7,
surrounding the ECal barrel. The radial depth of the barrel is approximately 7.4 A interaction
lengths [50].

The hadronic end-cap calorimeters (HEC) use liquid-argon sampling technology with copper as
the absorbing material and provide coverage of the HCal in 1.5 < |5| < 3.2. Finally, the forward
calorimeter (FCal) is a combined electromagnetic and hadronic calorimeter, using copper and
tungsten as the absorbing materials respectively.

5Tt is impossible to unsee the resemblance between this layered structure and the Indonesian delicacy spekkock after
reading Ivo van Vulpen'’s popular science book on particle physics [70].
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3.2.4 Muon spectrometer

Following particle trajectories from the IP outwards, the only SM particles left outside the calorime-
ters are neutrinos and muons.® Neutrinos are too weakly interacting to be measured in ATLAS,
so we forget about them for the moment. Muons, due to their high mass relative to electron,
interact much more weakly with the calorimeters and escape with small energy losses. As the
name suggests, the muon spectrometer (MS) is designed to measure the momentum of muons
in the range || < 2.7 and is the outer layer of the ATLAS detector. The MS uses different pre-
cision chambers to achieve good momentum resolution in this region and to trigger on muon in
the pseudo-rapidity region |n| < 2.4 [50]. Figure 3.6 shows a schematic overview of the ATLAS

calorimeter system.

The monitored drift tubes (MDTs) detect muons with a technique similar to the TRT. Drift tubes
are filled with argon gas, where muons ionise the gas and electrons resulting from ionisation
leave a signal in the central tungsten wire. The location where a muon passed through can be
determined with high precision from the electron drift time. The MS also uses cathode-strip
chambers (CSCs). They consist of multiple layers of multiwire proportional chambers filled with
an Argon gas mixture, that are segmented in stacks to provide the transverse and radial coordi-
nate. CSCs are characterised by a high response time, a high spatial resolution and high counting
rate capabilities. This makes them ideal candidates for the innermost tracking layer of the MS
[71].

In the barrel region, the magnetic field lines of the toroid magnets curve the trajectories of the
electrically-charged muons. Three concentric cylindrical shells surround the calorimeters with
radii of approximately 5m, 7.5 m and 10 m to the beam axis. In the ¢ direction, the barrel region is
divided in eight octants to provide full ¢ coverage. In the two end-cap regions, muon segments
are organised in wheels that are placed parallel to the end-cap magnets, i.e. like caps for the
central barrel. The wheels placed between the ID and end-cap magnet are referred to as the small
wheels, while the wheels outside the end-cap (i.e. at larger |z|) are the big wheels. CSCs are
placed in the muon small wheels either side of the barrel and cover the pseudo-rapidity region
2 < |n| < 2.7. MDTs are employed in the barrel region and big wheels to cover the region
In| < 2.7.

In the previous section we have seen how ATLAS measures electrons, photons, muons and (light)
hadrons in the form of hadronic jets. What about heavier SM particles, such as third-generation
quarks, massive gauge bosons and the Higgs boson? These heavy particles have very short
lifetimes so that they decay into lighter particles that can be directly detected in ATLAS. Figure 3.7
illustrates the footsteps that the various, light SM particles leave as they traverse the various sub-
detectors.

3.2.5 Magnet system

Magnets are used to bend trajectories of charged particles for precise momentum measurements
in the ID and MS. In ATLAS, the magnet systems consists of one solenoid magnet and three
toroid magnets (one barrel and two end-caps). The largest component of the magnet system is

°Tf muons were measured in the calorimeters, there would be less need for the muon spectrometer. And since ATLAS
owes its name to the toroidal shape of the magnet which surrounds the muon system, we would need to come up with a
new acronym for or continue under the name “ALAS”. Alas...
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Figure 3.6: Three-dimensional cross section of the ATLAS muon spectrometer [66].
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Figure 3.7: Signatures from various SM particles in the ATLAS sub-detectors. Black solid lines
indicate a detected signal; either tracking information for the ID and MS or energy depositions
in the calorimeter systems. Dashed lines indicate the path of a particle where zero to very little

interaction takes place with the detector layer.
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Figure 3.8: (a) Three-dimensional view of the windings of the ATLAS magnet system. The toroids
are illustrated as red lines and the central solenoid sits between the ID and calorimeter layers

—

[73]. (b) Direction of the magnetic field lines, corresponding to the solenoid magnet (Bsolenoid),
the central toroid (Bioroid) and end-cap toroids (Bendcap-)

barrel toroid system. It consists of eight rectangular coils that are placed at different positions in
¢ around the beam axis and just outside the calorimeters. The barrel toroid has inner and outer
diameters of 9.4 m and 20.1 m respectively, with a length of 25.3 m in z. The coils surround the MS
to provide a magnetic field of up to 4T in the ¢ direction. The toroid end-caps are also formed
of eight coils and are positioned between the muon small wheel and big wheels on either side of
the barrel to bend muons in the forward region. They have a length of 5m, with inner and outer
diameters of 1.65m and 10.7 m respectively. The toroids are complementary to one another; over
the range || < 1.4, muon track are bent by the barrel toroid. In the range 1.6 < |n| < 2.7 magnetic
deflections are provided by the end-caps. The region over 1.4 < |5| < 1.6 is normally referred to
as the transition region, since magnetic bending of muons is a result of a combination of the toroid

and end-cap magnetic fields.

The solenoid magnet surrounds the ID and provide a 2 T magnetic field parallel to the beam-pipe
to curve charged-particle tracks inside it. A total of 9 km superconducting wire are wrapped in a
cylindrical shape with a length and diameter of 5.3 m and 2.4 m respectively [50, 72]. Figure 3.8
shows the structure of the ATLAS magnet system and a rough sketch of the magnetic field lines.

3.2.6 Trigger system and data acquisition

One of the big challenges in ATLAS is processing huge amounts of data during LHC runs. The
proton bunch-crossing rate at the interaction point is 40 MHz, so that new events are delivered to
ATLAS every 25 ns. Each bunch consists of around 10'! protons and as a result multiple protons
can interact in a single bunch crossing. The distribution of the mean number of interactions for
different years of data-taking in Run-2 is shown in Figure 3.10. With an average (u) of 33.7,
millions of readout channels and limited computer resources we need about think carefully on
how to process this information. Fortunately, there is no need to record every single event to do
great physics. As shown in Figure 3.11 the total pp collision cross-section is large (~ 10! pb), but
some of these interactions are more interesting than others. For example, the production cross-
section of W and Z bosons is already six orders of magnitude smaller than the total pp cross-
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Figure 3.10: Mean number of interactions per proton bunch-crossing as recording by ATLAS
during Run-2. Figure taken from Ref. [74].

section. The ATLAS trigger system receives information from the readout channels during data-
taking to decide if an event is recorded or not. This is a two-step process, feeding information to
the hardware based Level-1 (L1) trigger first and then to the software based Higher Level Trigger
(HLT).

The L1 trigger consists of a Central Trigger Processor (CTP), which combines information from
the calorimeter trigger (L1Calo) and the MS trigger (L1Muon). The L1 trigger algorithm isolates
one or more regions-of-interest (Rols) in ¢, 7 where trigger thresholds are exceeded. In the Rols,
the system identifies signatures that resemble those coming from jets, muons, electromagnetic
clusters or taus. If one or more Rols meet the L1 trigger criteria, information on these Rols is sent
to the HLT for further processing. This decision must be made within 25 ns. In the meantime, the
full event read-outs are stored in pipelines, ready to be sent to the HLT or discarded forever. In
this step of the trigger system, the event rate is reduced from 40 MHz to 100kHz. Since muons
leave very little signal in the calorimeters, the pi* triggers are used to select muon events in
addition to the main L1Muon trigger.

In the HLT, events are reconstructed with algorithms much like the ones used in offline process-
ing. Higher-precision reconstruction of full events and reconstruction of the Level-1 regions of
interest allow for a refined decision based on additional selection criteria. The HLT reduces the
total rate from 100kHz to roughly 1kHz. Events that pass the HLT are not only passed to the
output stream for physics analyses, but also to special output streams for detector monitoring
during data-taking and detector calibration.

The trigger menu is the combined set of trigger chains (at both L1 and the HLT) that are used
during data taking. This is a compromise between different physics groups about which events
are interesting enough to record! Here, “interesting” is completely determined by the physics
goal in mind. The trigger chains in the menu connect selection criteria in the HLT, L1 objects and
data streams. As instantaneous luminosity conditions can change during LHC runs, back-up
triggers are available to keep the bandwidth maximally saturated and record as much physics as
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Figure 3.11: Predicted Standard Model cross-sections and as measured by ATLAS of different
final states. The production cross-sections of the most rare and most common processes differ by
multiple orders of magnitude. Figure taken from Ref. [75].

possible.

Reducing the event rate from 40 MHz to 1kHz comes at a cost: trigger thresholds must be rel-
atively high as not to oversaturate the data acquisition system. An example is the transverse
momentum threshold of reconstructed objects. But what if we want to measure low pr leptons
for example? In this scenario, triggers can be prescaled by a factor N, meaning that only one out
of N events fulfilling the trigger criteria will be recorded. As the instantaneous luminosity de-
creases during an LHC fill, prescales can be relaxed to maintain the maximum readout capacity
of the data acquisition system. Triggers with a prescale factor set to N = 1 are referred to as
unprescaled. Noise, reconstruction efficiencies and pile-up can lead to a signature that is falsely
recognised by the trigger as some real object, introducing the notion of “fake” objects. In most
physics analyses it is desirable to reduce the relative abundance of fakes, and raising the trigger
thresholds may help to achieve this.

3.2.7 Luminosity

Luminosity is one of the most important parameters in collider physics. In this section it is
explained why that is the case and how luminosity is measured at ATLAS.

Quantum field theory enables calculations of some cross-section o, which can be thought of as the
probabilities that two particles have an certain interaction mediated by the force carriers in the
Lagrangian. Cross-section have the dimension of area’, in particle physics normally measured
in the barn unit (b) where 1b = 1072 m?. In reality, ATLAS measures events so we need to

7 Although cross-section calculations follow the quantum rules, an analogy with the classical world can be made: two
basketballs are more likely to collide than two golf balls due to their larger surface area.
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relate this number of events to the underlying cross-section. The events are a result of colliding
two proton beams, so we can expect the total number of events to depend on characteristics
of the beam and on how much they overlap in the interaction point. The event rate is directly
proportional to the interaction probability, such that

dN

In this expression L(t) is the instantaneous luminosity, which captures all the experimental pa-
rameters of the colliding beams. This formalism beautifully factors out the event rate into two
parts: one where humans have some control over, the luminosity, and one deterministic quantity
that relies only on the rules of quantum physics, the cross-section. In general, beam parameters
may change over time which introduces the time-dependence. The integral over the instanta-

neous luminosity is called the integrated luminosity or just “luminosity” for short:
T
1;:L/ L(t)dt. (35)
0

At the LHC, luminosity can be thought of the brightness of the proton beams and their overlap.
If the beams have a convolved size of ¥, ,, with N; protons per bunch in beam 7 and a revolution

frequency f;, the instantaneous luminosity for a single colliding bunch pair is given by

. erlN2

Ly, = :
> 2y,

(3.6)

The luminosity quantifies the number of pp interactions in a dataset and is used as a measure for
the size of the collected dataset. It has units of inverse area and is for current LHC datasets quoted
in units of inverse femtobarns (fb~!). For differential SM cross-section measurements, like the
one in this thesis, it is the vital parameter to convert the measured number of events in each bin to
a fiducial cross-section and to ultimately make a comparison to theory predictions. It is often also
one of the leading sources of the final uncertainty. During data taking, luminosity measurements
are used to adjust the trigger and provide feedback to the LHC operators to optimize collisions
at the interaction points, which is illustrated in Figure 3.12.

ATLAS measures the delivered luminosity experimentally using dedicated luminosity-sensitive
detectors. The guiding principle is that the luminosity is related to the average number of pro-
duced particles. For inelastic proton-proton collisions with cross-section oiyel., the instantaneous
luminosity for a single pair of colliding bunches Ly, can be expressed as

Ly = , (3.7)

where the average number of inelastic interactions per bunch crossing is described by the pa-
rameter p. Having multiple interactions per bunch crossing is also referred to as pile-up. There
are multiple bunches going around the LHC tunnel, so that the total instantaneous luminosity is
given by
f
Lines, = my 220, (38)

Oinel.

where () is averaged over all colliding bunches. The number of colliding bunch pairs ny, reached
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Figure 3.12: Screenshot from LHC Pagel [76] during Run-3 data taking at /s = 13.6 TeV on 16
November 2022. The left panel shows how the beam intensities drop over time. The recorded
instantaneous luminosity at ATLAS, as shown in the right panel, would decrease following the
same trend. However, below a given value the trigger keys are changed in the ATLAS control
room so that the luminosity jumps back up to saturate the data-acquisition system. This creates
the sawtooth pattern, until the trigger thresholds and prescales reach a level with only a very
small proportion of rare events (with a small production cross-section). At that point it is more
worthwhile to dump the beam and restart a new fill cycle.

a maximum of 2544 during Run-2 data taking in 2017 and 2018 [77]. It is an important observation
that the combination px /o x is constant for any events of any type X: if the cross-section changes
by some factor, the average number of interactions for process X will scale inversely by the same
factor. Defining a “visible” number of interactions per bunch crossing and the corresponding
cross-section, jiyis. and oy, respectively, this can now be directly related to the pile-up parameter
u as follows:

£_ R (3.9)

Oinel.  Ovis.
The visible cross-section is a calibration constant determined in dedicated scans. A real-time
measurement of yis. is then enough to determine the instantaneous luminosity for every bunch
at that given moment.’? A luminosity block (LB) is the time interval over which fii. is mea-
sured. The integrated luminosity is obtained by multiplying the instantaneous luminosity by the
duration of the LB.

In 1968, Dutch physicist Simon van der Meer proposed a technique to evaluate the luminosity at
an intersection point by displacing the colliding beams with respect to each other [78]. The van
der Meer (vdM) method is still the main luminosity calibration method used at the LHC. In this
method, the uncalibrated luminosity R(Axz) is measured as a function of the beam separation Az,
with Az™#** = —0 corresponding with head-on collisions. The displacement is varied step-wise
in a scan and this scan is repeated in the other transverse direction y. The convolved beam size

8This assumes that the calibration constant o5, is indeed constant in time. In practice, no luminosity algorithm is
perfectly stable in time. Hence different algorithms are used for cross-checks and obtaining the most precise luminosity
measurement as possible.
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Data sample 2015 2016 2017 2018 | Combined
Integrated luminosity (fb™ ') | 3.24 33.40 44.63 58.79 | 140.07
Total uncertainty (fb™ D) 004 030 050 064 | 117

Total uncertainty (%) 1.13 089 1.13 1.10 | 0.83

Table 3.1: Total integrated luminosity per year of data taking at ATLAS during Run-2 at /s =
13 TeV.

is then expressed as

1 [R(Az)dAx
* = = Riagm) (3.10)

and likewise for the y-direction. In this ratio the overall normalisation cancels out. This allows

different methods to be used to determine the scan curve, as long as the corresponding quantities
scale with the luminosity. Combined with Equation. (3.6) this fixes the calibration as

__ ., max 27TE$ EU

vis. — is 5 311
9 His. N1N2 ( )

where ;2% is the maximum visible interaction rate on the scan curve.

In Run-2 the primary detector to measure the visible number of interactions was the LUCID-
2 Cherenkov detector’, consisting of 16 photomultiplier tubes (PMTs) in the forward regions
(5.561 < |n| < 5.641) of the ATLAS detector [79]. Charged particles from collision events going
through the quartz window of the PMTs produce Cherenkov light that can be detected. A “hit’
is recorded when the signal in the PMTs reaches above a certain threshold. From the average
probability to have a hit in any PMT,

P =1 — exp(—fiis.), (3.12)

the visible number of interactions fiis. is probed.

During Run-2 the total recorded luminosity by ATLAS is 140 fb™*. Not all recorded data passes
the data quality requirements. Figure 3.13 shows the luminosity for the delivered, recorded and
“good for physics” data.!? A breakdown of the integrated luminosities per year of data taking
and the corresponding uncertainties are summarised in Table 3.1.

9This is complemented by offline track-counting algorithms, calorimeter-based algorithms and measurements from
the ATLAS beam conditions monitor.
10This luminosity plot was released by ATLAS before the final Run-2 luminosity calibrations were finalised, which
changed the Good for Physics total luminosity from 139 fb~! to 140 fb—1.
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Figure 3.13: Cumulative integrated luminosity for Run-2, including data taking from 2015 to
2018 [80]. The plot shows the total luminosity delivered by the LHC in green, the amount of
data that was actually recorded in yellow and the data that passed data quality requirement for
physics analyses in blue.



Chapter 4

Theory meets experiment

The main goal in particle physics is to verify that empirical observations match the theoreti-
cal predictions, and thus ultimately find an accurate model to describe Nature at the most fun-
damental scale. We have seen that the Standard Model is the prevailing paradigm in particle
physics, while the LHC and its experiments enable experimental measurements of proton-proton
collisions. Unfortunately, experimental measurements come in the form of electronic signals in
photomultiplier tubes and silicon strips, while our prediction stems from a quantum field the-
ory with a set of rules to describe interactions between fundamental particles. This raises two
important questions: where and how do we tie together these two extreme ends? The goal of this

chapter is to address these points.

The answer to the first part of this question is: “somewhere in the middle”. More specifically, the
representation of theory and experiment in the form of (individual) events and their associated
properties is a natural choice. As we will discuss later in this chapter, this definition is still
ambiguous, and experimentalists have a choice to make in which representation they compare
the data from their experiment to theoretical predictions.

The question of “how” needs answers from both theory and experiment. From the theoretical
side, Monte Carlo event generators provide the possibility to translate fundamental interactions
from a QFT into simulated collisions like those measured experimentally. Additionally, the in-
teraction between those events and the subcomponents of the detector can also be simulated.
Approaching the event-level from the experimental side, model-based assumptions are needed
to interpret detector signals as the presence of physical objects, and consequently to reconstruct
(SM) particles and their kinematic properties. Ultimately, the combination of physical objects
and detector activity can be interpreted as some (SM) process that led to the measurement of this
event.

In Section 4.1 we describe event generation and simulation from a theoretical starting point. Ob-
ject and event reconstruction in ATLAS, starting from detector outputs, is discussed in Section 4.2.
Finally we discuss precise definitions of the middle ground between theory and experiment in
Section 4.3, and techniques to correct experimental data for detector effects in Section 4.4.

45
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4.1 From Lagrangians to reconstructed events

In Section 2 we have seen that the SM provides a description to understand quantum-mechanical
interactions between particles, but more work is required to map theoretical models to a repre-
sentation that can be compared with real-world data measured at the Large Hadron Collider. In
ATLAS, and any other LHC experiment, we study “events”. At the most basic level, an event can
be defined as a proton-proton collision leading to a number of outgoing particles. In such events,
conservation laws dictate conservation of kinematic quantities such as energy and momentum,
and of discrete quantum numbers such as lepton number or spin, between the initial and final
state. But there are more steps that hinder a direct comparison between a theoretical model and
LHC data. For example, collider experiments measure collimated sprays of particles (jets), deal
with multiple particle collisions occurring simultaneously (pile-up) and have limited resolutions.
Over the last decades, a huge amount of work went into the generation and simulation of col-
lision events. This section takes a whistle-stop tour through all these developments. Taking a
(B)SM Lagrangian as the starting point, we summarise the steps to translate this to predictions
of fully exclusive final states in terms of hadrons and leptons, and to simulate the interaction of
these particles in a detector.

For complicated final states like this, it is typically not possible to derive an analytic function
to capture all these effects from first principles. Numerical methods based on pseudo-random
numbers provide the best solution to date [81]. Because the computations rely on Markov Chain
Monte Carlo techniques, the software algorithms that provide such calculations to simulate events
are called Monte Carlo (MC) event generators. There are many MC event generators publicly
available. For example, HERWIG [82-84], SHERPA [85, 86] and PYTHIA [87, 88] are general-purpose
generators that handle the calculations of matrix elements (MEs), parton shower (PS) and sub-
sequent hadronisation. Some generators are tailored to a specific part of this “generator chain”.
For example POWHEG-BOX [89-91] and MADGRAPH5a_ MC@NLO [92] are designed to calculate
next-to-leading-order (NLO) matrix elements. These are then interfaced to an external programs
for the parton shower and subsequent hadronisation.

MC generators used different underlying methods to simulate particle collisions. For example,
there are different models for hadronisation and different implementations of the parton shower.
To smoothly link together the various steps in event generation using different generators, com-
mon file formats have been introduced. The Les Houches Event (LHE) file format is used to
store partonic events [93], which can be used as input to generators that shower and hadronise
the events in the LHE file. The HepMCS3 file format [94] is the de facto standard event record for
events after parton showering and hadronisation.

Models depend on theoretical inputs such as the parton distribution function (PDF) or QCD scale
choices, i.e. the renormalisation scale ;1 and factorisation scale zz.! The nominal samples corre-
sponds to the default choice of parameters. In the case of PDF or scale choices, the parameters
of the calculation in the model are varied and from this a multiplicative reweighting factor is
obtained and applied to the nominal configuration. Each event then has multiple weights as-

sociated to different uncertainties, that are propagated through the MC chain as event weights.

IRenormalisation in QCD introduces an arbitrary, unphysical renormalisation scale 1 r. The dependence of physical
observables must be independent of this scale, but truncation of the perturbative series spoils this cancellation. The
factorisation scale p - is introduced to absorb collinear divergence of parton splittings into bare PDFs.
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Ultimately, when events are binned into histograms corresponding to physical observables, this
gives different variations of the histograms that can be combined into uncertainty bands. There
are algorithmic variations however, such as the choice of parton shower or hadronisation model,
that cannot be cast into multiweights because they rely on fundamentally different algorithms
to run the event generation. In such cases one relies on the explicit variation of the different
algorithms and (for example) taking the difference as a systematic uncertainty.

The different steps in the simulation of proton-proton collisions are summarised in Figure 4.1.
The structure of this section loosely follows this diagram top to bottom. First, we introduce
parton distribution functions that describe the contents of a proton in Section 4.1.1 and multiple-
parton interactions in Section 4.1.2. Then, we see MC generators at work in the computation of
matrix elements (Section 4.1.3) and the simulation of parton showers (Section 4.1.4). Hadroni-
sation is covered in Section 4.1.5. Finally, the simulation of detector interactions of final state
particles is discussed in Section 4.1.6. This part of the thesis benefits greatly from the detailed
works of literature reviews that are available on MC event generators, in particularly Refs. [81,
95, 96].

4.1.1 Parton distribution functions

In the 1960s and 1970s deep inelastic scattering experiments provided empirical evidence for
models that describe protons as composite particles composed of smaller constituents, which are
dubbed “partons” [97-99]. Partons correspond to (anti-)quarks and gluons, and parton distribu-
tion functions (PDFs) describe the fraction of the proton’s momentum that each parton carries.
When a proton carries a momentum P, the partons will have a momentum p; of p; = z; P, where
0 < z; < 1is the momentum fraction for each parton. PDFs are instrumental in the simulation
of proton-proton collisions, because at the most fundamental level the partons undergo interac-
tions that we describe with quantum field theories. In order to generate realistic events, accurate
models to describe the momenta of partons are crucial in LHC physics.

The collision cross-section factorises in terms of the analytical partonic cross-section that we can

actually calculate in perturbation theory, or in explicit form

1 1

Tinteraction = D _ / day / daa fi(z1, pr) fi(x2, pr)oij - (4.1)

i.j€q,q,g "0 0

The partonic cross-section (6;5) is typically distinguished from the proton-proton cross-section
with a hat, where 1, j label the type of the incoming partons. The parton distribution functions
fi(zn, pr) give the probability of finding a parton of species ¢ with momentum fraction z,, in the
incoming proton n that is probed at a scale pp. The integrals sum over all momentum fractions
zy, in the PDF, where the discrete sum adds up all different possible combinations of interacting

partons. These are probability densities so they must satisfy the normalisation condition

Z/ fi(ziypp)de; =1, (4.2)

to ensure that the momenta of the partons add up to the total momentum of the proton.

Parton distribution functions depend on non-perturbative strong interactions and cannot be cal-
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Figure 4.1: Simplified representation of the simulation of proton-proton collisions. Two incoming
protons (orange circles) with an internal structure of quarks and gluons cause a hard scatter event
as well as multiple-parton interactions. Partons undergo showering (multiple quark and gluon
lines), hadronisation (green ellipses) and hadron decays (blue arrows), after which interactions
of final-state particles with the detector (black stars) is emulated. After pile-up overlay, the final
step is the digitisation of detector signals, indicated at the very bottom by some small negative
voltage in one of the readout channels.
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culated analytically from first principles for that reason. The extraction of PDFs from experimen-
tal data is an active field of research. PDF collaborations like MSHT [100-103], CTEQ [104-108]
and NNPDF [109-112] perform global fits to deep inelastic scattering (DIS) and LHC data to
provide PDF sets that can be employed in MC event generators.

The resulting PDFs from these groups may vary, due to the use of different methodologies to
extract them. Each group provides fits for different orders in ag. However, the general recipe
to extract PDFs from experimental data follows the same methodology.? The main idea is that
the evolution of PDFs as a function of their factorisation scale p5 is calculable in perturbation
theory. One starts with a scale Q3 where perturbation theory is valid, for which the PDFs are
parametrised in a functional form of z,,. With the Dokshitzer-Gribov-Lipatov—Altarelli-Parisi
(DGLAP) equations, PDFs are evolved to scale Q? corresponding to a measured dataset. These
are then used to calculate cross-sections and evaluate the agreement with datasets in a goodness-
of-fit test. The overall agreement is calculated by summing over the results for different datasets.
The free parameters in the PDFs are then optimised in an iterative procedure [69]. Uncertainties
in the PDF sets, for example from the choice of parametrisation or to account for missing higher-

orders in the perturbative series, are propagated to the final MC uncertainty estimates.

4.1.2 Multiple-parton interactions and underlying event

When two hadrons collide, nothing prevents more than one parton-parton scattering to occur.
Most multiple-parton interactions (MPIs) are relatively soft, but high-energy partons from MPI can
lead to events with for example heavy SM particles or QCD jets with large transverse momenta.
MPIs are observed experimentally (e.g. in ATLAS [113]), and models to describe MPI effects do
so by treating interactions independently or by accounting for colour flows between multiple
interactions [114, 115].

Underlying event is an umbrella term for all the interactions that contribute to the measured ac-
tivity in addition to the main hard-scattering event of interest. Pile-up events originate from other
proton-proton collisions, either in the same bunch crossing (in-time pile-up) or from a different
bunch-crossing (out-of-time pile-up), and are overlaid on hard-scatter events in the detector sim-
ulation step. Furthermore, remnants of the colliding beams can leave signatures in the detector
and must be included in hadronisation models to conserve colour. In Section 4.1.4 we discuss
how QCD leads to initial and final state radiation. Additionally QED radiation (in the form of
photons) is emitted from outgoing particles.

4.1.3 Calculation of hard-scatter processes
The partonic cross-section for a process i — f,
Gimg = i f(Minsy, dPps g, pr) (4.3)

depends on the matrix-element (M.E.) M,_, ¢, a kinematic phase-space factor d®, renormalisa-
tion scale ur and factorisation scale pup. In this notation, ¢ and f indicate the initial and final
state of the scattering process respectively. The matrix-element is written as a sum over all pos-

2An exception is the NNPDF collaboration, where “NN” stands for neural network, that uses a different approach
based on techniques in machine learning.
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sible Feynman diagrams for ¢ — f. The M.E. is squared and averaged over the initial-state spin
and colour, and summed over the quantum numbers in the final state. The differential phase-
space element d®, indicating the number of momentum states accessible to a given final state,
is integrated over all possible outgoing momenta.

Matrix-elements are calculated using MC sampling techniques. This becomes computationally
more heavy if the number of final-state particles is increased or when higher-orders of QCD
or EW couplings in the Feynman diagrams are included (through M;_, ). We cannot calculate
matrix-elements up to an arbitrarily large order in QCD and EW scales, which include “real emis-
sions” with additional particles in the final state, as well as virtual corrections via loop diagrams.
Adding high-multiplicity partons (“legs”) as real corrections to the M.E. calculation is possible
with current event generators. At leading order this is fully automated up to an arbitrary number
of legs, but actually computing these diagrams is restricted by computing power. The conven-
tional notation for multi-leg calculations is X + nj@(N)LO, where X is the Born level process, n
is the additional number of partons j with respect to the Born level process, and the perturbative
order in the strong coupling at which the process is calculated is indicated after the at sign @.
Going to higher orders in QCD is mainly restricted by the virtual corrections in loop diagrams,
and is not fully automated up to an arbitrarily high order of as.

In QCD, renormalisation and factorisation scales (1 and up) are introduced to deal with in-
finities that arise in the calculations of loop diagrams. In an exact calculation, i.e. a calculation
that includes all orders of ag, the dependence on these scales cancel. However, the truncation of
the perturbative series leads to a result that depends on the choice of ;1 and pr. These scale-
dependencies are quantified as scale uncertainties, which are in fact often the dominant source of
uncertainty in the final MC predictions. The scale uncertainties can be estimated by varying in
the renormalisation and factorisation scale by some factor r. Assume we can calculate a cross-

section at momentum-scale () up to some order k in o, i.e.

k %)
(@)~ eal@mai() + D enlQp)al (i) = or(Q, 1) + Ak(@, ), (4.4)
n=0 n=k+1

where o1, (Q, 1) represents the calculable part and A (Q, p) is a term that is not calculated analyt-
ically. The usual procedure is to calculate A, (Q), i) to obtain a scale uncertainty for the truncation
of the series in k. This is estimated by fluctuating the nominal scale by a factor r and assigning

the difference of this result with the nominal result as the scale uncertainty, i.e.

k(@ 10) ~ max[ok(Q, 2), 01(Q. i) = or(Qu ) ~ (@), (45)

v
where typically r = 2.

From this equation, we see that the inclusion of higher orders of o in the M.E. calculation leads
to a reduction of the scale uncertainties of a factor s . Calculating matrix-elements to higher
fixed-order is an active field of research, and we will see in the next chapter that these need to be
matched to a parton shower to produce the exclusive final states for the experiments.

Event generation takes up a significant portion of the LHC’s computing budget, where demands
of higher perturbative accuracy cause major concern for staying within the available computa-
tional budget [116]. Ongoing efforts try to address this issue, for example by making matrix-
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element calculation run more efficiently [117] and developing GPU-portable MC event genera-
tors for ML.E. calculation [118].

4.1.4 Parton shower

After calculation of the hard-scatter in proton-proton collisions, we are one step closer to emu-
lating LHC events as they occur one hundred metres underground near the Franco-Swiss bor-
der. The highly energetic outgoing partons from the hard-scatter and/or MPI may radiate soft,
collinear quarks and gluons to form collimated sprays of particles. It is computationally too ex-
pensive to include these radiated particles in the M.E. calculation analytically. Parton shower al-
gorithms are developed to model these QCD-splittings efficiently and perturbatively. In a parton
shower, quarks radiate gluons, while gluons split to quark-antiquark pairs or additional gluons.
Progressively this evolves the momentum scale of partons from the hard scale Q? to a threshold
scale at which perturbative QCD no longer holds and partons hadronise, Aqcp.

The emission distribution of one additional parton can be written in a factorised version, inde-
pendent of the underlying hard process as

s d?

do~og Y o gz 42Pji(z,0)do, (4.6)
partons,i

where 6 and z are the emission angle and energy fraction of the emitted the parton relative to

its parent particle, and Pj;(z, o) a set of flavour- and spin-dependent functions [81]. Because the

n+1-parton process factorises in terms of the n-parton one, this formula can be applied iteratively

to model multiple parton emissions.

The Sudakov form factor describes the probability that a parton with virtuality ¢ = p? evolves
from ¢, to ¢t without emitting resolvable partons [69]:

A;(to,t) = exp [— Z /tt de’ /:mx dszi(z)]. 4.7)

min

Free partons in the final state do not exist, and therefore do not become fully on-shell. This
motivates a cut-off value for the virtuality tcutonr. Considering a parton of virtuality ¢, parton-
shower algorithms to simulate the additional radiation are defined as follows. First, we generate
the virtuality of a potential splitting ¢,41 by solving A;(¢,,t,4+1) = r1, where r; is a random
variable uniformly distributed between 0 and 1. If the virtuality ¢, is less than the resolution
parameter t.uiofr the stopping criterion for the parton shower is reached. Otherwise, the energy
fraction z and azimuthal angle ¢ for the emitted parton are generated. This procedure is repeated
for all partons, including emitted partons.

Equation 4.6 has two divergences. The collinear limit # — 0 is obvious to see, where the soft
limit z — 0is implied through P;;(z, ¢). To solve the collinear divergence we impose a resolution
criterion, because in any physical measurement it is not possible to resolve a single parton from
an exactly collinear pair of partons with the same quantum numbers. The obvious choice is to say
that partons are only resolvable if the relative transverse momentum kr lies above some cut-off
value, and that otherwise two partons can not be distinguished experimentally. After a change
of variables this is equivalent to a minimum cut on the virtuality. Wide-angle soft emissions can
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be included by using the angle 6 as the ordering variable in the parton shower algorithm. This
construction of a parton shower is called an angular-ordered shower, implemented for example
in HERWIG [119]. An alternative model is the kr-ordered shower or dipole shower, where emitted
partons recoil off a pair of partons and kr is used as the ordering variable [120-122]. These
models are implemented in HERWIG, PYTHIA and SHERPA. The algorithmic choices made inside
the parton showers can be associated with a systematic uncertainty on the final MC predictions.

We have now seen how parton showers describe QCD radiation of outgoing particle from the
hard scatter, i.e. final-state radiation (FSR). This description works similarly for parton splittings
of the incoming partons, leading to initial-state radiation (ISR) [123]. The difference for ISR is that
the radiation is now simulated in a backwards step, dressing only the partons that take part in
the hard scatter with additional radiation.

Matching and merging

Parton showers provide modelling of soft and collinear radiation, while matrix elements are
accurate in the regime where partons are hard and well separated. Taking the best of both worlds,
these methods can be combined using a suitable matching prescription [89, 90, 124] in order to
provide the best MC prediction across those two different regions of phase-space, taking care to
avoid double-counting of phase space described by both matrix element and the parton shower.
These matching procedures have been extended to NNLO-accurate matrix-element calculations
more recently, see e.g. Refs [125-127].

In merged predictions, matrix elements for diagrams with extra partons are calculated and com-
bined with the matrix-element calculation for the Born level process. In this case, there is not
only a possible overlap between the parton shower and the matrix elements, but also between
different matrix elements. Techniques of merging are designed to remove this overlap, which
introduces an ordering procedure with associated cut-off scale Qcu:. The cut-off scale is chosen
arbitrarily, so a smooth transition with no dependence from the chosen cut-off value is desired.
There are various merging algorithms that implement this , including CKKW [128, 129], MLM
[130] and CKKW-L [131] at LO and MEPS@NLO [132] at NLO.

4.1.5 Hadronisation

Due to the confinement property of QCD, free quarks and gluons are not observed in nature.
As the parton shower evolution approaches the non-perturbative regime interactions between
partons become strong and they are recombined in colour-neutral hadron states. This process is
called hadronisation. Because this occurs at an energy scale of the order the QCD scale (Aqcp),
where the strong coupling constant a,, becomes large, it cannot be calculated in perturbation
theory. There are two main phenomenological models that describe hadronisation: the Lund
string model and the cluster model. In some MC generators, such as HERWIG 7 and SHERPA, the
cluster model is implemented. Others, for example PYTHIAS, employ the Lund string model.
Since physics is in this case limited to phenomenological models, it is important to understand
any differences on the final results when using different models. If the differences are clearly
understood, this can be used to assess the systematic uncertainty associated with the choice of a
particular hadronisation model.
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The Lund string model relies on the fact that the QCD potential between a quark and antiquark
becomes linear at large distances. As the quarks are pulled apart, the energy stored in the gluon
field increases. Eventually the energy stored in this “QCD string” can become so large that the
string breaks into two new strings. The process of string-breaking can continue until the strings
do not have enough energy to be separated into substrings. When the energy falls below this
threshold, quarks and antiquarks combine into colourless hadrons. [133]

The cluster model is based on the observed pre-confinement property of parton showers. This means
that colourless clusters can be formed from the partons in the parton shower. Any gluons from
the parton shower are split into quark-pairs. The mass distributions of these clusters can be
calculated from first principles and has no dependence on the momentum transfer () of the hard
process. This means that the cluster formation has the same properties in all events. The clusters
are finally matched to a spectrum of hadrons, where heavy clusters may “decay” into lighter
clusters first. [134]

As part of this PhD work, the effect of using different parton shower and hadronisation models
was studied in t¢ and dijet events. This study, which shows discrepancies in mass-dependent

observables for both ¢t and dijet events, is documented in Appendix A.

Regardless of the hadronisation model that is used, heavy hadrons and excited states have short
lifetimes and decay within the detector volume. In fact, heavy decays are the main process of
interest for flavour-experiments like LHCb. There are dedicated software tools available to decay
excited states, one of which is the EVIGEN package [135] that focuses on heavy-quark states.

So far we have obtained a simulated event-record with detailed information of the outgoing
particles and their associated four-momenta. This concludes the “theoretical” aspect of event
generation, which has so far been independent of the detector that is used to measure events

empirically.

4.1.6 Detector simulation and digitisation

The only experimental access we have to measure proton-proton collisions is through a detector.
Therefore, the last steps in the production chain are the simulation of interactions between final-
state particles and the detector components, and finally the digitisation of detector signals. To do
this, there are various fundamental complications that we need to acknowledge. First, due to the
detector geometry and used materials there is a finite experimental resolution. Second, we have
seen in Section 4.1.2 that due to MPI and the underlying event, different interactions give rise to
multiple detector signatures in a single bunch crossing. These can be hard-scatters or soft QCD

(minimume-bias) events.

The main software for full simulation of the ATLAS detector is GEANT4 [136-138]. This fully
simulates magnetic bending in the ID and MS, hits in the trackers and energy depositions in the
calorimeters. With many particles in the event record as a result of the parton shower, hadro-
nisation and hadron decays this requires significant CPU resources: the processing of a single
event typically takes several minutes. While GEANTA4 is still the default simulation software for
centrally produced ATLAS samples, fast simulation (FastSim) workflows like AtlFast3 [139] mit-
igate the computational overload of detector simulation with efficiency maps, smearing tools
and machine learning techniques for the most expensive aspects of the full detector simulation.
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Development of FastSim technologies is needed to keep up MC production with growing exper-
imental datasets and is an active research area for all major LHC experiments. These methods
are not yet as accurate as the full GEANT4-based detector simulation, but great improvement in
both speed and accuracy has been achieved over the last decade [139].

Up until this point the simulation of pile-up was dealt with separately from the simulation of
the hard-process and MPI. Digitisation is the final step, where detector hits are converted into
electronic signals and timings (“digits”) that are read out from the experiment. This is also where
pile-up is introduced, because the detector material and consequently the TDAQ system respond
to the sum of activity that is measured. Additional pile-up collisions are overlaid over the hard-
scattering event, to match conditions conditions between “real” data-taking with ATLAS and
detector simulations. Pile-up events are based on minimum bias events, which includes mostly
soft QCD processes, simulated with Pythia8. At analysis stage, MC events are weighted to re-
produce the distribution of the average number of interactions per bunch crossing (x) in data, as

shown in Figure 3.10, in a process known as “pile-up reweighting” [69].

4.2 From electronic signals to reconstructed events

The goal of this section is to describe how electronic signals are turned into reconstructed events.
Ultimately this allows us to apply selection criteria, or “cuts”, on events during analysis, to de-
marcate a region of phase-space where we can map the experimental measurement onto theory.
The first step in this process is to determine how different stable, final-state particles interact with
the detector materials. In this context, “stable” means that a particle does not decay within the
ATLAS detector volume. We then classify digital detector signals, either from experimental data
or MC, signals as e.g. jet or lepton candidates and infer kinematic properties of the underlying
objects via the calibration procedure.

Many particles created in LHC collisions have lifetime so short that they decay into lighter par-
ticles before they can be detected by ATLAS. Therefore, we first discuss the reconstruction of
detector-stable objects in Section 4.2.1. Then, Section 4.2.2 summarises the procedure to clas-
sify more complex objects from stable objects, such as heavy-particle candidates that decayed
within the detector volume but also kinematic features such as the sum of (missing) transverse
momentum.® Cuts on objects or more general event properties define measurement regions to
scrutinise a certain region of phase-space. Section 4.2.3 discusses the typical event selections that

are common to most LHC experiments.

4.2.1 Reconstruction of detector-stable objects

Information from different detector subsystems is combined to reconstruct object such as lepton,
photon and jet candidates. This section covers the objects that are stable within the detector

volume.

3We never identify the underlying process in a single event, but in a large enough sample in a well-defined phase-space
we infer relative fractions of contributing processes.
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Electrons

In ATLAS, electrons are defined as objects consisting of a topological cluster with energy de-
posits in the EM calorimeter that are matched to a track in the ID. This discussion focuses on
the reconstruction of prompt electrons, referring to electrons that do not originate from b-hadron

decays.

EM calorimeter cells have expected noise from pile-up and electronics. We can define a signif-
icance N as the ratio between deposited energy in cells with respect to the noise level. Proto-
clusters are initiated from cells in the calorimeters where energy depositions reach above the
expected noise with significance of 4. In an iterative procedure, neighbouring cells with a sig-
nificance of 2 are added to the cluster(s). When two proto-clusters contain the same cell above
noise threshold, they are merged. In a last step, when no neighbouring cells match the prede-
fined threshold, the surrounding cells are added regardless of the energy deposited in them. This
algorithm is known as ‘4-2-0” topo-cluster reconstruction. [140].

Track reconstruction starts with hits in the ID layers. The pixel and SCT subdetectors assemble
clusters from these hits to form three-dimensional space-points. Three space-points are combined
to form track seeds. Additional clusters are added to form track candidates. Clusters can be
shared between multiple track candidates. These ambiguities are resolved by performing fits to
the track candidates to obtain a likelihood metric, where track candidates with a likelihood below
a predefined threshold are (iteratively) discarded in the track-finding algorithm [141-144].

Topological clusters that share an overlap within An x A¢ = 0.075 x 0.125 are combined into a
single cluster, and otherwise they are treated as two separate clusters. When clusters are matched
to ID tracks they are considered as electron candidates. After this cluster-to-track matching, the
energies of electrons are recalibrated because the initial cluster calibration is performed before
the final matching [145].

The electron identification algorithm is prone to the reconstruction of non-electron objects as
(fake) electrons. For example, hadronic objects can be misidentified as electrons. Alternatively,
non-prompt electrons from heavy-flavour decays can falsely be classified as prompt. To improve
the purity of selected electrons in analysis, different quality criteria on the identification and
isolation of candidate electrons can be imposed.

Identification algorithms use a likelihood discriminant, derived in a tag-and-probe method in
Z,J/v — ee decays, and additional kinematic criteria based on |n| and the four-momentum of
electron candidates to distinguish electrons from fake electrons. Different requirements define
three working points, optimised such that electrons in the chosen category are reconstructed
with a predefined efficiency. The Loose, Medium and Tight working points correspond to
an average reconstruction efficiency of respectively 93%, 88% and 80%, that increases with Et
[140]. The trade-off between keeping high efficiency but reducing the number of fakes ultimately

determines the choice of the working point, and is a choice specific to any given analysis.

Isolation variables take into account activity near leptons from either nearby tracks or nearby
deposits in the calorimeters, and can be translated to quality cuts to reduce contributions from
non-prompt electron candidates. The general idea is as simple as effective: for both track and
cluster variables the total amount of activity (i.e. tracks or energy depositions) around candidate
electrons are summed up, from which the electron contribution is excluded. The implementation
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of isolation criteria depends highly on the needs of the analysis. The Loose and Tight working
points cut on both the calorimeter an track isolation variable, whereas HighPtCaloOnly cuts only
on the calorimeter isolation variable [140].

Photons

The story of photon reconstruction is very similar to the one of electron reconstruction, with the
main difference that electrically neutral photons do not leave tracks in the inner-detector. As
photons traverse detector material, they can be converted into a pair of electrons before reaching
EMCalo. A distinction is made between converted and unconverted photons. A converted pho-
ton is a cluster matched to a conversion vertex, where unconverted photons are clusters matched
to neither an electron track nor a conversion vertex. Similarly to electrons, prompt and isolated
photons are selected by applying identification and isolation criteria. These criteria are defined
by a set of cuts on shower shape variables and calorimeter/track isolation variables respectively.

Muons

The reconstruction of muons in ATLAS depends mainly on track information from the ID and
MS, but energy deposits in the calorimeter are factored in to account for any energy losses be-
tween the ID and MS, as well as tagging of muon candidates without using information from the
MS.

Tracking muons in the ID follows the same prescriptions as for electrons. In the MS, hits in in-
dividual segments are combined into short, straight-line local track seeds. The information from
multiple segments is then combined to form initial track candidates, including loose constraints
of the magnetic bending of the muon trajectory and its relative orientation to the interaction
point. Muon trajectories are then obtained in a global x? fit, after which outlier hits are removed
and hits along the trajectory originally not assigned to the track included [146].

A classification of muon candidates can be made depending on which reconstruction algorithm
is used to combine information from the ID, calorimeters and the MS. “Combined muons” are
formed from a combined track fit to ID and MS hits, including energy depositions in the calorime-
ters. Alternatively, ID tracks can be extrapolated to the MS and if this satisfies tight angular
matching to at least one MS track we identify this as a “SegmentTagged muon” candidate [146].

Combined or SegmentTagged muon candidates are considered in the pi*+jets in Chapter 5.

As is the case with electron and photons, Loose, Medium and Tight identification working
points are defined to match different requirements on the efficiency of (prompt) muon identifica-
tion, as well as fake-muon and non-prompt muon background rejections. The main non-prompt
background for muons comes from heavy-flavour hadron decays, which can be mitigated using
criteria based on isolation requirements in the ID, calorimeter or a combination of both using a
particle flow algorithm [147].

Jets

As highly energetic particles produced in a proton-proton collision move away from the inter-
action point, they radiate energy in the form of soft quarks and gluons, ultimately leading to a
collimated spray of particles when these quarks and gluons hadronise and form bound states.
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These collimated sprays of particles are known as jets. It is important to note that jets are no
fundamental representation of nature and are only defined through jet algorithms that humans
have designed. This section summarises the main jet clustering algorithm that is used at the LHC
and experimental reconstruction techniques in ATLAS during Run-2 data-taking.

The field of jet physics emerged from early electron-positron colliders in the 1970s and 1980s
[148], and continued to be a subject of study in electron-proton colliders and hadron colliders in
the following decades. Pioneering algorithms to cluster energy depositions in detectors into jets
date back more than four decades [149], where current algorithms are broadly classified in two
categories. Sequential algorithms identify nearby energy depositions, cluster them, and sequen-
tially add neighbouring energy deposition until this reaches below some predefined threshold.
This leads to jets with a fluctuating area in (¢, n)-space. Notable examples include the k7 [150],
anti-kr [151] and Cambridge/Aachen (C/A) [152] algorithms. Cone algorithms combine parti-
cles within a fixed, conical angular region in (¢, n)-space to find stable cones that point in the
same direction as the momentum of its contents. An example is SISCone [153].

The selling point of cone algorithms is the regular shape of the resulting jets, advantageous in
experiments because of the simplified treatment of jet energy calibrations and subtractions of
noise from pile-up or underlying events. However, many cone algorithms are infrared unsafe,
meaning that soft or collinear emissions from final state particles lead to divergences in the jet
definition. Sequential clustering offers a more natural treatment of soft and collinear radiation
and is discussed below.

Clustering algorithms first define two distance metrics,

2

, AR,
dij = mm(k%’i, k%fj) R2] : ARfj = (yi —y;)? + (¢s + ¢;)? (4.8)

dip = k3%, (4.9)

where the first distance variable is between two entities ¢ and j, and the second one between
entity ¢ and the beam axis (B). The tweakable parameter R is known as the jet radius parameter,
where p determines the kr ordering of the clustering algorithm. Second, the minimum of the
entire set {d;;,d;p} is found. If d;; < d;p, entities ¢ and j are combined into a single entity (ij),
after which removing ¢ and j from the list of entities. Conversely, if d;; > d;p, entity i is called a
jet. This procedure is repeated until all entities are combined into jets (inclusive clustering) or a
fixed number of jets has been found (exclusive clustering) [154]. For simulated events, these “en-
tities” are stable final-state particles. As we will discuss in more detail later, experimental entities
constitute energy depositions in the calorimeters, charged-particle tracks or a combination of the
two.

The k7, Cambridge/Aachen and anti-k7 algorithms are defined by p = 1,0, —1 respectively.
By construction, the sequential algorithms are infrared safe. The anti-kr algorithm is the main
jet algorithm used at the LHC. The default tool that implements the anti-kr algorithm, among
many others is FastJet [155]. Opposite to the k7 algorithm, it first clusters high-kr objects and
gradually adds softer radiation to jet candidates. Generally, this leads to jet areas that are much
more regular than when using p = 1,0. The value of R effectively determines the size of the
jet and a priori has no “correct” value. However, R must be large enough to include all the
perturbative radiation emitted from a parton, and small enough such that it does not include too
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much additional hadronic activity from other sources, such as pile-up, the underlying event or
neighbouring jets. Typically R = 0.4 is used, but large-R jets enable jet substructure analyses
to study the Standard Model and BSM signatures in innovative ways. Jet substructure analyses
were initially proposed as a new Higgs search channel [156], but are now a common pathway to

study a wide range of phenomena in collider physics [157].

Experimentally, detector hits are the starting point for jet reconstruction. The energy of jets is
in the form of charged particles (mostly 7* mesons), photons (from ¢ — 7+ decays) and neu-
tral hadrons (neutrons and kaons). In Run-1 and at the start of Run-2, ATLAS only used energy
depositions in the calorimeter to reconstruct jets [158]. This was improved towards the end of
Run-2, by leveraging information from ID tracks in addition to calorimeter hits. The methodol-
ogy of combining information from the calorimeter and inner detector is known as the particle
flow (PFlow) algorithm. Jets reconstructed with this algorithm are referred to as PFlow jets. By
combining information from both systems, the PFlow algorithm improves not only the precision
of the energy and angular resolution of jets, but also significantly reduces the contribution from
pile-up interactions in the ID region. Furthermore it extends the acceptance of the detector to
softer particles, as pr requirements of tracks are lower than the noise thresholds to trigger topo-
clusters [147, 159]. Jet vertex tagging (JVT) criteria match jets with the primary vertex to reduce
jets emerging from pile-up interactions [160, 161], which is extended to forward jets during Run-
2 [162]. Flavour-tagging algorithms exploit properties of b- and c-hadrons, such as their long
lifetime, high mass and decay multiplicity to identify the flavour-content of a jet [163].

Due to detector effects, the experimentally measured,”detector-level” energy of a jet can differ
from the true “particle-level” energy. Jet energy scale (JES) calibrations restore the jet energy to
the particle-level. This includes pile-up corrections, absolute jet energy scale calibrations based
on dijet MC events, and a series of multiplicative corrections (known as global sequential cali-
bration) to improve the jet resolution. Finally, in situ jet calibrations account for mismodelling
effects in both simulated detector interactions and the underlying physics process. These cor-
rections lead to JES uncertainties that are propagated into physics analyses. The jet response is
measured in both data and MC, and the ratio is applied to data as an additional correction [159].
The jet energy resolution (JER) can be parametrised as a function of transverse momentum,
olpr) _ N S
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with a noise (N) term, stochastic (S) term and a constant (C) term. JER measurements are

made in well-understood dijet events, where systematic uncertainties related to JER are prop-
agated through analyses by smearing jets according to a Gaussian function dependent on the 1o
variations in the uncertainty component [163]. From the entire jet calibration chain, this para-
graph highlights only the uncertainties related JES and JER because these are important inputs
to the calculation of missing transverse momentum. Consequently they have a big impact in the
PR tjets analysis in Chapter 5.

Jets initiating from the primary vertex with a b- or c-quarks are known as heavy-flavoured jets.
This type of jets leaves a distinctive signature because the primary heavy-flavour hadron typ-
ically travels a few millimetres before it decays leptonically, semi-leptonically or hadronically.
A large multiplicity of tracks will therefore point to a secondary vertex, located at a different
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position from the primary vertex. The impact parameter is a distance metric that quantifies this
effect for each track, and is defined as the closest point of approach between the primary ver-
tex and the tracks (pointing to the secondary vertex) extrapolated backwards. Flavour-tagging
algorithms exploit these characteristics to discriminate b- and c-jets from light-quark jets. Infor-
mation from impact parameters, displayed secondary vertices and decay chains of heavy-flavour
hadrons is combined and used as input for (multivariate) machine learning algorithms to provide
a single b- or c-tagging discriminant. Flavour-tagging is a rapidly evolving field that goes hand
in hand with developments in artificial intelligence. ATLAS used a combination of low-level and
high-level taggers during Run-2 [163], while advancements in graph neural network approaches
show even better performance in efficiency and light-quark rejection [164]. The performance of
such algorithms is quantified by the efficiency of reconstructing heavy-flavoured jets and the re-
jection factor of jets originating from lighter quarks. Naturally there is a trade-off between signal
efficiency and background rejection, and the optimal “working point” is based on the goal of the
analysis in question.

4.2.2 Reconstruction of complex objects

The ability to tag candidates for stable particles provides us with the power to zoom in further on
the underlying physics processes occurring in proton-proton collisions, in particular providing
smoking-gun evidence to work out which heavy particles may have been present in events be-
fore promptly decaying. The main recipe here is adding four-momenta of final-state objects and
working out kinematic and invariant quantities of the parent particles, but detector resolutions
and decays into invisible particles complicate the procedure.

T leptons

The 7 lepton has a lifetime of (290.3 & 0.5) x 107135 [165] so that it decays before reaching the
innermost layers of the ATLAS detector. Approximately two-thirds of T leptons decay hadroni-
cally via 7= — W~ (— hadrons)v,. The remaining third decays weakly into electrons or muons
with an equal probability via

7~ — W™ (= {v;)v,. Leptonically decaying 7 leptons are difficult to distinguish from events with
electron or muons, because phenomenologically they only differ in the multiplicity of neutrinos.
Hadronically decaying 7 leptons contains mostly pions such that their signature resembles that
of a narrow jet, with either one or three charged tracks depending on the pion multiplicity. These
hadronic decays are probed in ATLAS by reconstructing the visible component and separating
this from quark- and gluon-initiated jets using machine learning algorithms [166, 167].

Top quark

With a mass of approximately 173 GeV, the top quark is the heaviest fundamental particle in
the SM. As a result it has a lifetime of O(10725 s), so short that it decays before getting a chance
to form a bound hadron state. This is the only quark in the SM with this property, such that it
behaves as if it were a “free” particle. The values of the CKM matrix in Equation 2.27 indicate
that the coupling between top quarks and quarks from the first or third generations are highly
suppressed. Therefore, the top quark decays mostly via ¢ — Wb. In hadron colliders, top quarks
are mainly produced in pairs (also referred to as t¢ production), or in association with a b-quark
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or W-boson (single-top production). * Events with top quarks are identified by tagging on the
presence of its decay products: leptonic W decays (for reasons that we discuss below) and b-jets.

Missing transverse momentum

Missing transverse momentum (p'2*%) is a measure of the momentum imbalance in the trans-
verse plane. Inner detector tracks, energy deposits in the calorimeter and muons identified in
the muon spectrometer are used to reconstruct pfi*. The reconstruction process involves using
tracks to recover momentum from low-transverse-momentum (pr) charged particles that may
not be detected by the calorimeters. Additionally, muons reconstructed from the inner detector
help recover muons in areas not covered by the muon spectrometer. Calorimeter energy deposits
are associated with calibrated high-pt parent objects in a specific order: electrons (e), photons
(7), hadronically decaying T-leptons (1), muons (1), and jets. The p2'** is computed by summing

the negative momenta of the calibrated reconstructed objects, each projected onto the x and y

directions:
iss __ , miss,e miss,y miss, T miss, miss,jets miss,soft
Pa(y) = Pay) TPuy) TPat) tTPaty)’ tPa(y)” tPa) - (4-11)
hard term
The soft term, p;n(i;?’s‘)ft, is derived from tracks associated with the primary vertex but not with

any high-pr objects.

W and Z bosons

W-bosons decay hadronically or leptonically (W~ — ¢~ ;) with relative branching fractions of
67% and 33% respectively [165]. Due to a higher detector resolution for leptons than for jets,
events with W-bosons are predominantly measured via the leptonic decay. This poses a chal-
lenge because a significant fraction of the energy leaves the detector in the form of a neutrino.
The p2'** in an event can be used as a proxy for the neutrino’s transverse momentum. Therefore,
a combination of lepton requirements and a pi#s* cut can enrich a sample in leptonically decay-
ing W events. The longitudinal component of pF** (in the z-direction) is unknown so that the
invariant mass of the W decay products can not be determined exactly. However, the transverse

mass

mp = \/Qp’%p%ﬂss(l — cos Ag) (4.12)

is a quantity that uses all other measured information of potential leptonic W decays, except
from longitudinal directions. In this equation, p% is the transverse momentum of the charged
lepton and A¢ this azimuthal angular difference between the direction of p% and piss. The mt
distribution does not peak at my but at a lower value instead, because it only uses transverse
information of the decay and loses energy transmitted in the longitudinal direction. Nonetheless,
cuts on the transverse mass in an event can be implemented to enhance the purity of W — (v
decays. Distributions of mr and p% are also used in fits for precise determinations of myy, for
example in the 2023 ATLAS result [169].

Z-bosons couple to both electrically charged and neutral fermions. Decay rates into pairs of
quarks (excluding the top-quark), charged leptons and neutrinos are 69.9%, 10.1% and 20.0%
respectively. Hadronic decays can be reconstructed by measuring its decay products asjets, but at

4Recently, ATLAS also discovered the rare production of four top quarks [168].
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colliders this signature is difficult to distinguish from QCD multijet backgrounds. The decay into
charged leptons is more distinctive, with a fully visible final-state can be reconstructed precisely
due to good lepton resolutions. Constraints on the invariant mass of the dilepton system (1)
can improve the signal efficiency of events with leptonic Z decays. As we will see in Chapter 5,
the associated production of a Z-boson with jets, where the Z decays into a pair of neutrinos, is
the major SM contribution to signals of pf*S+jets.

Higgs boson

The coupling of the Higgs boson (H) to other particles in the SM is proportional to their respective
mass. The top quark is too heavy for a Higgs boson to decay into (my < 2m;). Therefore
the predominant fermionic decay mode is into a pair of b-quarks with a branching fraction of
more than 50%. Although H — bb is the predominant decay mode that is now actively studied
at the LHC, it is difficult to distinguish it from an overwhelming QCD background. For that
reason, the main focus in the early LHC days was on its decay into electroweak bosons that have
higher signal-to-background ratios with better experimental precision. It was the mainly the
combination of the H — ZZ®*) — 4¢ and H — ~y channels — both with sub-percent branching
fractions — that ultimately led to the discovery of the Higgs particle in 2012 [170, 171]. Because the
Higgs boson does not couple directly to massless particles, the decay into a pair of photons occurs
via loops diagrams. The v (via loop-induced processes) and 4¢ final-states are reconstructed
using techniques illustrated earlier in this chapter.

4.2.3 Event selections

With a better grasp of reconstructing complex objects and particles that decay in the detector, we
now enter the realm of physics analysis, where regions of phase-space are defined to zoom in on
specific processes. We discuss conventional analysis techniques and address technical hurdles to

ensure that any conclusions drawn from this are robust to the “messy” environment in a collider.

Phase-space selection

Phase-space definitions for analysis are a combination of physics goals (“what we want”) and
technical constraints (“what the detector allows us to measure”). In practice, it is an iterative

procedure to optimise the selections, cuts and general analysis strategy.

Selections can be categorised in two types. First, analyses can filter on the particle content in
an event. For example, a measurement of the W — ev process is enhanced in signal purity by
requiring events to have one prompt electron. Particle content can instead also be used as a veto,
or in other words not selecting an event if it contains a specific particle. Second, selections can be
imposed on the kinematic properties in the event. An example is a cut the minimal electron pr,
as the electron trigger may only reach full efficiency above a given value of pt. These cuts can
also be modified by physical constraints of the detector. For example, the use of particle flow jets
is restricted to the region with ID coverage |n| < 2.5. In some analyses kinematic properties are
used as inputs into machine learning algorithms, such as neural networks or boosted decision
trees, trained on simulated MC to optimise discrimination between signal and backgrounds. The
analysis strategy and event selections for the p*S+jets measurements are discussed at great
length in Section 5.1 and 5.2.
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Good run lists

Only events in the Good Run List (GRL) of ATLAS data are considered. GRLs keep track of var-
ious conditions during data-taking and select good luminosity-blocks, roughly the equivalent of
1-2 minutes of data-taking, corresponding to periods with no detector problems and all subde-
tector systems performing in good condition. Events are also discarded if there were problems
in the LAr system, SCT, Tile calorimeter or partial information is missing in any other way. The
latter can for example occur when software corresponding to a particular subsystem is restarted

leading to incomplete events.

Overlap removal

Various objects such as jets and leptons are constructed independently from the same detector
information. This can lead to ambiguities and a double counting of physics objects. Overlap
removal (OR) is a sequential procedure that aims to eliminate this type of ambiguities. Two
objects are compared in a pre-defined order and if there is geometrical overlap one of the two
objects is removed. The geometrical overlap includes close matching between objects in AR
or association to the same ID track. The overlap procedure used in the psS+jets analysis in
Chapter 5 is summarised in Table 4.1.

Reject Against Overlap Criteria

T Electron AR < 0.2

T Muon AR < 0.2
Electron | Muon shared ID track
Jet Electron AR < 0.2
Electron | Jet AR <04

Jet Muon Number of tracks < 3

and AR < 0.2

Muon Jet AR <04

Jet T AR < 0.2

Table 4.1: An ordered sequence of overlap removal criteria and decisions. The first column shows
which object is rejected against the object in the second column. Conditions in the third column
have to be fulfilled in order for the object to be removed. The sequence goes from the top to
the bottom, where the objects removed in the previous stage are not considered in the following
decisions. AR is calculated in the ¢ — y phase space.

Jet cleaning

Jet cleaning comprises a set of jet cuts to suppress fake jet backgrounds, mainly from calorimeter
noise, cosmic-ray showers and beam-induced backgrounds due to proton losses upstream of the
interaction point. The goal is to reduce these background while maintaining a high selection ef-
ficiency of collision-induced jets. Three discriminating features in jet reconstructions are used to
achieve this. First, the pulse shapes in LAr calorimeter cells for fake jets look different than those
from real jets. The measured pulse shapes are compared to expected pulse shapes from simula-
tion, to ultimately obtain signal shape quality variables. Second, energy ratio variables exploit
the expected direction of the shower development in the detector of jets from proton-proton col-
lisions. This mainly allows a suppression from beam-induced backgrounds or calorimeter noise,
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that are expected to be more longitudinally localised. For example, the fraction of the jet energy
deposited in the EM calorimeter (fgn) is peaked close to zero or one for beam-induced jets that
respectively deposit none or most of their energy in the EM calorimeter, while this is a continuous
spectrum for real jets. Third, track based variables exploit the fact that most real jets in |n| < 2.5
contain hadrons that leave tracks in the ID. The fraction of jet energy that was reconstructed in
the ID can also be used to separate this from fake jets that tend to leave no tracks in the ID. The
Tight and Loose jet cleaning criteria have a reconstruction efficiency of 99.0% and 99.5% for
pr > 100 GeV respectively [172], while reducing fake jets by a factor of 10000 and removing all
fake jets with pyr > 1 TeV [173].

4.3 Confronting theory with experimental data

So far we have discussed how to generate fully simulated proton-proton collision events from a
fundamental theory and how to reconstruct common objects from detector signals. This means
that we are really closing in on making an apples-to-apples comparison between theory and
experiment. Two representation levels of the data are best suited for this: “particle-level” and
“detector-level”. This section summarises the pros and cons for both sides, and outlines the
complementarity of precision Standard Model measurement and (BSM-driven) searches at the
LHC.

4.3.1 Particle and detector level

The representation of collision events with a full set of stable final-state particles is called the
particle-level. From here onwards this is synonymously referred to as the “truth-level” repre-
sentation. In MC simulation, the particle-level is conventionally represented as a tree-like event
record after the steps of hadronisation, heavy-flavour decays and QED FSR. However, as we
discuss in more details in Section 4.4, experimental data can be corrected back to the particle-
level via MC based corrections in a process called unfolding. Detector effects include geometric
acceptance, finite resolutions and inefficiencies. The representation where detector effects have
had an impact on data is the detector-level. This is also referred to as reconstruction-level. The
detector-level is directly accessible in the experimental dataset after object and event reconstruc-
tions defined in Section 4.2. Detector simulation is needed to map MC particle-level predictions
to the detector-level. The notion of particle-level and detector-level, and how to convert between
them, is summarised in Figure 4.2.

There are numerous reasons why one might want to re-use experimental data from a published
analysis later on. Consider a BSM search as an example. The measured phase-space may be
subject to SM backgrounds. If the SM background modelling is improved, the search results can
be re-evaluated using this updated SM prediction. Or, for instance, one might want to evaluate
the compatibility of the data with a set of BSM parameters different from those used in the orig-
inal analysis. Experimental results from detector-level analyses, once published, are difficult to
re-use. The main reason is that in addition to event generation an additional step of MC detec-
tor simulation is required. Detector simulation is computationally expensive and the necessary
GEANT4 configuration to describe ATLAS (or any other detector) is not readily available to people
outside the collaboration. Furthermore, detector-level results are at the risk of becoming obsolete
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Figure 4.2: Predictions of the underlying theory, i.e. the event record of final-state particles and
their associated momenta, are made with MC event generators. These are particle-level predic-
tions indicated in the bottom left histogram. Because data is only accessible through a detector,
physicists initially measure detector-level data, as indicated in the top right diagram. The truth
MC prediction cannot be validated to detector-level data, because the latter accounts for detector
effects while the former does not. There are two approaches to make a fair comparison. First, the
MC truth predictions can be put through the computationally expensive detector simulation to
make a comparison at detector level. The second option is to correct the data for detector effects
(i.e. unfold) and validate truth MC predictions to the unfolded data at the particle level.



Theory meets experiment 65

when the experiment is decommissioned and its detector simulation no longer maintained. In
summary, the widespread usability and longevity of results is hindered if they are presented at
detector-level.

So this is where unfolding comes in. Particle-level data is easily comparable to new theory mod-
els and directly usable by the entire community, and it provides shelf-stable results than can be
re-used far into the future. As demonstrated in Chapter 5, it is possible for particle-level analyses
to obtain signal sensitivities comparable with those from their detector-level counterparts. The
price to pay is that unfolding requires careful robustness checks and physics cross-checks, and
additionally encodes an assumption on the response of data events in the measurement. Whether
results are best presented at the particle-level or at the detector level depends on the goal of the

analysis, as discussed below.

Measurements and searches

Measurements are driven by known or expected SM processes and — while this is not a strict
definition — are most often presented at the particle-level. What matters most is getting the best
possible estimate of nature without detector dependence, or in other words what would be mea-
sured with a perfect detector in infinite resolution and perfect reconstruction efficiency. Results
are often presented as fiducial cross-sections, by dividing the recorded number of events by the
detector in a given bin by the detector-dependent integrated luminosity, oga. ~ Nevents/Lint.-
This enables a direct comparison between fiducial cross-sections collected under different beam
conditions and with variable integrated luminosities. These analyses have a high impact through
their reusability and long shelf life. Particle-level measurements have a wide range of applica-
tions; from PDF fits to MC event generator tuning and the validation of theory predictions. These
measurements can also be sensitive to BSM physics, either directly with BSM final states (e.g.
pRiss), or through loop effects and EFTs.

Searches are detector-level analyses optimised to discover BSM physics or rare SM processes.
They provide relatively quick discovery potential, but are not easy to reuse because any new pre-
dictions require costly detector simulation or approximations thereof. This also poses limitations
to statistical combinations between results that are obtained under different running conditions
or between different experiments. The main goal of searches is to maximise the significance of the
analysis to a specific class of physics models that is being tested against the SM-only hypothesis.
So far all BSM searches have found null results that are then typically converted into limits of the
parameter space for the model that was investigated. Results can be presented as (differential)
event counts and obtained limits. Despite the myriad of searches carried out by the experiments,
only a subset of all BSM scenarios and parameter configurations can be tested this way directly.
Furthermore, more often than not the search models are simplified versions that do not capture
the full phenomenology of the full model.

Measurements and searches both have pros and cons. Unfolding introduces a level of model-
dependence on the experimental data that needs to be accounted for with uncertainties. How-
ever, the same is true in detector-level analyses where (SM) backgrounds in the signal region are
typically constrained via control regions. This model-dependence of unfolding poses the risk of
smearing any effects, such as contributions from new physics, that are present in experimental
data but not in simulation. But again, the same is true for corrections applied in detector-level
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searches. Unfolding imposes restrictions on the minimum number of events in each bin for the
procedure to be well-behaved statistically. This is normally fine if you are doing a measurement:
the data is your signal, and the goal is to unfold and measure the data as it is. In a search this
potentially poses a problem. If the goal is to discover a specific signal model, it may be necessary
to go to extreme regions of phase-space to suppress backgrounds and isolate pure signal event

counts.

In summary, particle-level and detector-level analyses serve different purposes and are in many
ways complementary. Re-interpretability of measurements and the limited scope of BSM searches
are compelling arguments that in order to get as much information from hadronic collisions at
the LHC, the focus should shift more towards making re-interpretable measurements. There are
community efforts, see e.g. Ref. [174] to argue this point.

4.3.2 Final-state measurements

A conventional approach is to define a phase-space to measure an exclusive hard-scatter process
pp — X, with selections to enhance purity of X (or its decay products). Irreducible background
processes pp — Y that lead to the same final-state particles are then subtracted at the detector-
level before unfolding. The drawback of this method is that precious LHC data is contaminated
with model assumptions of the irreducible backgrounds: if the pp — Y cross-section is mismod-
elled, this mismodelling is directly transferred onto the experimental data during subtraction.

If improved pp — Y predictions come available, the “contaminated” dataset has become com-
pletely obsolete. Because the experimental data has a dependence on the mismodelled pp — Y
predictions, it is not possible to investigate the impact of the updated pp — Y modelling. This
leads to situations where entire analyses would have to be redone each time better estimates for
the subtracted backgrounds become available in the future. A solution is to define analyses in
terms of their final-state particles and remain agnostic about the underlying partonic processes
that contribute to this final-state. This removes a degree of model-dependence of experimental

data, making measurements more re-interpretable for future use.

An example of such a measurement is the p**+jets analysis in Chapter 5, which in the sig-
nal region accepts any process that contributes to final-states with large p2i%, regardless of the
underlying process. The dominant SM process that contributes is Z — vv+jets, but additional
contributions that are kept as signal include W — ev+jets or processes involving top quarks.
The pss+jets analysis and this thesis, particularly Section 5.7.3, prove that measurements of
the final-state i) are compatible with final-process measurements after unfolding ii) can be made
without compromising on the precision of the measurement and iii) demonstrate high sensitiv-
ity to BSM signatures. The additional level of re-interpretability makes final-state measurements
indispensable assets in the precision era of the LHC, getting as much information from current
proton-proton collisions and preserving that information for a lifetime. The virtue of final-state
definitions is also underpinned by the Reinterpretation Forum for LHC physics in Ref. [174].

4.4 Correcting for detector effects: unfolding

Unfolding is a technique to correct detector-level data for detector effects and determine a prob-
abilistic map to the particle-level. The crux of the problem is that unfolding operates on data that
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is not deterministic: interactions with the detector are instead of probabilistic nature and there is
an ambiguity where different particle-level distributions could lead to the exact same detector-
level results. In this thesis we focus on practical implementations of unfolding at the LHC, but
for Refs. [175-178] provide formal discussions on unfolding as an inverse problem.

Different statistical methods exist to address this, e.g. iterative Bayesian unfolding (IBU) [179] or
singular value decomposition (SVD) [180]. The common denominator is that all unfolding meth-
ods rely on particle-level and detector-level knowledge of MC simulations, and in particular the
link between them, to estimate and invert the detector response. Technically these are imple-
mented in computational libraries, for instance RooUnfold [181]. Section 4.4.1 gives an intuitive
introduction to the concept of unfolding, whereas Section 4.4.2 provides details on the iterative
Bayesian unfolding algorithm that is used as the unfolding method in Chapter 5. Practical tests
of the unfolding procedure are summarised in Section 4.4.3

441 General concept

Unfolding procedures rely on having both MC truth and detector-level predictions. As the sim-
plest possible case of unfolding, consider the measurement of a total fiducial cross-section:

detector-level __

Ng — N
Ofid

_— 4.13
1 Lint. ’ ( )

where Ng and Ng are the number of signal and background events respectively, and Liy. is the
integrated luminosity. This can be corrected for the detector response as

detector-level
T¥id.

particle-level
Tfid. = C (4.14)
Here, C is defined as the correction factor
Nﬁd.
C= 7N§§Rew : (4.15)
MC, Truth

where the numerator and denominator give the number of selected MC events at reconstruction
and truth level respectively. This correction factor can differ from unity when events are recon-
structed but do not pass the selection cuts at truth level, or vice versa. This could happen, for
example, when the four-momentum of a particle is mismeasured in the MC detector simulation
and consequently an event fails to meet an event selection cut. The C-factor in (4.14) corrects for
such effects.

Differential cross-section measurements are more complicated than the unfolding of a total cross-
section. In principle, a distribution can be unfolded by calculating a C-factor for every bin. How-
ever, a layer of complexion is added by the possibility of bin-migrations. Bin-migrations refer
to events that are reconstructed in a bin different from the particle-level bin. This can occur, for
example, due to finite energy resolutions or detector miscalibrations. When doing a bin-by-bin
unfolding using C-factors, migrations are not accounted for.
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4.4.2 lterative Bayesian unfolding

Detector effects and bin migrations are captured by the response matrix, that gives the probability
of an event generated in particle-level bin j being reconstructed in detector-level bin i. The re-
sponse matrix is purely derived from MC simulations by tracking particle-level events through
detector smearing. This matrix is then constructed for every observable that is unfolded and
measured in an analysis. The purity is defined as the diagonal elements of the matrix, which
is the fraction of events that are reconstructed in the same detector-level bin. The relation be-
tween the number of MC events in particle-level (p) and detector-level (d) bins can be expressed
mathematically as

aMe =R, (eﬂfpyc) + Fakes; , (4.16)

where R;; denote the elements of the response matrix and er the fiducial efficiency, i.e. the events
that pass particle-level selections but fail detector-level selections. In principle, relation (4.16) can
be inverted to express detector-level data as the unfolded number of events in a particle level bin

(u):

ufe = ;R; (d§*** — Fakes;) = éR;jl(dj) : (4.17)
For experimental data a term with “fakes” is included, that refers to instrumental noise at detector-
level that pass the event selections as reducible backgrounds. This contributes to the total detector-
level yields, but an estimate of this background can be made and subtracted before unfolding.
However, simple matrix inversion does not work in practice because large oscillations can occur
between neighbouring bins if the off-diagonal elements become non-negligible [176].

The matrix-inversion problem is a largely solved problem through the use of regularisation meth-
ods. One popular example, and the method used later on in Chapter 5, is the iterative Bayesian
unfolding (IBU) technique [179]. To understand IBU, it helps to interpret the response matrix
elements R;; as conditional probabilities:

However, the aim of unfolding is to answer the opposite question: what is the probability that
an event originates from particle-level bin j, given that it is reconstructed in detector-level bin 3?

The answer is found by using Bayes’ theorem:

P(d;|p;) P(p;
dy) = ( Ipéz (p,)
_ Rij'P(pj)
ij<di | pj) 'P(pj)

P(p (4.19)

J

=40

i s (4.20)

where 6;; can be though of as the unfolding matrix and P(p;) is a prior truth distribution.” It is

5The use of Bayes’ theorem in this step explains the nomenclature of the iterative Bayesian technique. However, note
this is technically not a Bayesian method and the posterior should not be interpreted as a Bayesian statistic.
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used to construct determine particle-level yields from the detector-level yields as

1
w= Y S 0ud;. (421)

J F

At first sight, the need for a prior truth distribution to obtain the unfolded result may seem wor-
rying. However, the regularisation bias that is introduced with the truth prior is reduced with
an iterative procedure: the posterior is used as the prior in a next unfolding iteration. Increasing
the number of iterations k reduces the bias. However, statistical fluctuations are amplified for
every iteration and hence there is an optimal point for the number of iterations. This bias can be
quantified as follows. By fluctuating detector level MC events according to Poisson statistics an
alternative pseudo-dataset is created. These fluctuated detector-level histograms can be unfolded
and compared with the truth MC, which should be in agreement within the statistical uncertain-
ties. Any non-negligible differences between the two can be defined as the regularisation bias
systematic. If the MC models the data reasonably well at truth level the unfolding converges
typically after two or three iterations. Systematic uncertainties on experimental data are prop-
agated point-wise through the unfolding, by re-running the unfolding process with alternative
versions of the response matrix corresponding to the 1o variations of the associated nuisance

parameters.

IBU is a popular method in high energy physics because it solves the problems arise with simple
matrix inversion. The technique is not only widely used in ATLAS, see for example Refs. [182-
184], but also in other experiments such as ALICE [185] or Super-Kamiokande [186].

4.4.3 Unfolding optimisation and tests

The binning of observables can be optimised to achieve higher purity and a minimum number
of events in each bin. This reduces the statistical uncertainties, in addition to dependence of bin-
migrations particularly in steeply falling distributions. In IBU the statistical uncertainty from the
unfolding increases with the number of unfolding iterations. However, a sufficient number of it-
erations is necessary to reduce the regularisation bias. A good MC modelling of the detector-level
data can help the unfolding to converge quicker and hence reduce the final statistical uncertainty
on the unfolded measurement.

Various tests can be made to test the robustness of the unfolding to the various inputs and to
determine associated uncertainties to the procedure. A closure test is a simple test in which
detector-level MC is treated as pseudodata and “unfolded’ back to the particle-level with the as-
sociated response matrices. By definition, the resulting particle-level distributions should match
exactly the original particle-level MC prediction. The regularisation bias assesses the dependence
of the unfolding on mismodelling effects, by reweighting particle-level and detector-level MC
to match the data, unfolding it with the nominal response matrix and comparing the unfolded
pseudodata to particle-level MC. Any residual differences are applied as an uncertainty on the
unfolded data, which is labelled the basic unfolding bias or basic unfolding uncertainty. This un-
certainty is restricted to reweighting for observables that are part of the main measurement in
the analysis. In addition, one can derive similar uncertainty estimates for the modelling “hidden
variables”. These refer to observables that are not presented in the analysis as the main results,
but can have an impact on the unfolded distributions indirectly. For instance, the measurement
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of a piss distribution is correlated to the hidden variable jet pr.

In signal-injection tests a BSM signal is added to the pseudodata to assess if the SM-based re-
sponse matrix does not hide away any new physics that may be present in the data. Finally,
different SM processes interact differently with the detector. To quantify the effect that the com-
position of multiple SM processes contributing to the same final state may have on the unfolded
results, process composition tests modify the relative SM contributions in the MC that is used for
unfolding and compare the nominal unfolded distributions to those corresponding to modified

compositions.



Chapter 5

Missing transverse energy in
association with jets

All the techniques outlined in the previous chapters ultimately serve two main goals: making
precision measurements of the SM and to search for new physics beyond the SM. The p2is+jets
analysis presented in this chapter does both. Measurements of various observables are made
in a phase space that is populated by well-known SM processes, but where sensitivity to BSM
physics is expected. It is the first inclusive measurement of pis* with the full ATLAS Run-2
dataset. Results are corrected for detector effects and by comparing these to both SM and BSM
predictions a quantitative interpretation is made. It extends and supersedes a previous ATLAS
measurement of pi** made with a 3.2 fb~! dataset [187] not only with better statistics, but also
with more robust object definitions (e.g. using PFlow jets), additional measurements regions and
data-driven techniques to estimate reducible and irreducible backgrounds. From the outset, this
analysis has been designed with re-interpretability in mind. The selected fiducial phase-space is
optimally re-interpretable, and the analysis logic and detailed numerical results are preserved on
Rivet and HEPData respectively.

The analysis strategy is outlined in Section 5.1, while specific details of the measured phase space
and observables are found in 5.2. Information on the used datasets, theoretical predictions and in-
strumental backgrounds is summarised in Section 5.3. Thereafter Section 5.4 gives an overview of
the systematics included in the analysis, with detector-level comparison for data and MC shown
in Section 5.5. After unfolding the detector-level data as detailed in Section 5.6, particle-level re-
sults are obtained that are presented in Section 5.7. The chapter concludes with the interpretation

of the measured data in terms of both the SM and BSM scenarios in Section 5.8.

5.1 Analysis strategy

The measurement is made with events containing missing transverse momentum (p2**) in asso-
ciation with energetic jets. This is the main signal region (SR). As discussed in Section 5.2.1, piiss
is defined as the negative sum of the transverse momenta of all particles detected by ATLAS.

As the incoming protons have no transverse momentum, conservation of momentum dictates

71
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Figure 5.1: Feynman diagrams for the inclusive monojet (a) Z — vv, (b)) W — fv, (c) A — xx
and (d) Z — ¢¢ processes.

that a momentum imbalance in the transverse plan (and therefore a non-zero p**) can only oc-
cur when some particles produced in the collision leave the detector unseen. The Z — vv+jets
process, as illustrated in Figure 5.1a, is a SM process leading to a final state with ps* because
neutrinos are not detected. The event display of a monojet event, with one energetic jet “bal-
anced” by a missing transverse energy component, recorded by the ATLAS detector is illustrated
in Figure 5.2.

However, the pi**+jets fiducial phase space has more SM contributions than Z — vv, for ex-
ample from W boson processes where the lepton is outside the detector acceptance as seen in
Figure 5.1b. Furthermore, the finite resolution of the detector and mismeasurement of the “true”
energy of the particles can also lead to fake p2'*. In terms of BSM physics, scenarios with dark
matter (DM) particles that leave the ATLAS detector unseen can lead to a final state with missing
energy. The Feynman diagram in Figure 5.1c shows an example for a mediator A that couples
directly to both SM quarks and DM particles x.

miss

While a precision pp'** measurement is the primary goal of this analysis, notice how the main
contributions of pfi**+jets with Z and W bosons have counterparts in final states with visible
leptons instead. For example, Z — wvv is kinematically very similar to the Z — /¢¢ process
shown in Figure 5.1d. For W — (v, the experimental reconstruction of / by the detector dic-
tates whether we see p2i%+jets or 1/+jets, but otherwise the process is the same. This motivates
four auxiliary measurements (AMs) of regions containing charged leptons, targeting the main
background processes in the pi**+jets SR. These are 2u+jets, 2e-+ets, 1u+jets and le+jets, with

major contributions from Z — puu, Z — ee, W — pv and W — ev respectively. In addition to the
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Figure 5.2: Event display of a monojet event recorded by ATLAS during Run-2. Blue and pink

energy towers are reconstructed as a highly energetic jet with pj{’t = 1.9 TeV and a missing trans-

verse momentum vector is indicated as a cyan dashed line. Figure taken from Ref. [188].

production of jets in association with massive W or Z bosons, we define a y+jets AM to measure
prompt, inclusive photon production. This latter process is not quite as similar to the processes
in the SR, but has better statistics as the production cross-section is larger relative to the other
AMs and provides a high purity with very little background contributions.

The AMs are used to constrain both theoretical and experimental systematic uncertainties. This
is exploited in two different ways. First, in a similar spirit to the 3.2 fb~' ATLAS measurement of
PR 4jets, an explicit ratio R™** is calculated between the fiducial cross sections of each auxiliary
region (AR) and the signal region with missing transverse momentum [187]:

pmiss _ _0fid. (Signal Region)

ofia. (Auxiliary Region) G1)
The cancellation of uncertainties by calculating these ratios is seen explicitly in Section 5.4. The
second way, and this is where the current analysis supersedes the previous ATLAS measurement,
is by providing differential distributions of the SR and AMs not just as a ratio but also individu-
ally. Systematic and statistical uncertainties are correlated between the different regions and this
is exploited in a combined fit, for example by profiling over the relevant nuisance parameters,

accounting for uncertainties in the covariance matrix or a combination of both.

The individual measurements significantly enhance the re-interpretability of this work. In terms
of MC modelling SM processes, there is the additional freedom to compare predictions only to
a single region. This has immediately proven to be useful. In Section 5.7 the unfolded cross-
section of the lepton regions are compared to theoretical predictions from the High Energy Jets
(HE]J) framework, which is not yet available in the Z — vv channel. In terms of limit setting for
BSM scenarios, using R™ works only if BSM contributes in either the numerator or denomi-
nator. In models where new physics signals appear in both the SR and the AMs, there may be
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Figure 5.3: Feynman diagrams for VBF topologies in (a) Higgs production and (b) production of
a DM mediator A.

unintelligible cancellation effects in the ratio. A separate measurement disentangles this issue.

But there are more ways in which this analysis improves the preceding 3.2 fb~' measurement. As
the first full Run-2 ATLAS measurement of pfi**+jets, corresponding to a total integrated lumi-
nosity of 140 fb™", the statistical uncertainty will be greatly reduced. Furthermore it introduces
the single lepton and photon channels.

Two different jet topologies are measured for every measurement region. The first one is referred
to as the > 1 jet (or “monojet”) topology. And as the name suggests, the jet selection is intended
to be as inclusive as possible by requiring the presence of only one energetic jet in addition to
P, the lepton(s) or a photon. The diagrams in Figure 5.1 are all examples of monojet topolo-
gies. The second phase space is enhanced in events undergoing vector boson fusion (VBF) and
requires the presence of at least two energetic jets. The measurement of this additional topology
is motivated by scenarios where BSM particles do not couple directly to quarks. The VBF topol-
ogy additionally allows the measurement of dijet observables, in this analysis the dijet mass m;
and the angular separation A¢;;. VBF-like topologies for both SM and BSM are illustrated in
Figure 5.3. Precise phase-space definitions and a motivation for the measured observables are
presented in Section 5.2.

The measurement is performed in two complementary approaches. In the first approach, only
the dominant SM contribution, which is always a vector boson plus jets process, is considered
to be signal. Subdominant contributions from other SM processes are subtracted from the data.
This is the “traditional” approach of a specific process measurement and is in this thesis referred
to as the dominant boson process (DBP) approach. In the second approach however, the phase
space is defined in terms of the fiducial final state. In other words, all sources contributing to
this final state are considered to be signal and no subdominant SM processes are subtracted
from the data. This is referred to as the target final state (TFS) approach or the inclusive piiss
measurement. In this TFS approach, modelling of the subdominant SM processes is disentangled
from the measurement itself. This degree of model-independence gives the analysis results a
much bigger impact, as future updates and improvements to SM theoretical predictions of the
subdominant backgrounds can be included and compared to the published data.

Each observable is unfolded for all combinations of final states, jet topologies, observables and
background subtraction methods. The impact of statistical and experimental uncertainties are
determined by re-running the the analysis with the variation applied and repeating the unfold-
ing. The R™s ratios are then constructed after unfolding. The particle-level measurements are
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Figure 5.4: Schematic overview of the measured regions, jet topologies and observables.

compared directly with different SM predictions, and are used to constrain BSM parameters by
comparing them to SM+BSM predictions. Figure 5.4 gives a global overview of all the measured
regions and phase spaces.

5.2 Phase space definitions and measured observables

The measurement is made in the fiducial volume of the detector, closely reflecting the actual
acceptance at detector-level, to minimize model-dependence and highly uncertain theory-based
extrapolations. Indeed, the motivating principle of this work is to extract measurements based
on what was actually observed in the ATLAS experiment. This section gives the object definitions
and event selections to define this fiducial phase space. We first discuss the choices and definition
of detector-level objects and event selections and follow this by the particle-level equivalent.
The final part is an overview of the event variables that are measured as the final, unfolded

differential distributions.

5.2.1 Detector-level objects

The following detector-level objects are considered in this analysis, which follow mainly from
practical constraints of reconstruction and calibrations at detector-level.

Electrons are reconstructed from tracks in the ID and clusters of energy deposits in the EM
calorimeters. The EM calorimeter barrel-to-endcap transition region, 1.37 < |n| < 1.52, is ex-
cluded in the analysis. Electron candidates are reconstructed from topo-clusters matched to ID
tracks. Three different categories of electrons are selected. First, veto electrons are defined by a set
of baseline requirements and are used to estimate the fraction of fake leptons. Requirements on
electron candidates include kinematic cuts, such as py > 7GeV and |n| < 2.47, and good object
quality, such as passing the Loose ID likelihood selection criteria. They need to pass the overlap
criteria in Table 4.1. Second, selected electrons in 1e+jets must satisfy, in addition to above criteria,
the Tight identification working point to reduce non-prompt backgrounds. The leading elec-
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tron is required to have pt > 30 GeV corresponding to a trigger efficiency of 88% for the Tight
electron candidates. Finally, selected electrons in 2e+jets are also required to pass additional crite-
ria with respect to the veto selection. The Medium identification working point is used, electrons
are required to be associated to a primary vertex and the leading electron transverse momentum
cut is pr > 80GeV. At this transverse momentum, the efficiency to select electron candidates
reaches a plateau of approximately 93% [189].

Topo-clusters in the EM not matched to any track or matched to conversion vertices are recon-
structed as unconverted or converted photon candidates respectively. Conversion vertices are
defined from one or two tracks, that are consistent with a massless particle decaying within the
ID. Photon candidates in the the y+jets region must satisfy Tight working points for both iden-

tification and isolation, rejecting photons from non-prompt backgrounds efficiently.

Similarly for muons, the veto muon category requires candidates to have pr > 7GeV and [n| <
2.5. In addition, they must pass the Loose identification requirements and the overlap removal
criteria in Table 4.1. Selected muons in 1u+jets and 2p+-jets must pass the veto selections, as well
as the Medium identification working point. The FixedCutLoose isolation working point [190]
is imposed to reject muons from semi-leptonic hadron decays. The transverse momentum is
pr > 7GeV in the 1p+jets region and pr > 80 GeV (pr > 7 GeV) for the leading (sub-leading)
muon in the 2u+jets region.

Hadronically decaying taus must satisfy Loose selection criteria and pass the overlap removal
in Table 4.1. Candidates must also have one or three associated tracks, corresponding to the one-
prong and three-prong decay modes respectively, and carry an absolute electromagnetic charge
of one. Taus that decay leptonically into electrons and muons are included in the electron and

muon reconstruction respectively.

Jets are reconstructed with the anti-k7 algorithm with a distance parameter R = 0.4. Inputs to
the jet clustering algorithm include both energy deposits in the calorimeter and charged tracks
measured in the inner detector, combined using the particle flow algorithm described in Sec-
tion 4.2.1. All jets are required to have pr > 30 GeV and |y| < 4.4. In the central region a Tight
set of jet-vertex-tagger (JVT), based on a combination of track-based variables, is applied. Jets in
the forward region (|n| > 2.5) must pass the similar Tight track-based fJVT working point. The
(HJVT requirements reduce the rate of fake jets originating from pile-up. Finally, jets must pass

the overlap removal procedure outlined in Section 5.2.3.

The ordering of jets in terms of their transverse momentum or (pseudo)rapidity can differ be-
tween particle level and detector level for a single event. The calculation of observables involving
angles between jets are often defined in terms of this jet ordering. This leads to non-negligible,
off-diagonal contributions to the response matrices used in the unfolding procedure. To suppress
this effect a truth-matching requirement is applied, matching the leading and sub-leading jets at
particle level and detector level within AR < 0.1. This increases the stability of the unfolding,
and causing the iterative procedure that is used to converge faster leading to reduced statistical
uncertainties on the final measurement. The truth-matching is taken into account when deriving
the matching efficiencies in the unfolding procedure, to ensure that truth-matching does not lead

to unphysical changes of the final results after unfolding.

Missing transverse momentum (p°) is calculated from Equation 4.11. In the auxiliary mea-



Missing transverse energy in association with jets 77

surement regions, the z and y components of the momenta from the respective leptons and pho-
tons are added to p§'*S, effectively treating them as invisible. This makes the event selection as
similar as possible to the p§s+jets signal region.

5.2.2 Detector-level event selections
The phase-space regions are defined as a set of cuts on detector-level objects.

There are six regions classified in terms of the number of leptons and photons, that each have
two subregions (> 1 jet, VBF) giving a total of twelve combinations. The event selections for the
phase-space regions in terms of lepton content are specified in Table 5.1. In spite of lepton-flavour
universality, the experimental acceptance of electrons and muons is different which is reflected in
the different cuts between the two lepton categories. Because high pi°!! events tend to have one
high pt lepton, the pr cut on the leading lepton is much larger than on the sub-leading lepton in
the di-lepton regions. This reduces events from the ¢t background which tends to have lower pr
leptons. The cut on di-lepton mass m, increases the relative rate of di-lepton production via a Z
boson propagator instead of a photon propagator. Additional cuts on real pf'** and m suppress
the background contributions from multijet events in the le-+jets region.

Attribute PR tjets | letjets | 2etjets | lutjets | 2utjets
lepton rapidity . 15|g|§§|31/\3; (;47 lyl < 2.5
leading lepton pr (GeV) - >30 >80 >7 >80
sub-leading lepton pr (GeV) - - >7 - >7
mee (GeV) - - (66 ,116) - (66 ,116)
mr (GeV) N (30, 100) - - -
P (GeV) >200 >60 - - -
precol (GeV) >200 >200 >200 >200 >200

Table 5.1: Requirements defining the five principal phase space regions of the measurement. For

the inclusive p2'* measurement, piiss = piecll. In the Z — vv measurement, it corresponds to

the pr of the Z boson. The dilepton mass and transverse mass are indicated with m, and mr
respectively.

The definitions of the two jet topologies are summarised in Table 5.2. Additional leptons and
hadronically decaying taus are vetoed. Furthermore, the cut on A¢ (jet, p**) vetoes events
with piiss closely aligned with jets, greatly reducing the instrumental (fake) piis* background
from multijet events. The single jet in the > 1 jet topologies requires a pr of at least 120 GeV
and needs to be within the tracker region. The selections for this topology are very similar to the
monojet signature studied in the ATLAS search with Run 2 data [191].

VBF processes typically result in two high-energy forward jets, coming from the the two quarks
that participate in the interaction and carry a significant fraction of the proton’s energy. Through
a colour-neutral interaction an additional vector boson is produced, which decay products are
distributed more widely across the detector. These are highly distinctive features of VBF pro-
cesses and by applying appropriate cuts the purity of VBF events can be enhanced. First, the
mj; and |Ay;;| cuts exploits the fact that the jets have a large energy and scatter off primarily in
opposite directions, respectively. The veto on jets produced in the gap between the forward jets
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Attribute >1ljet | VBF
(Additional) muons None with pr >7GeV,
In| <2.5
.. None with pr >7GeV,
(Additional) electrons Il < 137 or 1.52 < || < 2.47
. None with pr >20 GeV,
Hadronic 7 Il < 1.37 or 1.52 < |n| < 2.47
Ao (jet, pis) >0.4 for four leading pr jets
leading jet pt (GeV) >120 >80
sub-leading jet pt (GeV) - >50
lead jet |y| <24 <44
sub-lead jet |y] - <4.4
m;; (GGV) - >200
| Ay, - >1
In-gap jets - None with pr > 30 GeV

Table 5.2: A summary of the fiducial selections applied to the hadronic recoil system to define
the subregions of the measurement. The veto on ‘in-gap jets’ is applied to jets with a rapidity
lying between the rapidities of the leading and the sub-leading jets.

reduces multijet backgrounds, but keeps VBF events where the absence of QCD activity in this
region is in fact a distinctive VBF signature [192, 193].

Events are required to have at least one primary vertex with at least two associated tracks. Addi-
tional event quality selections outlined in Section 4.2.3 are imposed: only events from the Run-2
GRL are included and the recommended overlap removal procedure is applied at an event-by-
event basis. The leading jets must pass tight cleaning, while additional jet criteria suppress non-
collision backgrounds mainly caused by the calorimeters.

5.2.3 Particle-level objects
The following particle-level objects are used in this analysis.

Electrons and muons are required to be prompt, meaning that they do not originate from the
decay of a hadron. This analysis measures “dressed leptons”, objects created by adding the four-
momenta of photons within a cone of AR < 0.1 to the four-momentum of the lepton. Spatial cuts
follow the coverage region of the ATLAS detector. Hence the particle-level acceptance of muons
is |n| < 2.5, where the electron acceptance of 0 < || < 1.37 or 1.52 < |n| < 2.47 excludes the
crack region at the end of the ECAL barrel.

In the signal region, p2i* is defined as the magnitude of a vector, which is the negative sum
of two-momenta in the z and y direction of all visible final-state particles with || < 5. Muons
with |n| > 2.5 or pr < 7GeV are excluded from this sum, which ensures a matching to detector-
level criteria on muon selection. The pseudo-rapidity cut corresponds to the ID region to have
charged muon tracks while the pp cut matches the baseline detector-level selection criterion in
this analysis for muons. In the auxiliary measurements, there is no “true” p** but rather a boson
recoiling of the hadronic system. By treating identified charged dressed leptons (from either a
W or Z boson) and isolated photons in these regions as invisible, a quantity corresponding to
the momentum of the bosonic recoil system (pi¢°°™) is calculated in the same way as p2i** in the
pPisS+jets region. By marking the bosonic (decay) products invisible for the pie°!! calculation,
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the kinematics of this observable stay as similar as possible to the p** calculation. Note that in
the signal region pf=°il = ppiss,

Jets in the target final state approach are reconstructed using the anti-kr jet algorithm with a
radius parameter of AR = 0.4. All stable final-state particles are used as input to this algorithm,
excluding neutrinos, dressed muons and other invisible objects. Jets in the dominant boson
process definition are also constructed with the anti-kr jet algorithm with a radius parameter of
AR = 0.4, using all stable final-state particles as input except prompt leptons from W, Z, Higgs
and tau decays and prompt photons from Higgs decays. In both scenarios, the minimum leading
jet pr is 120GeV or 80GeV for the > 1 jet or VBF region respectively, with a rapidity cut of
ly| < 4.4. An overlap removal procedure is applied to remove any jets within AR < 0.2 range of
selected charged leptons. Jets containing a hadron from a tau-decay are classified as hadronically
decaying taus.

5.2.4 Particle-level event selections

It is important to emphasise that particle-level event selections are defined as closely to detector-
level selections to minimise extrapolations in the unfolding. Therefore, the same event selections
from Table 5.1 and Table 5.2 are applied at particle-level.

5.2.5 Triggers

Events for this measurement are selected using the two-state (hardware and software based) trig-
ger system described in Section 3.2.6. To find events that fulfil the definition of the fiducial phase
space, a set of missing energy, single-photon or single-lepton triggers is used. Events for the sig-
nal region require a transverse momentum imbalance in the calorimeter system and hadronic jets
in the final state. This analysis uses the lowest un-prescaled p2i*s triggers for the different years
of Run-2 data-taking. As the amount of pile-up increased throughout these years, the minimum
piss threshold was raised from 70 GeV to 120 GeV to suppress pile-up contributions. The p2iss
cut of 200 GeV in offline reconstruction ensures that all p'** triggers have reached an efficiency

over 99% [194].

Muons leave very little energy in the calorimeter, and therefore calorimeter-based p'** triggers
are used to select events with high-pr muons. Because the HLT does not use information from the
muon systems in the calculation of the trigger-level piiss, the same triggers from the piss+jets
region are used in the 1p-+jets and 2u+jets regions.

The selection strategy for the le+jets and 2e+jets region is implemented using a combination
of low- and high-pt single-electron triggers. Events in the low-pr region are selected with
two single-electron triggers, employing Tight selection criteria and minimum p thresholds
of 24(26) GeV in 20152016 (2017-2018). Because the relative rate of single-electron triggers is
lower in the high-pr region, less restrictive electron identification is required to enhance trigger
efficiency in this regime. Events satisfying either the low- or high-pr threshold trigger, with an
efficiency of approximately 97% for electrons with pt > 80 GeV, are retained. To account for
small mismodelling effects, within 5% for pr < 60 GeV electrons and < 1% for high-pr electrons,
simulated events are re-weighted by data-driven scale factors. Both statistical and systematic
uncertainties in deriving the trigger scale factors are propagated to the measured observables.
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Region ATLAS trigger Trigger requirement in HLT
2015:
HLT _xe70_L1XE50 ERiss > 70 GeV
2016:
HLT xe90_mht_L1XE50 Emiss > 90 GeV
. HLT xe110_mht_L1XE50 EXiss > 110 GeV
pr " tjets, 2017:
;Z i;::: & HLT xe110_pufit L1XE55 Emiss > 110 GeV
2018:
HLT xe110_pufit_xe65_L1XE50 EXiss > 110 GeV
HLT xe110_pufit_xe70_L1XE50 Emis > 110 GeV
HLT xe120_pufit_ L1XE50 Emiss > 120 GeV
2015:
HLT_e24_Thmedium_L1EM20VH Medium electron Et > 24 GeV
HLT _e60_lhmedium Medium electron Et > 60 GeV
HLT _e120_lhloose Loose electron Et > 120 GeV
2016:
HLT_e26_lhtight nod0_ivarloose Tight electron E1T > 26 GeV
HLT _e24_Thmedium nod0_L1IEM20VH | Medium electron Et > 24 GeV
HLT _e60_lhmedium Medium electron Et > 60 GeV
HLT _e60_lhmedium_nod0 Medium electron Et > 60 GeV
X HLT _e140_lhloose_nod0 Loose electron Et > 140 GeV
le+jets &
2e+jets HLT_e300_etcut Er > 300 GeV
2017:
HLT_e26_lhtight nod0_ivarloose Tight electron pt > 26 GeV
HLT_e60_1hmedium_nod0 Medium electron Et > 60 GeV
HLT _e140_lhloose_nod0 Loose electron Et > 140 GeV
HLT _e300_etcut E1 > 300GeV
2018:
HLT _e26_lhtight nod0_ivarloose Tight electron Et > 26 GeV
HLT _e60_lhmedium_nod0 Medium electron Et > 60 GeV
HLT _e140_lhloose_nod0 Loose electron Et > 140 GeV
HLT _e300_etcut Er > 24GeV
2015:
HLT_g120_loose Loose photon pr > 120 GeV
HLT_g200_etcut Er > 200GeV
2016:
HLT_g140_loose Loose photon pr > 140 GeV
. HLT _g300_etcut Er > 300GeV
~Y+jets

2017:
HLT_g140_loose
HLT _g300_etcut

Loose photon pt > 140 GeV
Er > 300 GeV

2018:
HLT_g140_loose
HLT _g300_etcut

Loose photon pt > 140 GeV
Er > 300 GeV

Table 5.3: A summary of the triggers used in the pi"*>+jets region, the lepton-based regions and

the single photon region [194, 195].
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To select events in the y-+jets region, trigger-level requirements include a photon candidate with
a minimum pr of 120(140) GeV in 2015 (2016-18) and Loose photon identification. To improve
the trigger efficiency at high-pr, only a pr selection is used in the range above 200(300) GeV in
2015 (2016-18). The used triggers are fully efficient in the phase space of the photon auxiliary
measurement.

A summary of all the triggers used is presented in Table 5.3.

5.2.6 Definition of observables

The monojet region measures p°°!! in both the signal region and auxiliary measurement regions.
In the signal region, piee°!! is by definition equal to p'**. This is the first Run-2, inclusive mea-
surement of this observable with ATLAS data. Because many BSM models involve particles with
large masses and energy scales, their decay into (stable) final state particles leads to a spectrum
with a relatively large contribution in the tails compared to SM predictions. Any deviations be-
tween the measured data and SM predictions can be a sign for new physics. This signature has
been studied extensively by various LHC experiments, in the context of dark matter, supersym-
metry, axions, invisible Higgs decays, dark energy and more [191, 196-199]. Measuring p='** in
an inclusive > 1 jet region is motivated by the fact that different BSM models have different jet
topologies, providing sensitivity to a broad range of theories.

miss

For the same reasons, p7'* is measured in the VBF region. Additionally, the VBF region is sen-
sitive to BSM models that, in terms of SM particles, only couple to electroweak gauge bosons
rather than quarks or gluons. The requirement of at least two jets opens the floor to an additional
measurement of dijet observables, in this analysis the invariant mass of the two leading jets m;;
and the angle between them A¢;;. The smoothly falling spectrum of the dijet mass is sensitive
to a local excess from BSM phenomena [200] which has been an active research area in ATLAS
since the start [201-204]. The angular observable A¢;; is defined as the angle between the lead-
ing (¢1) and sub-leading (¢2) jets: A¢;; = ¢1 — ¢2. This observables probes the CP properties
the particle produced by the VBF [205, 206], leading to more insights about both the (SM) Higgs

boson and/or BSM particles produced in this process, see Figure 5.3.

5.3 Datasets, Monte Carlo samples and detector backgrounds

This section describes the datasets used to make an unfolded, inclusive measurement of the ob-
servables and regions of phase-space described in earlier sections. The first ingredient is the
experimental data, as recorded by the detector, which is to be unfolded. The second ingredient is
theoretical predictions from MC event generators. The simulated events are used in two different
ways. First, in the unfolding procedure, and secondly to provide a state-of-the-art comparison of
the SM and BSM models with the measured experimental data. Datasets are accessible through
distributed computing resources at many physical locations that together form the LHC com-
puting grid (LCG)!, and may contain particle-level information (MC), detector-level information
(data and MC) or both (MC).

After describing the experimental datasets used in this analysis (Section 5.3.1), the event gener-

In practice, LHC physicists like to refer to this higher power as “The Grid”.
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ation software in ATLAS (Section 5.3.2) and data processing steps (Section 5.3.3) are introduced.
MC samples for the unfolding procedure are discussed in Section 5.3.4-5.3.6. This is followed
by a description of the truth-level samples used in the comparisons between unfolded data and
MC in Section 5.3.7, including SM-only samples to quantify the agreement between data and the
SM, and BSM samples to set limits on the parameter space of new physics. In addition to contri-
butions from scattering events in proton-proton collisions, instrumental backgrounds contribute
fake ‘events’ to the experimental data in the measurement regions. This section concludes by a

description of methods to estimate instrumental backgrounds in Section 5.3.8.

5.3.1 Experimental dataset

The LHC collided protons at a centre-of-mass energy of /s = 13 TeV from 2015 to 2018. During
this period, referred to as Run-2, a total integrated luminosity of 140 fb™" data for physics analy-
ses was recorded. A detailed breakdown of the luminosity (and the luminosity uncertainty) per
year of data-taking is presented in Table 3.1. The average pile-up per year was 18, 25, 38 and
36 in the years 2015, 2016, 2017 and 2018 respectively. The data is stored in containers that are
not only subdivided into different years, corresponding to different pile-up profiles, but also in
periods of data-taking under similar conditions (e.g. between two technical stops).

5.3.2 MC event generation in ATLAS

MC event generation in ATLAS is done through the dedicated ATLAS generator software ATH-
GENERATION. This provides direct, out-of-the-box access to numerous state-of-the-art genera-
tors, and more importantly ensures consistent usage of these tools and generator tunes in the
collaboration. The generator tools and event generation are configured via steering scripts in
Python, referred to as jobOptions (JOs), to define commands for ATHGENERATION to run. MC
datasets for analysis are produced and stored centrally by the Physics Modelling Group, where
experts on different generators verify configurations from the generator and provided JOs.

Events with a fully generated set of final state particles, in the EVNT format, are then used as
input to GEANT4 [136, 138, 207], for simulation of the interaction between final-state particles and
the ATLAS detector. Pile-up collisions are overlaid and pile-up reweighting is applied, following
the description in Section 4.1.6. The simulated interactions in the HITS format are digitized to
simulate detector outputs and stored as RDO files [137]. These outputs are fed through same
reconstruction and analysis chain as the experimental data, to evaluate efficiencies and migration
matrices used to correct for detector effects. The various stages of data-processing for both data

and simulation are summarised in Figure 5.5.

5.3.3 From raw data to derivations

After reconstruction and calibration from the trigger and data acquisition system, the primary
outputs are Analysis Object Data (AOD) files containing physics outputs like electrons, muons
and tracks. Although the primary AOD files are fully calibrated and aligned between data and
MC, they are not used directly in analysis. Analyses may only need a subset of the many triggers
that the main AODs contain. The ATLAS Derivation Framework takes the primary AOD and
creates derived AOD (DAOD) datasets. These select events with a particular physics goals and
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drop unneeded information, significantly reducing the size and therefore increasing the speed it
takes to run analysis selections over the datasets.

This analysis uses the “EXOT5 derivation” from the Exotics Working Group, tailored to monojet
signatures [208]. The EXOT5 skimming includes the requirement of online piss, single elec-
tron, single muon and single photon triggers. The offline requirement is a logical OR on either
calibrated jets (detector and particle level) or uncalibrated detector-level jets. More specifically
it selects a single high pr jet (pr(j1) > 100 GeV), or otherwise events with two high pr jets
(pr(31),pr(52) > 100 GeV) with additional requirements on dijet observables (m;; > 150 GeV
and An;; > 2.5).

5.3.4 MC samples used in unfolding procedure

Due to the inclusive nature of the measurement, various SM and BSM processes can contribute
in the p§i**+jets phase-space. The samples in this section are put through ATLAS detector simu-
lation to get both particle-level and detector-level information, and are used only in the unfolding
procedure.

Standard Model samples

The main V+jets samples, including a single W, Z/v* boson or prompt photon in association
with jets, are produced with the SHERPA v2.2.1 [85, 86] parton shower MC generator. This setup
provides NLO-accurate matrix-elements for up to two jets and LO-accurate matrix elements for
up to four jets, calculated with the CoMIx [210] and OPENLOOPSs [211] libraries. The default
SHERPA parton shower (based on Catani-Seymour dipole [121]) is used with a cluster hadronisa-
tion model [134]. The V +jets samples are normalised to a next-to-next-to-leading order (NNLO)
prediction [212]. A similar setup, but now using SHERPA v.2.2.11, is used for electroweak produc-
tion of a W or Z/~v* boson in association with two jets and up to one additional parton emission
at LO accuracy.

Diboson events with fully-leptonic decays are generated with SHERPA v2.2.2. Multiple matrix-
elements are matched and merged with the SHERPA parton shower based on the Catani-Seymour
ordering using the MEPS@NLO prescription [132]. Virtual QCD corrections for matrix elements
at NLO accuracy are provided by the OPENLOOPS library. Triboson samples are simulated the
same setup, where semi-leptonically decaying diboson samples have nearly the same setup but
use SHERPA v2.1.1 instead.

Events with top quarks are divided in four categories: t¢, s-channel and t-channel single-top
production, and tW associated production,. On-shell ¢t events are modelled using POWHEG-
Box [89, 90, 213, 214] v2 at NLO accuracy, interfaced with PYTHIA 8.230. The inclusive NLO tt
production cross-section is reweighted to NNLO (QCD) predictions including the resummation
of NNLL soft-gluon terms. Single top s-channel and t-channel production are modelled using
POWHEG-BOX at NLO in the five and four flavour scheme respectively. Associated production
of a top-quark and a W boson is also modelled at NLO in QCD using POWHEG-BOX in the five
flavour scheme. The diagram removal (DR) scheme [215] is used in nominal predictions to handle
overlap with t¢ production. An alternative prediction with the diagram subtraction (DS) method
[215] is used as uncertainty estimate for the interference between ¢t and ¢\ production.
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Figure 5.5: Data processing flowchart from experimental data (left column) and event generation
(right column) to derivations that are used in analysis. The data formats for each processing step
are indicated in parentheses. The illustrations are adapted from Ref. [209], kindly provided by
Louie Corpe.
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A summary of all fully simulated MC samples used in the unfolding is presented in Table 5.4.
Physics Process Generator Parton Shower | Accuracy of cross-section Tune PDF Set
QCD V +jets SHERPA v2.2.1 SHERPA v2.2.1 NNLO SHERPA default | NNPDF3.0NNLO
Y+ets SHERPA v2.2.1 SHERPA v2.2.1 NLO SHERPA default | NNPDF3.0NNLO
EWK V+dijets SHERPA v2.2.11 | SHERPA v2.2.11 LO SHERPA default | NNPDF3.0NNLO
V'V (fully leptonic) SHERPA v2.2.2 SHERPA v2.2.2 NLO SHERPA default | NNPDF3.0NNLO
VvV SHERPA v2.2.2 SHERPA v2.2.2 NLO SHERPA default | NNPDF3.0NNLO
V'V (semi-leptonic) SHERPA v2.2.1 SHERPA v2.2.2 NLO SHERPA default | NNPDF3.0NNLO
tt POWHEG-BOX v2 | PYTHIA v8.230 NNLO+NNLL Al4 NNPDEF3.0NLO
Single top (W't) POWHEG-BOX v2 | PYTHIA v8.230 NLO Al4 NNPDE3.0NLO
Single top (t-channel) | POWHEG-BOX v2 | PYTHIA v8.230 NLO Al4 NNPDE3.0NLOnf4
Single top (s-channel) | POWHEG-BOX v2 | PYTHIA v8.230 NLO Al4 NNPDE3.0NLO

Table 5.4: Simulated background event samples used in the unfolding procedure of this analy-
sis. The table shows corresponding matrix element and parton shower generators, perturbative
accuracy, underlying-event tune and PDF set.

Beyond the SM samples

BSM samples are used in signal injection studies, to test if the unfolding procedure is not biased
to the Standard Model and consequently “unfolds away” any signal that might be present in the
experimental data. In this analysis, this is done with Weakly Interacting Massive Particle (WIMP)
signals of type xx + jet, where x is a DM candidate. Events are simulated with POWHEG-BOX,
interfaced to PYTHIA 8.205 with the A14 tune [216].

Two variations of this simplified model are considered. In the first one, x ¥ production with spin-
1 axial-vector mediator exchanges [34] is simulated at NLO precision for different masses of the
DM candidates and the mediator. In this model, the couplings of the mediator to SM quarks
and DM particles are set to g, = 1/4 and g, = 1 respectively. For this choice of parameters the
narrow-width approximation remains valid. The choice of g, = 1 increases the probability of the
mediator decaying into DM particles, leading to missing energy signatures, instead of decaying
back to a pair of quarks which would lead to a dijet signature instead. The second model has
a similar final state, but is mediated by a spin-0 pseudo-scalar particle with a quark loop at LO
accuracy. Couplings to the mediator are both set to g, = g, = 1, and are motivated by the same
reasons as the axial-vector mediated scenario.

5.3.5 Normalisation of subdominant SM backgrounds

SM irreducible backgrounds are treated as signal in the final state measurement, as opposed to
the dominant boson approach where they are subtracted from the data. In both cases, a thor-
ough validation of the shape and normalization of the SM processes is needed to make a robust
measurement in both the signal and auxiliary measurement regions. The relative contribution of
the dominant process varies for the different regions and this is summarised in Table 5.5. Mis-
reconstruction of one or more leptons, when the lepton is out of acceptance or due to a detector
inefficiency, is typically the reason for background contamination from different processes.

Because it is not possible to measure leptons outside the detector acceptance, the shapes of these
backgrounds are normally taken from MC simulation. The MC modelling needs to be validated
in the phase-space of this measurement. The regions mainly suffering from large irreducible SM
backgrounds are pfi*+jets, le+jets and 1u+jets. A set of background control regions (BCRs)
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is introduced for the dominant SM background processes in these regions: W — v and top
processes. The 2e+jets, 2u-+Hets and y+jets regions have a high purity of the respective signal
process. In the latter regions, predictions are purely MC based taking shape uncertainties on
their cross-section (scale, PDF and «;) as systematic uncertainties.

Process PSS tjets SR 2e+jets AM  2u+jets AM  letjets AM  lu-tets AM  y+jets AM

Z = vv+ jets 55% 0% 0% 0% 0% 0%
Z — ee +jets 0% 94% 0% 0% 0% 0%
Z — pu + jets 0% 0% 95% 0% 2% 0%
W —ev+ jets 6% 0% 0% 68% 0% 0%
W — nv + jets 9% 0% 0% 0% 67% 0%
W — v +jets 20% 0% 0% 5% 7% 0%
v +jets 0% 0% 0% 0% 0% > 99%
tOp 7% 3% 2% 25% 21% 0%

rest 3% 3% 3% 2% 3% < 1%

Table 5.5: SM process composition for the signal region, the four lepton AM regions and the
gamma AM region, excluding instrumental detector backgrounds. Di- and triboson samples are
including in “rest”. For each measurement region, the process contribution from the dominant
process is highlighted in bold. This includes only theoretical SM predictions from MC generators,
but does not include any potential BSM physics that can contribute in this region.

The main background processes in p2i*+jets are W — ev, W — uv, W — 71v and top. For
each process, a BCR is defined by the “standard” p§i**+jets event selections and requiring the
respective lepton(s) in addition to this as shown in Table 5.6. The pistjets event selection has
no cuts on lepton rapidity or transverse mass, which is how the BCRs for W — ev and W — puv
differ from the le+jets and 2u+jets auxiliary measurements. The opposite-charge requirement
for the top region suppresses contributions from Z — ¢¢ decays. Comparison between data and
MC in the BCR regions shows a good shape agreement with varying normalization offsets. We
then introduce normalization constants of the different MCs and fit those a data-driven approach,

where the data, MC yields and normalization constants are related in the following way:
Data® — MCp,. = kw—eMCy e, + kw—wMChy_, 1, + kwrMChy_, 1, + k1opMCl,,, (5.2)

where Y indicates the background region, normalization factors are indicated by k£ and MCgkg'
refers to the remaining backgrounds in BCR Y from dibosons, tribosons and Z — ¢¢. A boot-
strapping method is used to obtain a statistical uncertainty on the scale factors and preserve any
correlations, by propagating bootstrap replicas of the scale factors to the rest of the analysis chain.
Systematic uncertainties on the scale factors are obtained by changing the definition of the BCR,
e.g. by increasing or reducing the lepton pr cut to 40 GeV or 20 GeV respectively.

The definitions of the W — ev-+jets and W — pv+jets BCRs for the pi*+jets signal region are
not orthogonal to the le+jets and 1p+jets auxiliary measurement regions. As the normalization
factors for these backgrounds are applied the SR in both the TFS and DBP approach, this intro-
duces correlations between the SR and the single-lepton auxiliary measurements. These turn out
to be very small and localised only to a few bins, but nonetheless these correlations are fully
accounted for using a bootstrap method.

A similar procedure is applied to validate and normalize backgrounds the le+jets and 1p+jets
region, which in this case are mainly events from W — 7v+jets and top processes (see Table 5.5).
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Background
control W — evtjets W — uv+ijets W — tvtjets Top
region
1 Medium, isolated electron
1 Tight, isolated electron | 1 Medium, isolated muon 1 Medium T 1 Medium, isolated muon
Selections opposite charge
lepton pr > 30 GeV
pass pisStjets event selections

Table 5.6: Definition of background control regions (BCRs) for the dominant pf*>+jets SR back-
grounds. For W — ev+jets and W — pv+jets the lepton identification working points are chosen
to be consistent with the AM regions where applicable.

Background
control Top for le+jets Top for 1p+jets W — Tv4jets
region

le-+jets event selection | 1u-+jets event selection 1 Medium T

. Njets = 6 Njets > 6 30 < mp < 100 GeV
Selections o
true pp'*® > 160 GeV
lepton pr > 30 GeV

Table 5.7: Definition of background control regions (BCRs) for the dominant le-+jets and 1u+jets
backgrounds.

The definitions of the BCRs for 1/+jets are summarised in Table 5.7 and resulting scale factors
applied to subdominant SM backgrounds in the signal region and le-+jets are presented in Ta-
ble 5.8. The fit favours a reduction of the top-quark MC samples. Because the top contribution
is much larger in the single-lepton channels than in the ps+jets SR (as seen in Table 5.5), this
is effect is more pronounced in the single-lepton regions leading to lower normalization factors
than the SR. A potential reason why this is different between the zero-lepton and single-lepton
regions, is that the tt contribution in the former is mainly due to the leptonic decay channel with
out-of-acceptance leptons, while the single-lepton channel ¢¢ events have both in-acceptance and
out-of-acceptance leptons. Nonetheless each background contribution, i.e. the top backgrounds
but also the QCD V +ets, is fluctuated up and down with 30%, leading to a negligible effect on
the final unfolded results and hence no additional systematic uncertainty is associated to this
relatively low normalization factor in the single-lepton regions.

5.3.6 MC reweighting for dijet mass distributions

The reconstruction-level m; distributions, comparing detector-level data to SM predictions from
MC generators simulated for the ATLAS detector, are presented in the left column of Figure 5.6.
This shows a clear shape disagreement between the data and MC. Historically, accurate mod-
elling of the m;;-shape in V +jets processes is proven to be notoriously difficult. Examples of this
date back to the previous generation of colliders experiments at Tevatron [217]. This is still a rele-
vant problem at the LHC: examples in ATLAS include Refs. [218, 219] for Zjj and Wjj production
at /s = 7TeV and /s = 8 TeV, but it is also observed at /s = 13 TeV for a measurement of Zjj
events [220].

Ultimately, this is an issue in Monte Carlo event generators that is also apparent in the SHERPA v2.2.1
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Region | Background MC | > 1 jet phase-space | VBF phase-space
W — ev-tets 1.09 £ 0.01 £ 0.01 | 1.10 % 0.01 % 0.02

s 4 tots region | 1V~ Hv-Hets 1.08 £ 0.01 +£0.03 | 1.11 4 0.01 4 0.04
PRI TEBION |y 10 fets 1.0840.01£0.03 | 1.13+0.01 +0.06
Top 0.97 +0.01 +0.01 | 0.98 +0.01 +0.03

Lotiots region | WV~ Tv-tets 1.10£0.01£0.01 | 1.10 £ 0.01 % 0.02
Jets res Top 0.78 £0.01 £ 0.02 | 0.70 +0.04 £ 0.05

Ly tiots region | W~ TvHets 1.1140.01£0.02 | 1.10+0.01 +0.03
prrjets reg Top 0.75 +0.01 +0.01 | 0.70 +0.01 + 0.03

Table 5.8: Background scale factor results in the pfisS+jets, le+jets and 1u+jets regions. The
first uncertainty corresponds to the statistical uncertainty from the bootstrap method, where the
second uncertainty is the systematic uncertainty from variations of the BCR definition.).

QCD V +jets samples derived for this phase-space. It is important to make the distinction be-
tween models used to predict a theory (in this case the SM) and those used to predict the effect of
the detector. For the unfolding, we are interested in the latter case. This motivates a data-driven
correction on the m;; shape of the SHERPA v2.2.1 QCD V +jets samples.

More specifically, an event-by-event reweighting procedure is applied to the MC sample to ac-
count for the m;; mismodelling, because a better agreement between data and MC modelling im-
proves the robustness and fidelity of the unfolding. The SHERPA v2.2.1 QCD V +jets samples are
well-understood and have been the main samples since the start of the analysis to validate and
optimise the unfolding procedure. Therefore, these are chosen to model the detector response in
the phase-space of this measurement. After the experimental data is unfolded, updated SHERPA
2.2.11 QCD V +jets samples are used to assess the agreement between data and MC at particle-
level.

In the VBF region, the reweighting functions are a fit to the raw, per-bin data/MC ratio for the
QCD V +jets processes, derived as follows:

i data’ — MCIZ:IOII V+jets (5.3)

RW - :
MCV+jets

where i indicates the bin index and RW is the per-bin value for the fit. The numerator gives an
approximation of the V+jets contribution in the actual data, and dividing this number by the
V +ets contribution in pure MC this ratio isolates the V' +jets mismodelling.

The m;; RW ratios are derived using the non-reweighted MC vs. data m;; histograms in Fig-
ure 5.6, using Equation 5.3. The plots in the right column of Figure 5.6 show the ratio RW' per
bin in blue. A fit is made to derive a more continuous reweighting function that mitigates sta-
tistical fluctuation between bins, which is implemented by interpolating an exponential function
for the low m;; region and a second order polynomial in the higher m; region. The functions are
interpolated with a hyperbolic tangent. This combination is found to provide the best fit to the
non-trivial shape of RW', where also higher order polynomials or a combination of solely expo-
nential functions have been studied. Still, in most cases the highest m;; bin, which suffers from
low statistics and therefore fluctuates the most, is not fitted easily by the polynomial. Therefore,
an additional degree is added to the fit, by fitting the last bin to a constant value and interpo-
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lating this with the polynomial using again a hyperbolic tangent. The full functional form is the

following:
F(mj;) = (1 —s1) - p3 exp (pam;) (5.4)
+s1-(1—s2)- (P5 +pe - (mj; —pr) +pa- (my; — PS)Q) (5.5)
+82-po (5.6)

with the swap functions defined as

s12(m;;) = 0.5 (1 + tanh (W>> (.7)
v

The v parameter in the denominator of the hyperbolic tangent defines the “width” of the tran-

sition region between the different fit functions. The fit to the RW' histograms are indicated in

orange in Figure 5.6. The large fluctuation in the highest m;; bin of the 2e-+jets region is not

included in the fit because it is contained within the large statistical uncertainty of that bin.

In the analysis code, which iterates over all the events in the MC samples, the m;; value is cal-
culated on an event-by-event basis. Then, if the given event passes the VBF region cuts and the
event is from a QCD V +jets sample, the event is reweighted according to the reweighting func-
tion for the corresponding region, using the fit parameters obtained from the non-reweighted

spectrum.
The following logic is applied on event-by-event basis to decide on the m; reweighting:

1. If it passes the VBF cuts and is a QCD V +jets sample: reweight event according to the
corresponding VBF RW function, fill histograms in VBF region according to the updated
weight.

2. Else, if it passes the VBF cuts and not a QCD V +jets sample: apply no m;; reweighting fac-
tor and fill VBF histogram. Note that in this scenario the event weight can still be different
from one, due to lepton scale factors or other weights applied in the analysis.

3. Else, if VBF cuts are not satisfied: event is vetoed and does not increment the VBF his-

tograms.

Validation plots for the m;; reweighting in VBF are presented in Section 5.5. The histograms are
scaled such that the integral matches that of the non-reweighted histograms in Figure 5.6. The
impact of m;; reweighting on the unfolded data is studied by using m; reweighted MC to non-
reweighted MC in the unfolding procedure and comparing the results, shown in Figure 5.7. The
residual difference is negligible compared to the statistical uncertainty on the data in discrepant
bins, and hence no systematic uncertainty is associated to this reweighting procedure.

It is worth repeating that the m; reweighting is applied only to the MC which is used as inputs
for the migration matrices, which are used in unfolding. The reweighting does not directly im-
pact the data yields and therefore does not bias the final unfolded result. The reweighted MC is
only used to predict the detector response of the data, and in Section 5.6.5 we answer the ques-
tion if this reweighted MC is robust to BSM possibly being hidden in the measured (unfolded)
data.
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Figure 5.6: Reweighting of m;; observable, where figures on the left show the detector-level data
and MC, with the corresponding binned ratio of data with non-V+jets processes subtracted to the
V+jets contribution, as in Equation 5.3, indicated as blue histograms in the figures on the right.
The orange lines indicate the best fits using Equation 5.4.
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Figure 5.7: Comparison between unfolded data with and without m;; reweighting applied to the
MC used in the unfolding procedure.
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5.3.7 MC samples for particle level comparisons

Particle-level predictions are used to quantify the agreement between the experimental data and
the SM in a fit, and to put bounds on the parameter space of different BSM theories. For these
predictions, no data-driven scale factors are applied, no m;; reweighting is applied and pile-up
events are not added.

Standard Model samples

Particle-level predictions are produced using the same generators and configurations as the sam-

ples used for unfolding, with the following exceptions.

As mentioned in Section 5.3.6, SHERPA v2.2.1 suffers from known modelling issues for QCD
V+jets processes. Therefore, the single weak boson MC samples are replaced with calculations
produced with SHERPA v2.2.11 and OPENLOOPS 2 [211, 221, 222], extending the matrix-element-
level description of additional emissions up to five jets at LO. The predictions are reweighted to
account for NLO EW corrections [223, 224], based on parton-level prediction for W/Z +jets from
Ref. [225]. Diboson samples also use SHERPA v2.2.11 and OPENLOOPS 2 for matrix-element calcu-
lations. The PDFALHC PDF set [226] was used, with QED effects from LUXqgp [227]. Top-quark
pair production samples are produced with SHERPA v2.2.11, using LO-accurate matrix elements
up to four additional partons and NLO-accurate matrix elements for up to one additional par-
ton. This setup constitutes the ‘nominal” NLO QCD V+jets prediction used in all regions of
phase-space and for all measured observables, and will be referred to as the “NLO prediction”,
referring to the highest order in the QCD V +jets calculation. Additional predictions are pre-
sented for both the > 1 jet and VBF region.

For > 1 jet, an alternative V +jets prediction is obtained by extending the reweighting procedure
to include NNLO QCD corrections from Ref. [225]. The stack that uses these NNLO-reweighted
V +ets predictions is referred to as the “NNLO prediction”. The NNLO predictions are used in

individual pi¢c©l! cross-section measurements and the corresponding R™** ratios.

In the VBF region, alternative V' +jets samples are obtained using the High Energy Jets (HE])
framework [228, 229]. This framework provides an all-order (in «,) description of wide-angle
QCD emissions for all relevant Standard Model processes. These corrections are relevant to the
VBF phase-space, as they improve the modelling for dijet pairs with a larger invariant mass or
rapidity gap. The framework is implemented in a generator [230], which is used for predictions
of processes with charged leptons of pi¢©ll, A¢;; and m;;. At the time of writing, the framework
is not yet implemented for Z — vv-jets processes and therefore no alternative prediction for the
pisstjets VBF region is available. Consequently, HE] predictions are not included for the R™
observable.

A summary of all particle-level MC samples used for the interpretation of unfolded data is pre-
sented in Table 5.9.

Beyond the SM samples

The motivation for making a particle-level, inclusive measurement of p'** is the sensitivity to
BSM physics and the ease of comparing different BSM scenarios to the experimental data. This
is demonstrated in the analysis with two models.
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Physics process Variation Generator Parton shower | Accuracy of cross-section Tune PDF set
NLO SHERPA v2.2.11 | SHERPA v2.2.11 NLO SHERPA default PDF4LHC
QCD V +jets NNLO SHERPA v2.2.11 | SHERPA v2.2.11 NNLO SHERPA default PDF4LHC
HE] HEJ 2.2 - NLO+NLL - NNPDEF3.0NNLO
YHets - SHERPA v2.2.1 SHERPA v2.2.1 NLO SHERPA default | NNPDF3.0NNLO
EWK V +dijets - SHERPA v2.2.11 | SHERPA v2.2.11 LO SHERPA default | NNPDF3.0NNLO
V'V (fully leptonic) - SHERPA v2.2.11 | SHERPA v2.2.11 NLO SHERPA default | NNPDF3.0NNLO
vvv - SHERPA v2.2.2 SHERPA v2.2.2 NLO SHERPA default | NNPDF3.0NNLO
V'V (semi-leptonic) - SHERPA v2.2.11 | SHERPA v2.2.11 NLO SHERPA default | NNPDF3.0NNLO
tt - SHERPA v2.2.11 | SHERPA v2.2.11 NLO Al4 NNPDEF3.0NLO
Single top (W) - POWHEG-BOX v2 | PYTHIA v8.230 NLO Al4 NNPDF3.0NLO
Single top (t-channel) - POWHEG-BOX v2 | PYTHIA v8.230 NLO Al4 NNPDF3.0NLONf4
Single top (s-channel) - POWHEG-BOX v2 | PYTHIA v8.230 NLO Al4 NNPDEF3.0NLO

Table 5.9: Particle-level event samples used to interpret unfolded data. The table shows cor-
responding matrix element and parton shower generators, perturbative accuracy, underlying-
event tune and PDF set. The three different QCD V+jets setups (NLO, NNLO and HE]) are
explained in more detail in the text.

First, a simplified model which extends the SM with an additional Dirac fermion DM candidate
X is considered [34]. The DM particles can be produced at the LHC via a mediator Z’ gauge
boson. Signal events with xx + jets final states are simulated using the same generator setup as
the BSM samples used for signal injection tests in the unfolding.

Second, signal samples for the two Higgs doublet model with a pseudo-scalar mediator 2HDM+a)
[33] are simulated with MADGRAPH5a_MC@NLO [92] with leading order accuracy and at one-loop
level. This takes into account all processes that produce a DM pair in association with up to two
SM particles or another DM pair. The matrix-element calculation is interfaced to PYTHIA 8.245 for
the parton shower and hadronisation, using the ATLAS A14 tune.

5.3.8 Instrumental (fake) backgrounds

ATLAS triggers on tracks and energy depositions in the subdetectors and uses these signals to
reconstruct objects. For different reasons, a combination of signals be falsely identified as a par-
ticular signal. For example, due to finite resolution of the hadronic calorimeters a multijet event
with a mismeasured pr of one of the jets can be classified as an event with large missing trans-
verse momentum. Or, leptons from heavy flavour decays can be mis-tagged as prompt leptons.
And what about cosmic muons accidentally traversing the muon spectrometer? These sources of
background are referred to as instrumental or “fake” backgrounds. This section discusses the im-
portant sources of instrumental noise in this measurement and methods obtain robust estimates
of the different fake contributions.

Fake missing transverse momentum

When jets are mis-reconstructed or mis-calibrated, this can appear in the detector as a momentum

miss

imbalance and hence give rise to fake p'**. Furthermore, heavy flavour hadrons inside the jets
can produce neutrinos that give rise to p**. In those cases, the p** will be aligned with the di-
rection of the jet. The majority of this background is therefore removed by the Ad(jet, piiss) > 0.4

miss

requirement, which is applied to p1'*® and the leading four jets. However, multijet events may
still result in fake p'** signatures when it receives contributions from several jets and the result-
ing fake piiss is not aligned with any of the jets. To estimate this residual multijet background,

a data-driven method is used. This is motivated by the fact that jet production cross-section is
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large, but the probability to generate fake p** is low. This would require a very large simulated
sample in a simulation-based approach and accurate modelling of the high-pr tails.

To this end the jet smearing method is used, similar to the procedure outlined in Ref. [231]. The
main idea is to start with a large sample with well-measured jets collected using a set of inclusive
jet triggers with different p’{ft thresholds. In this context “well-measured” means that seed events
require at least two jets, no leptons and low p2iss. A simple p2'* cut would bias the distribution
of the leading jet pr as they are correlated. Therefore, a cut on the significance of the missing

transverse energy S is used:

g =PI Z8GeV ) 05vGev, (5.8)

V2 Er

where /) Er is the scalar sum of the event transverse energy.

By fluctuating the four-momenta of these jets multiple times, with jet response-functions that are
constrained by data, a pseudo-dataset is obtained with the shape of the fake p2i** background.
For each seed event, all the jets with pr > 20 GeV are smeared 2000 times. Each fluctuation is
then considered as a separate event, for which the altered four-momenta are stored and the piiss
vector recalculated. This provides distributions for the fake multijet background with fake pfiss
up to about 2 TeV after applying the event selection cuts for the > 1 jet and VBF regions.

The normalization is extracted from a control region which is defined by inverting the cut on
the azimuthal angle between piss and jets to Ad(jet, piisS) < 0.3. By purposely aligning piss
with jets, this control region is enriched in fake the fake p#*** background. The approach is
validated in a region defined by the psS+jets requirements and 0.3 < Ag(jet, ppi*) < 0.4. In
this validation region, the multijet background represents a significant fraction of the first few
bins leading to a good agreement between data and MC in this region, as illustrated in Figure 5.8.
In the main pi*s+jets event selection, the multijet background contribution is much smaller than
in this validation region. In the > 1 jet region, it reaches up to 1% of the total event yield for
pieeeil < 300 GeV but falls steeply as a function of pir°°!l. The multijet background is around 1-2%
for m;; < 2TeV and is negligible for larger values.

Fake leptons

The main source of detector backgrounds in the lepton auxiliary measurements comes from “fake
leptons”. These originate from jets that are misidentified as prompt leptons or leptons from
heavy flavour decays. Even though leptons from heavy flavour decays are actual leptons, they
are classified as fake because they do not originate from as part of the prompt decay of the hard
scatter process of interest. The contribution from fake leptons is strongly suppressed by the
reconstruction algorithms, but any remaining contributions are estimated using a data-driven
method [233] summarised below.

The main goal is to derive an estimate of the number of prompt leptons (V) and the number of
background (fake) leptons (N®) passing the signal selections (S), but the ATLAS reconstruction
algorithms will only give a number of electrons for different selection criteria without knowing
the origin of the lepton. We define three categories of lepton identification:

1. Leptons that pass the loose criteria (L),
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Figure 5.8: The event yield in the multijet background validation region for the pf!* observable
in the (a) > 1 jet validation region and (b) the VBF validation region. Black markers denote the
data, and different SM backgrounds are shown as coloured histograms. The red hatched band
shows the full uncertainty assigned the multijet estimate, which is 100% on the estimated yield,
and vertical lines represent the statistical uncertainty on experimental data. In both plots, there
is a sizeable contribution from the multijet background in the lowest three pi** bins, where good
agreement between data and MC is observed within systematic and statistical uncertainties of
the multijet background. Figure from Ref. [232].

2. Leptons that pass the signal selections (S),

3. Leptons that pass the loose criteria but failed the signal selection (!S),

With these definitions, we can decompose the total number of leptons that pass the signal selec-

tions as

NF NE
Ns=N§ +N§ = N3 + NP5 = N['e" + NPeb. (5.9)
NL NL

Here €” and ¢® are defined as the efficiencies with which with a prompt or background lepton
respectively passes the signal selection, given that the Loose criteria are satisfied:

NE NE
==, LF=2 (5.10)
NL NL

Similarly, and expression is derived for the number of leptons that pass the loose criteria but fail
the signal selection:

Ng=Ng+NE= (N = NE) + (Ng = N&) = N[ (1 — &) + NE(1 - €°). (5.11)

Equations 5.9 and 5.11 can be combined in the following matrix equation:

P B P
Ns _ € € N{ 7 (5.12)
N!S 1-— EP 1-— EB ]VIIJ3
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To estimate fake electrons in the le-jets region, the “matrix method” is used. In this method, the
matrix equation is solved directly by inverting the matrix in Equation 5.12, to obtain the number

of background electrons in data that satisfy Tight requirements:

€B

B _ BarB __
Ns—f NL_GP_GB

((€" =1) Ns +€"Nis) , (5.13)

where the right-hand side of this equation only contains components that can be obtained using
event yields in measured data. The efficiency ep is estimated from simulation, and changes from
85% to 95% as the electron pr increases from 100 GeV to 600 GeV. The efficiency ep is estimated
in a data-driven way, in a dedicated region that is enriched in fake leptons by removing the cuts
on mr, real piiss and piee°il. In this region, events with “real” prompt electrons are simulated
and subtracted from the data. The efficiency ep falls steeply from 15% for electron pr ~ 50 GeV

to approximately 1% for pr > 500 GeV.

The resulting efficiencies ep and ep are binned in electron pr and 7. The final estimates of
the background contributions are validated in a dedicated validation region with the nominal
le+ets event selection but no requirement on my or p**, which shows good agreement be-
tween data and prediction after including the fake estimates. The relative contribution ranges
from approximately 5% at pte<°ll < 500 GeV to nearly 20% at pe<°!! > 1500 GeV in the validation
region, and drops to the 1% level in the actual le+jets AM.

The single-muon, di-muon and di-electron event samples have a high purity in the 1u+jets,
2p-+jets and 2e+jets regions respectively. This allows the use of the ‘fake-factor’ method to esti-
mate the fakes in these regions. This method starts from the same assumption in Equation 5.12,
where the number of non-prompt leptons satisfying Tight requirements is

B
NE = NP = —— (Nis = Nis) = F(Nss - Nfy), (5.14)
—€
where the ‘fake-factor’ is defined as F = €5/(1 — ¢B). The relation in the second step of Equa-
tion 5.14 can be obtained by multiplying NP with (1 — €?):

NP(1—€®) = NP — NP = NP — N§ = N2 = Ng — Ng (5.15)

This method uses simulation rather than data to estimate the real prompt-lepton contribution
(INf5) of the loose lepton sample, and relies on the fact that real-lepton kinematics and efficiencies
are well modelled in MC generators and simulation.

The efficiencies ¢® for the 1u+jets, 2u-+jets and 2e-+jets are determined in dedicated control re-
gions enriched in fake leptons, measuring events with two different flavour same charge leptons.
Fake contributions come for example from W +jets events where a fake lepton originates from a
quark decay. Event selections on jet pr (pr > 100 GeV) and m;; (m;; > 150 GeV) make the fake
regions kinematically more similar to the measured lepton regions. The fake efficiencies are con-
structed by subtracting the prompt MC component from data, for both Loose and signal criteria,
and dividing them following Equation 5.10.

For muons, the fake efficiency is found to be a flat 5% up to a lepton pr of 30 GeV, after which
it linearly increases to approximately 55% for lepton transverse momenta up to 1TeV. The to-
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tal fake muon background is 5% and < 1% in the 1u+jets and 2u+jets event selection respec-
tively. The €® for electrons in the 2e-jets selections rises up to approximately 25% for lepton
pt < 20GeV, and goes up to 31% for a pr of 110 GeV. Across the differential distributions at
detector level, the fake electron background in the 2e-+jets region does not exceed 1% of the total
estimate.

Non-collision background

Muons produced in cosmic-ray showers, beam-pipe interactions from the proton-proton beam
or interactions between residual molecules and the proton-proton beam can lead to background
signatures in the ATLAS detector. They can leave significant energy depositions in the calorime-
ters that are constructed as jets. If this happens in-time with a proton-proton collision, this can
lead to a large pis* signature. This type of background is referred to as the non-collision back-
ground (NCB), because it does not originate from the colliding proton beams as opposed to the
fake multijet background. A characteristic signature of this type of fake jets is that it peaks at
¢ = 0,7. The contribution of this background is reduced significantly by the jet selections on
the leading jet, such as the (f)JVT requirement. The residuals are estimated in a data-driven ap-
proach, exploiting the different timing properties between signal jets from hadronic collisions
and jets from the NCB. The NCB estimate is at the order of per mille relative to the total num-
ber of events expected from SM processes for the lowest p'** region in the > 1 jet topology, i.e.
200 GeV < piiss < 240 GeV, and decreases further as p* increases. This estimate is equally
small in the VBF region.

5.4 Uncertainties

5.4.1 Statistical uncertainties

The bootstrap method [234, 235] is used to propagate statistical uncertainties on detector-level
data through the unfolding and preserve correlations between bins across different observables,
phase-space regions and jet topologies. It is a powerful technique that generates pseudo-datasets
from the nominal dataset, based on random numbers generated from a Poisson distribution cor-
responding to statistical fluctuations. This can be thought of the outcome of the experiment in
a parallel universe, or an answer to the question what would happen if one was to repeat the
experiment under identical conditions.

In this description, the nominal refers to unmodified values of events and histograms from data
or MC event generation, before the bootstrap method is applied. In collider experiments the
total number of events in the nominal dataset N,ominal, OF in other words the size of the dataset,
is a Poisson distributed variable. In the bootstrap method approach used in this analysis, for
each event in the nominal dataset a unique weight is sampled from a Poisson distribution with
a mean of unity. When applying the unique weights to each event when filling the histograms
in the same way as for the nominal dataset, an alternative histogram referred to as “bootstrap
replica” is obtained.

This procedure of resampling from a Poisson distribution can be repeated for any desirable num-
ber of bootstrap replicas, to generate a given number of alternative datasets and assess the impact
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Figure 5.9: Distribution of one thousand unfolded bootstrap replicas for both the (a) lowest
(200 GeV < pmiss < 240 GeV) and (b) the highest (p2s* > 2.6 TeV) bin of the piiss observ-
able in the p2i*+jets > 1 jet region. The “nominal value” indicates the nominal number of
events reconstructed in a given bin. For every bin, including those not shown in this figure, the
shape follows a Poisson distribution. This indicates that the chosen number of bootstrap replicas,
Nieplica = 1000, yields a sufficiently large number of data points to reliably estimate the statistical
uncertainties and correlations with Equation 5.16.

of statistical fluctuations on the measurement. It allows us to track correlations between different
bins and in addition, as we will see in the next paragraph, is used to propagate statistical uncer-
tainties through the unfolding and calculate statistical uncertainties on experimental data as the
RMS from the bootstrap ensemble.

The sums of independent Poisson variables with a mean of unity is itself a Poisson variable,
which has a mean equal to the summed means: Pois(N) = ZZ\LI Pois(1). As a result, the size of
the replica datasets will follow a Poisson distribution with mean Nyominal. In this analysis, one
thousand bootstrap replicas are generated for each nominal histogram. With a Poisson distribu-
tion of mean A = 1 there is a 36.8% probability of sampling zero, which essentially removes a
given event for the bootstrap replica. There is the same 36.8% probability of sampling a weight
of 1, assigning the same weight to an event as in the nominal dataset, while an event will be
double-counted with a probability of 18.4%. Figure 5.9 shows the number of events in differ-

miss

ent bins of the ps> observable in pii**+jets region for the > 1 jet topology generated for the
thousand generated bootstrap replicas. In each bin, this clearly replicates a Poisson distribution

centred around the nominal value it was sampled from.

After generating N,epiica bootstrap replicas, the statistical covariance between any two variables,
which can be the bin values in the case of a binned analysis, is calculated as
Nreplica

! (a; —a)(b; —b), (5.16)

=0

COV(a,b) = N
replica

where a;, b; correspond to the measured variables in bin a, b for the bootstrap replica with index
i and @, b indicate the nominal values. From this formula, it is a straightforward generalisation
to derive the statistical error for each variable as o, = /COV(a, a) or o, = \/COV(b,b), and the
statistical correlation as p,, = COV(a,b)/(040)-

Equation 5.16 captures the key features and beauty of the bootstrap method, allowing the corre-



Missing transverse energy in association with jets 99

lation between different bins to be understood qualitatively. Bins a and b in Equation. 5.16 can
be within the same histogram, but importantly they can also be bins of in different observables
or different measurement regions altogether. Consider an event with label X that is measured
in bin y and bin z of two different observables, and the sampled Poisson weight for this event is
w’. There can be other events that end up in bin y and 2, but also events that end up in either y
and not in z and vice versa. An example if an event that passes the cuts for the VBF region and
is reconstructed in bins of p;r<°!!, A¢,; and m;;. There is also overlap between the > 1 jet region
and the VBF region as they are not completely orthogonal, so a single event can end up in > 1
jet distributions as well as VBF distributions. For the bootstrap replica i, the bootstrapped value
of y; can then be expressed as y; = w' + Zﬁi‘%“““afl Pois(1) ~ wY + Pois(Nyominal — 1), and

similarly for z;. The mean of Pois(NN? 1) is by definition N — 1, and we can therefore

nominal — nominal

express the difference between some replica value y; and the average ¢ as follows:

large Nreplica

1—-NY wh — 1. (5.17)

% Y —
Wx + N nominal —

(i —7) average nominal ~
If a large number of replicas is generated, this term will converge to a positive or negative number
for wi > 1 and wk = 0 respectively. The same argument holds for z, and as a result both terms
will be positive for w’ > 1 or both negative for w% < 1. In both cases, the contribution to
the sum of Equation 5.16 is positive, indicating a correlation between the two bins. If there are
more events that end up in both bin y and z, this effect is more pronounced and the covariance
increases. If no events from bin y end up in bin z, this effect is washed away by the random
weights and the covariance averages to zero. This is true at detector level and by unfolding each

bootstrap replica separately these correlations are propagated to the particle-level measurement.

Correlations between bins within a histogram are not present at detector-level and enter during
the unfolding procedure as migration of events between different bins can occur. By unfolding
each bootstrap replica of the ensemble separately, these correlations are accounted for. The self-
correlations within histograms and correlation across different histograms for the unfolded data
are presented in Section 5.7. These correlations are a key input for the fitting framework that
interprets the data in terms of the SM and BSM scenarios, and are also published on HEPData
[236] for re-interpretation purposes in Ref. [237].

5.4.2 Experimental uncertainties

Objects in ATLAS are constructed using tools where the output depends on calibrations, en-
ergy scales and and energy resolutions that each have associated systematic uncertainties. To
characterise the impact on the final results, a nuisance parameter (NP) is introduced for each
experimental uncertainty. The NP has a nominal value and uncertainty that is derived from cali-
brations for example. Each NP is varied by one standard deviation around its nominal value. The
effect on the analysis is evaluated by changing NPs one at a time, while keeping the other NPs
at their nominal value, and re-evaluating the measurement for this changed set of parameters.
This yields a unique set of results, including measured differential distributions and response
matrices, for each systematic uncertainty.

In this measurement, systematic uncertainties are propagated through the unfolding procedure
by repeating the unfolding for each NP with the associated response matrix and the nominal
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distributions of the data. In other words, experimental uncertainties are transferred onto the
data through the response matrices. The relative shift between the nominal distribution and the
distribution for a given NP shift is taken as the error on the unfolded measurement associated
to the corresponding systematic uncertainty. The resulting total, experimental error for a bin z is

calculated from the differences added in quadrature as

9 Nsyst 5
(Ug’(;—)) = Z (:Cnominal — Tsystematic n) s (5.18)

n

where the sum runs over all the systematic uncertainties Nyys:. The experimental uncertainties

evaluated in this analysis are detailed below.

Jet uncertainties related to the jet energy scale (JES) and jet energy resolution (JER) are evalu-
ated using samples dijet events in /s = 13 TeV proton-proton collisions as outlined in [159].
Two additional steps are taken to evaluate these uncertainties. First, JES uncertainties include a
"Jet Flavour” category related to energy scales whether the jet was initiated from a quark or a
gluon. The default assumption of a 50/50 split between quarks and gluons, and an associated
uncertainty of 100% each way on this, leads to needlessly large values for this uncertainty. A
gluon-fraction map is derived for the regions of phase space used in this measurement, with
corresponding custom JES-flavour uncertainties which are less conservative. This reduces the
overall JES uncertainty, the dominant source at low pi, in the pi*+jets region from values
between 5% and 2% to a range between 3% and 0.5%. Second, JER uncertainties make use of
random number generators to add additional smearing to jets, which therefore has a stochastic
component. A bootstrap method is used to evaluate the statistical component on JER uncertain-
ties, to mitigate spurious effects in sparsely populated bins of the measurement. An additional
smoothing is applied to control the shape of these uncertainties. There are over 40 NPs related to

jet uncertainties with up and down variations.

Electron uncertainties mainly come from the reconstruction efficiency and calibrations, and are
obtained from tag and probe measurement of J/1, Z — ete™ events [140]. This includes a total
of around 120 NPs with up and down variations, corresponding to reconstruction, identification,
isolation and trigger efficiency variations.

Muon uncertainties are derived in a similar way to the electron uncertainties, using J/¢/Z —
't~ events as outlined in [146]. Further uncertainties include 7-lepton calibration uncertainties
[238] and uncertainties on the soft piss term [239].

The luminosity uncertainties for the full ATLAS Run-2 data-set summarised in Table 3.1 are in-

cluded and lead to an additional luminosity uncertainty of 0.83% across all measured bins.

Uncertainties on the multijet background in the p2i+jets region are subject to statistical varia-
tions due to the smearing method. The uncertainty on this background is taken to be 100% of the
estimated yield. This has a small impact on the total uncertainty, because this background rep-
resent only a tiny fraction of events in the signal region. Fake lepton background uncertainties
are dominated by theoretical uncertainties, transferred onto the fake lepton contributions via the
MC estimates in the fake-enriched lepton regions. Further sources of uncertainty are statistical
errors, the smoothing procedure and systematic uncertainties from the method used, estimated
by varying selections of the fake-enriched regions.
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5.4.3 Unfolding uncertainties

The unfolding procedure introduces sources of systematic uncertainty that are described in more
detail in Section 5.6. These include the regularisation bias of the iterative Bayesian unfolding
procedure, the impact of hidden variables, the SM sample composition of the MC that is used for
the unfolding and the subtraction scheme used to account for interference terms in different top

processes.

5.4.4 Theoretical uncertainties

The uncertainties on the modelling of SM processes with MC generators are predominantly in-
troduced as scale variations. These are estimated using the prescription from Ref. [225]. In this
method, the renormalisation scale ;1 and factorisation scale pr are varied by factors of 0.5 and
2.0 to estimate the uncertainty associated to missing higher-order QCD corrections. The envelope

of in total seven factor-two rescalings,

(NR7 MF)

= (1,1), (2,2), (0.5,0.5), (2,1), (1,2), (0.5,1), (1,0.5), (5.19)
0

where 1 indicates the nominal scale, is taken as the uncertainty. This pure-QCD uncertainty
is labelled as 6(V K, vnpo- Constant scale variations affect the overall normalisation, but tend
to underestimate shape uncertainties. For this reason, an additional uncertainty to account for
possible differences in the shape of p¥ and m;; distributions in V-+jets channels is included.
These uncertainties, 62 K ~Npo and & ¢ (x)NLO, are derived by supplementing the standard
scale uncertainty § WK, (vNLo With a shape distortion

x z? —a?
Wshape(l') = tanh [ln <%>:| = m, (5.20)

where 20 is the midpoint of the variable (pY. or m;;) in logarithmic scale. This modifies the stan-
dard scale uncertainty by a factor of 1 < /1 + w3, .(z) < V2 [225]. These QCD uncertainties
are taken to be correlated between different observable bins, but uncorrelated between different
processes. The uncertainty of residual de-correlations between different processes are estimated
in a conservative approach detailed in Ref. [225], and are indicated with 63 K xyx1,0. Similarly,
truncation of the perturbative series of the EW coupling leads to pure EW uncertainties that con-
tribute to the error bars of the SM prediction. An uncertainty related to non-factorised mixing
of QCD and EW effects is included as § Ky,ix, estimated from the ansatz that this term is propor-
tional to the factorised contribution of EW corrections [225].

Following the PDFALHC prescription in Ref. [226], PDF uncertainties for the Hessian set are cal-
culated as the squared difference corresponding to the predictions of the nominal set and the
error sets. Combined PDF + o, uncertainties are evaluated by shifting the strong coupling con-
stant around its nominal value of oy = 0.118 with +0.001, calculating the “PDF only” uncertainty
for the modified values of «s and computing the final uncertainty from the residual differences.

Uncertainties on the inference between ¢t and tW production — as introduced in Section 5.3.4 —are
evaluated by using two different SM predictions for tW during unfolding, both corresponding
to a different diagram subtraction scheme.
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Process Region
pRisStjets letjets 2e+jets 1p+jets 2p+jets

Z —vv 17777960  (52.5%) 10.8 0.0 615.1 0.0
W —ev 2223531 (6.6%) 6687573  (69.1%) 2884 79.1 0.0
Z —ee 07 1359.3 139013.8  (91.9%) 0.3 0.0
W — pv  322193.0 (9.5%) 469 0.0 1887747.7  (67.1%) 80.7
Z — pp 94482 17 0.0 48357.3 (1.7%) 197438.1  (92.8%)
W — Tv 6780586  (20.0%) 53216.2 (5.5%) 21.1 202825.5 (7.2%) 7.1
Z — 71T 71046 2359.2 135.7 13345.0 129.2
Top 239772.5 (70%) 186560.6  (19.3%) 4021.2 (2.7%) 4379148  (15.6%) 4623.2 (2.2%)
Fake 27597.3 21135.9 (2.2%) 1747.2 (1.2%) 1262634 (4.5%) 2097.5 (1.0%)
EWK 406203 (1.2%) 142333 (1.5%) 2150.8 (1.4%) 388203 (1.4%) 2910.6 (1.4%)
Diboson 633182 (1.9%) 19468.9 (2.0%) 3908.9 (2.6%) 58663.5 (2.1%) 53711 (2.5%)
Triboson 6.1 32 1.8 16.1 26
Total 3388268.66 967153.44 151289.03 2814648.22 212660.05

Table 5.10: Event yields for the > 1 jet region for different SM processes and the instrumental
detector background indicated as “Fake”. The fractional contribution to the total yield is indi-
cated for the processes with a contribution larger than 1%. These numbers are obtained from a
simulated MC event sample that is reweighted according to the m;; reweighting procedure as
detailed in Section 5.3.6.

5.5 Detector-level results

In this section, comparison between reconstruction-level data and the SM predictions are shown
for the pi*+jets signal region and the le+jets, 2e-Hets, 1u+jets and 2u+jets auxiliary measure-
ments. The different contributions to the total SM prediction in the fiducial phase-space is indi-
cated as a stacked histogram. The figures also show the contribution from instrumental (fake)
backgrounds described in Section 5.3.8.

In each plot a ratio of data to MC is shown. Black markers show the statistical uncertainty on the
data and hatched blue region shows the total systematic uncertainties and statistical uncertainties

added in quadrature.

Observables for the > 1 jet and VBF regions are presented in Section 5.5.1 and Section 5.5.2
respectively.

5.5.1 > 1 jetregion

Comparisons between experimental data and MC for the p3iss observables measured in the > 1
jet topology are shown in Figure 5.10, with the corresponding total event yields summarised in
Table 5.10.

Every region has a different, dominant QCD V +jets process that corresponds to the lepton con-
tent of the final state. The differential histograms and event yield obtained using the MC samples
from Table 5.4, corresponding to the Sherpa 2.2.1 QCD V +jets samples. “Top” combines contri-
butions from single-top DS and ¢t processes. Small components that contribute less than 1% of
the total event yield are grouped into the “Other” category. “Fakes” refers to the fake, instru-
mental background for each measurement region, where the estimation techniques have been
described in Section 5.3.8.

The shape is reasonably well-modelled across the spectrum of pi¢°°!!, but there is a constant offset
varying between 10% to 20% where MC simulation under-predicts the event yield. This is un-
derstood as a MC mismodelling of the total cross-section, which may be improved by including
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higher order diagrams in QCD and EW in the cross-section calculation. The constant offset does
not impact the robustness of the unfolding: it is more important that the shape is well-modelled
and that the response of the detector is accurately represented. In Section 5.6.3 we assess the
impact of the discrepancy between data and unfolding MC on the final results. Any residual bias
after two iterations of the iterative unfolding procedure is added to the final unfolded spectra as

a systematic uncertainty.

Since the SM predictions underestimate the experimentally measured data, it is tempting to test
the compatibility of these observables with BSM signals. However, here it is important to reiter-
ate that these MC predictions are only used to model the detector response and not to assess the
compatibility with the SM. In Section 5.8 we quantitatively assess the agreement between data
and the state-of-the-art MC predictions at particle-level, including a discussion on the compati-
bility with two different BSM scenarios.

A breakdown of the systematic uncertainties is shown in Figure 5.11. Only sources that con-
tribute more than 1% in at least one of the measurement bins are displayed. For the piiss+jets
region, JES and statistical uncertainties are the dominant contributions at low and high pss re-
spectively. Because the fake piiss contribution is very tiny, as can be seen in Table 5.10, even the
conservative 100% uncertainty on the fake p2i* estimate does not contribute much to the overall

uncertainty.

In the single-lepton channels, uncertainties associated to the fake lepton background play a more
important role, and it is in fact the dominant source of uncertainty at low p<°!! in the 1u+jets
region. The “Top variation” uncertainty corresponds to using a different subtraction method to
account for overlap in single-top event generation. This effect is most pronounced in the high
p5eeell tails of the single-lepton regions. Section 5.6.4 describes how the top-variation uncertainty

is propagated into the final, unfolded measurement.

In the di-lepton regions, dominant uncertainties are the JES, statistical uncertainties and uncer-
tainties associated to the lepton reconstruction efficiencies.
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Figure 5.10: Reconstruction-level comparisons between data and MC for p2'* in the > 1 jet
phase space. Different components of the SM predictions are included in the stacked histograms
and experimental data is indicated as a black marker including the statistical uncertainty. The
bottom panel shows the ratio to the total SM prediction, blue hatched regions mark the combined
systematic and statistical uncertainty for the SM prediction. The m;; reweighting is only applied
to events in the VBF region, hence no reweighting is applied to the MC sample shown in this
figure. The event yield per bin drops multiple orders of magnitude as a function of p*°!l. The
leading-order MC prediction models this shape of the data well across the pye°°!! spectrum in the
five different regions, but there is an overall offset between 10-20% in the total cross-section.
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Figure 5.11: Relative contribution from different systematic uncertainty components at
reconstruction-level for pi! in the > 1 jet phase space. Only systematics with a contribu-
tion of > 1% in at least one of the bins are shown in the figure. For low values of ps<°!, the
jet energy scale (JES) uncertainties dominate, where statistical uncertainties become dominant
at large pie!l. For illustrative purposes this figure shows the symmetrised uncertainties, calcu-
lated as the average of the asymmetric error in each bin. Total Exp. (Sym.) is the combination
of statistical and systematic uncertainties and indicates the symmetrised total experimental un-
certainty. In subfigure (a), the fake p'*® uncertainty is largest at low ps* bins because that is
where the fake multijet background is largest and the uncertainty is taken to be 100% of the fake
yield. The single-lepton regions in subfigure (b) and (c) have a large top background, which has
an additional modelling uncertainty in light green, which is discussed in Section 5.6.4. Due to
the selection of two electron or two muons, the electron and muon uncertainties are large in the
di-lepton channels shown in figure (d) and (e) respectively.
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Process Region
pRiss {jets le-tjets 2e+jets 1p+jets 2u+jets
Z —swvv 2925471  (49.9%) 05 0.0 117.2 0.0
W —ev 40497 (7.1%) 108840.1  (72.9%) 45.0 11.2 0.0
Z — ee 1.3 305.9 224455  (87.5%) 0.2 0.0
W — pv 593526  (10.1%) 5.7 0.0 312026.6  (69.4%) 12.7
Z — pp 17772 0.2 0.0 8399.0 (1.9%) 321422  (88.4%)
W — 7v 1235388  (21.0%) 9062.1 (6.1%) 35 33496.3 (7.4%) 0.0
Z —» Tt 12367 401.8 21.3 2150.5 21.3
Top 21484.9 (3.7%) 145285 9.7%) 7848 (31%) 373498 (8.3%) 10113 (2.8%)
Fake 10775.3 (1.8%) 40519 (2.7%) 2659 (1.0%)  21855.1 (4.9%) 3274
EWK 26645.5 (45%) 9175.0 (6.1%) 14802 (5.8%) 25406.7 (5.6%) 2910.6 (1.4%)
Diboson  9319.7 (1.6%) 2881.7 (1.9%) 606.9 (24%) 8952.1 (2.0%) 827.1 (2.3%)
Triboson 1.3 0.8 0.4 3.3 0.5
Total 587627.02 149254.21 25653.44 449767.90 36344.52

Table 5.11: Event yields for the VBF region for different SM processes and the instrumental de-
tector background indicated as “Fake”. The fractional contribution to the total yield is indicated
for the processes with a contribution larger than 1%.

5.5.2 VBF region

miss

by

Comparisons between experimental data and MC for the pteeell

observables measured in the VBF
topology are shown in Figure 5.12. The total event yields for the VBF region are presented in

Table 5.11.

The fiducial cross-section for the VBF region is generally smaller than the > 1 jet region due
to stricter event-selections. Therefore, the pffe“’“ distributions in the VBF region have coarser
binning towards the tail to populate every bin with a sufficient number of events. Similarly to
the > 1 jet region, the overall shape is reasonably well-modelled and the data has an offset of
10-20% with respect to the modelled backgrounds.

Compared to the > 1 jet region, Table 5.11 show a larger relative contribution from electroweak
V+dijet processes. As can be seen from the differential distribution in Figure 5.12 this is more

recoil
pronounced for larger values of pt".

A breakdown of the systematic uncertainties is shown in Figure 5.13. Features similar to the > 1
jet uncertainty plots are present: JES dominates in the pss+jets region, where the single-lepton
and di-lepton regions have additional, large uncertainties from the fake-lepton estimation and

lepton efficiencies respectively.
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Figure 5.12: Reconstruction-level comparisons between data and MC for ps* in the VBF phase
space. Different components of the SM predictions are included in the stacked histograms and
experimental data is indicated as a black marker including the statistical uncertainty. The bot-
tom panel shows the ratio to the total SM prediction, blue hatched regions mark the combined
systematic and statistical uncertainty for the SM prediction. The m;; reweighting discussed in
Section 5.3.6 is applied to the MC sample shown in this figure. Similar to the > 1 jet region, the
MC models the shape of the data well across the pie°ll spectrum in the different regions, but
there is an overall offset between 10-20% in the total cross-section.
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Figure 5.13: Relative contribution from different systematic uncertainty components at
reconstruction-level for ps°°!! in the VBF phase space. Only systematics with a contribution of
> 1% in at least one of the bins are shown in the figure. For low values of pic°!, the jet en-
ergy scale (JES) uncertainties dominate, where statistical uncertainties become dominant at large
pieeeil, For illustrative purposes this figure shows the symmetrised uncertainties, calculated as
the average of the asymmetric error in each bin. Total Exp. (Sym.) is the combination of statistical
and systematic uncertainties and indicates the symmetrised total experimental uncertainty. Sub-
figure (a), like the > 1 jet region, shows largest uncertainties on the fake p2i** background in low
P bins, but there are some events at approximately 1000 GeV where the total MC cross-section
is relatively low, and hence the 100% uncertainty on the fake p2'** yield leads to a relatively large
uncertainty here. The single-lepton channels in figure (b) and (c) are prone to fake lepton contri-
butions across the piee°!! spectrum, and also to the modelling of the top-background particularly
at high pie°il. Similar to the > 1 jet region, the di-lepton channels in subfigures (d) and (e) have
relatively large contributions from electron and muon efficiency uncertainties as the phase-space

requires the presence of two leptons.
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mjj

Comparisons between experimental data and MC for the m;; observables measured in the VBF
topology are shown in Figure 5.14.

The QCD V +jets events populating these distributions have been reweighted following the pro-
cedure outlined in Section 5.3.6 to improve the modelling of the experimental data. To keep the
cross-section constant, the histograms are renormalised to the original cross-section of the un-
reweighted m;; distributions. This significantly improves the shape of the MC distributions, that
now give a reasonably flat ratio with respect to the data. The resulting shape is not 100% flat
due to the additional non-QCD V +jets backgrounds that not have been reweighted, and the MC
under-predicts slightly towards lower values of m;.

A breakdown of the systematic uncertainties is shown in Figure 5.15. The high m;; tails have
reasonably good MC statistics and therefore the JES is the dominant source of uncertainty across
the spectrum, except for the 2p+jets region where the JER is dominant in the highest m;; bin.

Adjj
Comparisons between experimental data and MC for the A¢;; observables measured in the VBF
topology are shown in Figure 5.16.

Jets have a cone size of AR = 0.4 which limits how closely they can be aligned in the detector and
still be resolved as separate jets. This slightly reduces the phase-space for small values (A¢;; ~ 0)
which is observed as a slightly lower event yield in this region. The relatively small number of
events at |[A¢;;| ~ 1 can be understood qualitatively from the A¢ (jet,p'*) > 0.4 cut. At
leading order, when exactly two jets and one vector boson are produced to match most event
selection criteria, momentum conservation requires the vector boson to be aligned with one of
the two jets, which is then rejected as A¢ (jet, pP=) < 0.4.

The leading contribution to the multijet events, used to estimate the fake backgrounds, are well-
measured dijet events with additional lower pr jets. Due to momentum conservation, the two
leading jets are produced roughly back-to-back with A¢;; ~ 1. If a spurious signal appears
elsewhere in the detector, this can be recorded as a fake p%“ss signature that is not aligned with
any of the leading jets. These type of events escape the A¢ (jet, p'*) > 0.4 cut and populate
the histogram bins mostly at A¢;; ~ £1. When the fake p** signature comes from the mismea-
surement of one of the leading jets, it will be vetoed due to the A¢ (jet, p**) > 0.4 requirement.

Therefore the fake contribution does not populate the central bins at values of Ag;; close to zero.

A breakdown of the systematic uncertainties is shown in Figure 5.17. The jet energy scale un-
certainties are the dominant source across most bins. Because the uncertainty of the fake piiss
background is taken to be 100% of the yield, its relative contribution is largest in bins with large
fake p'ss. This becomes the dominant source of uncertainty at A¢;; ~ +1 in the signal region.
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Figure 5.14: Reconstruction-level comparisons between data and MC for m;; in the VBF phase
space. Different components of the SM predictions are included in the stacked histograms and
experimental data is indicated as a black marker including the statistical uncertainty. The bot-
tom panel shows the ratio to the total SM prediction, blue hatched regions mark the combined
systematic and statistical uncertainty for the SM prediction. The m;; reweighting discussed in
Section 5.3.6 is applied to the MC sample shown in this figure, leading to a relative flat spectrum
that also partly mitigates the overall cross-section offset observed in the pie“°i! distributions.
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Figure 5.15: Relative contribution from different systematic uncertainty components at
reconstruction-level for m;; in the VBF phase space. Only systematics with a contribution of
> 1% in at least one of the bins are shown in the figure. The jet energy scale (JES) uncertainties
are the main source of uncertainty. For illustrative purposes this figure shows the symmetrised
uncertainties, calculated as the average of the asymmetric error in each bin. Total Exp. (Sym.)
is the combination of statistical and systematic uncertainties and indicates the symmetrised total
experimental uncertainty. The fake pi** background in figure (a) becomes increasingly smaller
at large m;; leading to a reduced associated uncertainty.
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Figure 5.16: Reconstruction-level comparisons between data and MC for A¢;; in the VBF phase
space. Different components of the SM predictions are included in the stacked histograms and
experimental data is indicated as a black marker including the statistical uncertainty. The bot-
tom panel shows the ratio to the total SM prediction, blue hatched regions mark the combined
systematic and statistical uncertainty for the SM prediction. The m;; reweighting discussed in
Section 5.3.6 is applied to the MC sample shown in this figure.
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Figure 5.17: Relative contribution from different systematic uncertainty components at
reconstruction-level for A¢;; in the VBF phase space. Only systematics with a contribution of
> 1% in at least one of the bins are shown in the figure. For illustrative purposes this figure
shows the symmetrised uncertainties, calculated as the average of the asymmetric error in each
bin. Total Exp. (Sym.) is the combination of statistical and systematic uncertainties and indicates
the symmetrised total experimental uncertainty. The fake p2'** background is largest around
|Ag;;| = 1, as in this region the event topology is such that there is a larger chance that the
mismeasurement of a jet leads to a fake imbalance in the transverse plane. As the uncertainty is
proportional to the yield and this region has a low cross-section due to the cut on A¢;; between
jets and piss, the fake piiss uncertainty dominates in this region.
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5.6 Unfolding

The detector-level results in Section 5.5 are corrected for detector effects to present them in terms
of particle level objects as defined in Section 5.2.3. Two complementary measurements are de-
fined: one in terms of the final state (the “target final state” or “inclusive measurement”) and one
in terms of the dominant boson process. This thesis considers only the unfolding of the former
measurement, where all processes in Section 5.5 are considered to be signal, except for the fake

contributions which are subtracted from the experimental data.

The iterative Bayesian unfolding technique is used to correct data for detector inefficiencies and
resolutions, and to account for bin migrations between detector-level and particle-level. The prior
used in this iterative procedure is taken as the particle-level MC predictions. Further details on
the unfolding technique are presented in Section 5.6.1, together with the inputs needed to per-
form the unfolding. Results of closure tests and optimisation studies for the number of unfolding
iterations are given in Section 5.6.2 and 5.6.3 respectively. The robustness of the unfolding proce-
dure is scrutinised further via SM process composition variations, BSM signal injection tests and
tests of bin migrations in Section 5.6.4 to 5.6.6. This analysis uses the VIPUnfolding framework
[240] as the practical implementation of the unfolding, which is an interface to the RooUnfold
package [181].

5.6.1 Method and diagnostic plots

In addition to detector-level data, the iterative Bayesian unfolding method, see Section 4.4.2, uses

the following simulation-based quantities to correct data for detector effects.

As the name suggests, the migration matrix accounts for events in a specific bin in a particle-level
distribution that can migrate to a different, neighbouring bin in the measured distribution. This
happens when the measured variable is reconstructed with a higher or lower value than its true
value. The migration matrix is filled by selecting events that pass the particle-level selections and
tracking their respective bins, and then selecting the corresponding detector-level bin where the
event is reconstructed. The entries are normalised by total number of particle-level events in a
bin to convert to a probability that an event in particle-level bin i is reconstructed in detector-level
bin j. This normalisation is chosen to give intuition how particle-level events ‘distribute” when
they are reconstructed at detector-level, and ultimately with the unfolding we want to invert this
probability to see which bin particle-level events from experimental data —in a given bin — would
have originally originated from.

The migration matrices for all measured observables in the pis*+jets region are presented in
Figure 5.18. Corresponding plots for the single-lepton and di-lepton channels are shown in Ap-
pendix B, and show similar trends to the p2'*+jets signal region.

When calculating observables involving angles between jets, such as A¢;;, ambiguities can oc-
cur. Since it is defined as the difference in ¢ of the leading and sub-leading jet, a sign-flip can
occur if the leading jet and sub-leading jet change order at the detector-level. Therefore we re-
quire both the leading and sub-leading jets to be uniquely matched between detector and particle
level within AR < 0.1. The small off-diagonal components in the corners of the A¢;; migration
matrices are the result of a sign flip when |A¢;;| ~ 1.
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Figure 5.18: Migration matrices for the p'**+jets region in the measured observables for the > 1
jetand VBF phase space. The corresponding matrices for the single-lepton and di-lepton channels
are presented in Appendix B. In all plots, the diagonal entries (i.e. the purity) is observed to be at
least 60%, which is found to lead to a reliable convergence of the unfolding within a small number
of iterations such that the statistical uncertainties from the unfolding procedure are reduced. For
a given bin in the p'** observable in figure (a) and (b), there is more migration to higher pi** bins
than to lower p'* bins. This is explained by the fact that these are steeply falling distributions
and that reconstruction of the magnitude of a vector, i.e. p2i%, at a slightly different value leads to
relatively more migrations to high p** bins. The m;; distributions fall slightly less steep and are
reconstructed from a combination of two four-momenta, which mitigates this effect and hence
the off-diagonal elements in subfigure (c) indicate that events migrate to either a higher or lower
mj; bin with approximately equal probability. The A¢;; migration matrix in subfigure (d) has a
very high purity, indicating that angular information on jets is retained very accurately between
particle-level and detector-level. Small migrations between bin index 1 and 20, corresponding to
Ag;; = —1 and A¢;; = 1 respectively, occur when one of the two jets flips sign in A¢;; between
particle-level and detector-level.
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The diagonal elements of the migration matrices indicate probabilities that an event is recon-
structed at the same bin at detector-level. Purity is defined as the fraction of entries in a detector-
level bin that are in the same bin at particle-level. This quantity is calculated by taking the ratio
of the number of diagonal elements to the number of events on the detector-level projection of
the migration matrix. Conceptually, the purity will only be 100% if all events in a detector-level
bin originate from the same particle-level bin. It does not drop below 100% if events from that
particle-level bin drifted off to another detector-level bin, as long as no events from other particle-
level bins seep in. The binning in this analysis is optimised to have a purity of at least 60% in
every bin with at least 20 reconstructed events. This ensures that the binning does not introduce
too many migrations between detector-level and particle-level due to resolution effects. Unfold-
ing is inherently a statistical procedure, so that a minimum number of events in each bin leads to

more robust unfolding and it reduces the final statistical uncertainty on the measurement.

The purity for the measured observables is given in Figure 5.19. The purity is highest for the A¢;;
observable, indicating that jets are largely constructed at the same radial angle between detector-
level and particle-level. The purity fluctuates around 0.7 (70%) for pt<°! up to the second-to-last
bin. This quantity is more sensitive to bin migrations because it is constructed from the sum
of transverse momenta of all measured particles and the boson pr. Similarly, a non-negligible
amount of bin migration is observed in the m;; spectrum which inherently depends of the recon-

structed momenta of the two leading jets.

The matching efficiency is defined as the fraction of events passing the particle-level cuts that
also pass the detector-level selections. This accounts for the efficiency and acceptance of the de-
tector, resulting in particle-level events that are not reconstructed and therefore not included in
the measured (detector-level) distribution. It can be calculated directly as the number of events
which pass both the particle and detector-level selections divided by the number of events pass-
ing the particle-level selection, as a function of the particle-level value of the variable being con-
sidered. The reconstruction matching efficiency plots are shown in Figure 5.20.

miss

The efficiency is lowest for the le+jets region due to cuts on the real-p7™° and the transverse
mass of the W. The p*+jets region, with no leptons to reconstruct, has the highest efficiency.
This pattern is seen across all the different distributions.

Where the matching efficiency corrects for events that are “missed” by the detector, the oppo-
site can also happen. If an event fails the particle-level selections, it can still pass the detector-
level selection due to the finite detector resolution. This is quantified by the fiducial fraction,
which is calculated as the number of events which pass both the particle and detector-level se-
lections divided by the number of events passing the detector-level selection, as a function of the
detector-level value of the variable being considered. Plots for the fiducial fraction are illustrated
in Figure 5.21.

The p*s+jets region suffers from events where the W decays leptonically. If they fall within
the fiducial (particle-level) phase space definitions, the particle-lepton veto rejects this event.
However, due to lepton reconstruction efficiencies at the detector-level, these event can escape
the detector-level lepton veto and be included in the detector-level measurement. The le+jets
region has a real ps* cut of 60 GeV. Since p2** is a sum over all visible particles in the event,
this variable is very dependent on detector resolution and can vary between particle and detector
level, which offers an explanation for the low fiducial fraction in this region.
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Figure 5.19: These histograms show the purity in the pss+jets signal region and auxiliary re-
gions for the unfolded observables, which is at least 60% in every bin. The purity is very simi-
lar for the signal region and auxiliary regions because they have largely the same binning, and
kinematic selections for the lepton regions are defined to match the signal region as closely as
possible. The highest pi¢°! and m;; bins in figures (a), (b) and (c) have high purity because the
binning is very coarse and inclusive, i.e. if some event would be reconstructed in at a higher
value at detector-level, it would not migrate to a higher pt°°!! or m;; bin because there is none.
Similarly, the lowest pi®°! and m;; bin have relative high purities because migrations values be-
low the lower bin edge lead to migrations out phase space.
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Figure 5.20: Matching efficiency for the observables that are unfolded in this measurement. The
piecell observables in (a) and (b), as well as the m;; observable in (c) have a the lowest efficiency
for the lowest pte°°!! or m;j; bin respectively. Particle-level events in this bin that are reconstructed
below the minimum value of 200 GeV cannot migrate to a lower bin but instead fail the minimum
p5eeel or m;; requirement and are hence not matched between particle and detector-level. As ex-
plained in the text, the efficiency is lowest for le+ets due to cuts on real pi™** and the transverse
mass of the W. The reconstruction efficiency is slightly better for 2e+jets. At low pi°! the ef-
ficiency is similar between 1u-+jets and 2u+jets but due to detector resolution high pr muon
events are lost, which is more pronounced in the region that has two muons to reconstruct. The
efficiency in all observables is largest for the p*>+jets region which has no leptons to recon-
struct. As pie°ll increases there is a non-trivial interplay between having larger bin widths but
a reduced number of events, that can lead to fluctuations in the efficiency. This is apparent in
subfigure (b) as a fluctuation in the piss+jets SR efficiency at approximately p5e°! = 1000 GeV,
which is a fluctuation of less than 10% and therefore has no significant impact on the unfolded
results.
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Figure 5.21: Fiducial fraction for the observables that are unfolded in this measurement. Sim-
ilar to the matching efficiency, low values of the fiducial fraction at the lower pf°°! and m;;
bounds in subfigures (a), (b) and (c) are due to migrations into the phase-space from events that
sit slightly below the cut-off value of 200 GeV at particle-level, but are reconstructed at higher en-
ergies at detector-level. The le+jets fiducial fraction is lower than the other regions, which could
be explained by migrations in the real p2!* cut and the W transverse mass cuts that are only ap-
plied in this region. The lower value for the pfi**+jets region is due to events with a leptonically
decaying W, which are vetoed at particle-level but can be reconstructed at detector-level if the
lepton is out-of-acceptance.
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Every distribution, pi¢° in the > 1 jet region and pi<°!l, m;; and A¢,; in the VBF region, is
unfolded individually. The simulation-based quantities described above are re-derived for each
source of systematic uncertainty. After unfolding the nominal, experimental dataset for each
source of uncertainty, the total systematic uncertainty is calculated as the sum of squared differ-
ences between the nominal and systematic histograms cf. Equation 5.18. Correlations are taken
into account using the bootstrap method described in Section 5.4.1.

5.6.2 Closure tests

The detector-level distributions for MC, particle-level distributions for MC and migration matri-
ces are derived using the same set of simulated MC events. Therefore, if you “unfold” a pseudo-
dataset that corresponds to the detector-level MC back to the particle-level using the migration
matrices from the same event sample, you should get back precisely the particle-level predic-
tions. This is called a closure test and is the first check in making sure the unfolding procedure is

set up correctly.

The results for the closure test in this analysis are presented in Figure 5.22 for the pfiss+jets
signal region. As expected, the ratio between particle-level MC and “unfolded” detector-level
MC show exact closure. It is also verified that the auxiliary lepton measurements satisfy the

closure text precisely.

5.6.3 Regularisation bias and optimisation of the number of unfolding it-
erations

The iterative Bayesian unfolding technique and the prior used in this method introduce a bias
to the unfolded result. The amount of bias depends on the regularisation, which is determined
mainly by the number of unfolding iterations and the choice of binning, in addition to the shape
agreement between the MC that is used for the unfolding and the experimental data.

Because we do not have information about the particle-level spectra for the experimental data,
in fact this is what we are trying to measure, a data-driven approach is needed to estimate the
size of the unfolding bias. To achieve this, truth-level events from the MC used for unfolding
are reweighted so that the reweighted reconstruction-level distributions match the data. The
reweighted distributions are then unfolded using the migration matrix from the un-reweighted
MC sample. The residual differences between the unfolded, reweighted MC and the reweighted
truth-level MC are defined as the regularisation bias (or the basic unfolding uncertainties).

The statistical uncertainties on the unfolded spectra increase with each iteration, so the optimal
number of iterations minimises the regularisation bias while keeping the statistical uncertainties
as low as possible. The optimal number of iterations is then found by comparing the size of
statistical uncertainties and the residual bias for a different number of unfolding iterations. In this
analysis, the optimal number of iterations is two, as for larger values the regularisation bias does
not decrease further while the statistical uncertainty increases. The residual bias is propagated
as a systematic uncertainty to the unfolded data.

The unfolding of the measured p'*, m;; and A¢,; variables can implicitly depend on other
kinematic variables, such as the pr, ¢ or 1 of reconstructed objects. Differences between data and
MC of these hidden variables can affect the unfolded results. The dependence on the modelling of
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Figure 5.22: Closure tests for all measure observables in the > 1 jet region comparing unfolded
detector-level MC predictions to its corresponding truth-level histograms. In the bottom panel,
ratio between these two components shows exact closure..
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the shape of hidden variables is determined in a similar way as the regularisation bias: a pseudo-
dataset is obtained for each variable and the residual bias is taken as the associated uncertainty
on the unfolded measurement. Hidden variables include jet 1, Njes and ¢ (all regions); lepton pr,
n and ¢ (for regions that measure at least one lepton); and my, (di-lepton regions). The leading
jet pr is not explicitly included. Due to its strong correlations to pit°! any mismodelling effects
of the leading jet-p is implicitly accounted for in the regularisation bias uncertainty.

5.6.4 Process composition tests

Physics processes generally have a different detector response. This requires caution in inclusive
measurements like the pe<°!l + jets measurement presented in this thesis. Due to the stochastic
nature of quantum mechanics, we do not know what underlying process our events originate
in the experimental dataset. As the MC used to unfold the data consists of various Standard
Model processes and we aim to unfold a stack of different processes — which we are agnostic
to — simultaneously, the unfolded results depend on the modelling of the process composition.
This section describes two uncertainties that ensure the measurement is robust to SM modelling

effects.

First, the relative contributions from different SM backgrounds in this regions of phase-space are
constrained by dedicated control regions as detailed in Section 5.3.5, with corresponding nor-
malisation factors presented in Table 5.6 and 5.7. The normalisation factor uncertainties indicate
the variance of the contribution for each considered SM process. A systematic uncertainty on the
process composition is then found by varying each SM contribution within the +1¢ uncertainties
on the normalisation factors, while keeping the other backgrounds fixed at the nominal value.
Any residual differences with the unfolded results using the nominal SM composition are taken
as the systematic uncertainty for that process. The combined uncertainties for this variation are
smaller than 1%.

An additional dependence on the subtraction scheme used to account for interference terms in
different top processes — Diagram Subtraction (DS) or Diagram Removal (DR) - is evaluated by
using MC samples corresponding to either scheme and comparing the results. The single-top
process only has a sizeable contribution in the high pi°! tails of the distributions measured in
the le+jets and 1u-jets regions. The effect of the variations in the single-top contributions for
these two regions is shown at detector-level in Figure 5.23. The effect on the experimental data
after unfolding is shown in Figure 5.24. The event yield at detector level is up to 14% different in
the most extreme bin, but studies of top-enhanced regions show that the agreement between data
and MC is well within the theory uncertainty in these regions for both DS and DR samples. The
residual effect on the unfolded results is very small because the large discrepancy occurs only
bins that suffer from low statistics and already have a large associated statistical uncertainty.
The residual difference between the nominal DS sample and the DR variation at truth-level is
included as a systematic uncertainty.

5.6.5 BSM signal injection

The Standard Model predictions used in the unfolding procedure are not representative of the
experimentally measured data if the data contains BSM physics. This has two main reasons.
First, new physics signals may exhibit features that are not present in the SM predictions, such
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Figure 5.23: Evaluation of single-top DR and single-top DS modelling effects at detector-level.
The plots compare the total detector-level MC yields when different single-top samples are in-
cluded. This is limited to the p:s<°!! observables for the single-lepton regions, because other ob-
servables or regions show no significant discrepancy when using different MC samples. For each
region the MC predictions derived with the DR method can be up to 14% larger for the high
pee°! bins.
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Figure 5.24: Evaluation of single-top DR and single-top DS modelling effects after unfolding. The
plots show differential distributions for unfolded, experimental data when different MC samples
corresponding to Figure 5.23 are used. The solid and dashed line correspond to scenarios where
single-top DR and single-top DS samples are used as inputs for the unfolding procedure, respec-
tively. While the difference in MC yields can be up to 14% in some bins at detector-level, these
plots demonstrate that these effects are mostly mitigated by the unfolding procedure. After un-
folding, the residual difference in unfolded data when using the two different schemes is smaller
than the statistical uncertainties on the experimental data, which is shown as vertical error bars
in the top panels.
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as bumps in a mass spectrum or longer tails of distributions of energy spectra. The unfolding
is biased towards the SM prediction — because this is used as the prior — and could therefore
potentially wash away any BSM effects that might be hiding in the data. Furthermore, the de-
tector response for BSM processes is not guaranteed to be modelled well by the response matri-
ces which are derived with SM event samples. In order to test the robustness to potential new
physics contributions, and to make sure any new physics signal would not be smeared away

during unfolding, signal injection tests are performed.

In these tests, various BSM signals are injected into the Standard Model MC predictions. This
combination is then treated as pseudodata and unfolded with the (nominal) MC inputs from the
SM event samples. The unfolded pseudo-data can then be compared to the corresponding distri-
butions of SM plus signal at particle-level. A small difference gives assurance that the unfolding
procedures leaves the BSM signals intact when mapping experimental data from detector-level
to particle-level.

Myriad different models can be tested, but in this DM-sensitive phase space three different con-
figurations of a simplified Dark Matter model are considered, where a Dirac DM fermion x cou-
ples to a mediator particle A. The configurations where the DM mediator particle is an axial-
vector mediator are referred to as “DMA”, while DM models with a pseudo-scalar mediator are
referred to as “DMP”. The mass scales and quantum numbers are chosen to cover a range of

different BSM scenarios:

1. s-channel Dark Matter model mediated by an spin-1 axial-vector mediator (DMA) with
mass M = 700 GeV and a Dark Matter mass of M, = 1GeV.

2. s-channel Dark Matter model mediated by an spin-1 axial-vector mediator (DMA) with
mass Mu = 700 GeV and a Dark Matter mass of M, = 355 GeV.

3. s-channel Dark Matter model mediated by an spin-0 pseudo-scalar mediator (DMP) with
mass Ma = 50 GeV and a Dark Matter mass of M, = 1GeV.

Due to the large mediator mass in the first two scenarios, a large contribution is expected in
the tails of the ps distributions in the p*s+jets signal region. The third scenario has a lower
mediator mass and can also contribute in the lower p2** regions. Figure 5.25 show the detector-
level comparison between the SM prediction to the SM prediction with the BSM signal from
scenario 1 added on top in the left column. The right column shows the final comparison between
the unfolded pseudodata — composed of the SM prediction plus the BSM contributions — and the
particle-level SM plus signal predictions. Similar results for scenario 2 and scenario 3 are shown
in Figure 5.26 and 5.27 respectively. The lepton+jets measurement regions show no contributions

from the BSM signal events and are therefore not included.

As can be expected, the unfolded vs. truth level comparisons depend strongly on the BSM signal
strength. Even for the DMA signal with M,y = 700GeV and M, = 1GeV, where the BSM
contribution is almost an order of magnitude larger than the SM, there is an offset after unfolding
of at most 15%. The model introducing this bias is so extreme that if it was present in reality,
the discrepancy would already be clearly present in the data at detector-level. The other two
samples, with more moderate contributions, generally give a good closure between the unfolded
and truth-level MC predictions.
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A secondary effect that influences the comparisons between unfolded pseudodata and particle-
level MC, is that the BSM processes can have a different fiducial fraction and reconstruction effi-
ciency than the SM. In the p2i* distribution for the > 1 jet region, a larger number of BSM events
is reconstructed at detector-level than at particle level. For the DMA sample with M, = 1GeV,
the tails of the p2i** distribution are completely dominated by the BSM contribution. It turns out
that the relative difference in event yield between particle-level and detector-level can be up to
20%. Therefore, the larger yield at detector-level directly results in the unfolded BSM yield being
larger than the corresponding truth predictions in Figure 5.25b. Conversely, a lower reconstruc-
tion efficiency for BSM events in the VBF region results in a larger BSM yield at particle-level
than at detector-level. This outweighs the naive expectation that the SM bias — from using SM
predictions as the prior — brings the unfolded pseudodata closer to the SM, and consequently the

ratio in the bottom panel of Figure 5.25d is larger than one.

The main goal of the signal injection test is to verify that the unfolding procedure does not unfold
away any new physics contributions in the data. These tests show a good closure, even for
extreme scenarios, and we therefore conclude that any BSM in the data would be preserved in
the unfolding with SM inputs. The main difference between unfolded pseudodata with BSM
and truth-level histograms comes from differences in fiducial fraction and efficiency for these
extreme BSM events, for which the measurement is not optimised and which goes beyond the
actual purpose of the signal injection test.

5.6.6 Phase space migrations via underflow bins

Events can migrate in or out of the fiducial phase-space between detector-level and particle level.
Due to resolution effects, events can fall in or out the lowest bin of the measured variables, the
underflow bin, and affect the unfolded measurement. This effect is tested by adding two addi-
tional bins below the nominal measurement range in the p4** and m,; observables. The nominal
range, starting at 200 GeV, is for both variables extended by two additional bins with bin range
[140-170] GeV and [170-200] GeV. The unfolding is performed by including these two bins, and
removing the two bins after the unfolding. Comparing this to the nominal result, the effect of

including the underflow bins in the unfolding is very tiny and therefore neglected.

Additionally, comparisons of data and simulations are made where the various cuts that de-
fine the fiducial phase-space are reduced below their nominal value. This tests the modelling
of migrations in and out of phase-space due to mismodelling on variables that are used to cut
on. Simulated events are reweighted such that the reconstructed distributions match the data.
Changes to the unfolded measurement are negligible and no uncertainty for this effect is deemed
necessary to include.
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Figure 5.25: Signal injection tests of the axial-vector mediated DM scenario with M, = 700 GeV
and M, = 1GeV, for different observables in the pfi**+jets signal region. The figures in the
left column show the detector-level comparisons between SM only and SM+BSM, to indicate
the relative size of the BSM contribution. The figures on the right column show the difference
between unfolded pseudodata with BSM included and the corresponding particle-level SM+BSM
yields. Even BSM contributions that lead to discrepancies of several orders of magnitude, for
example for piiss for the > 1 jet region in subfigure (a), lead to agreement within one standard
deviation of the statistical uncertainties in the corresponding bins in subfigure (b).
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Figure 5.26: Signal injection tests of the axial-vector mediated DM scenario with M, = 700 GeV
and M, = 355GeV, for different observables in the pF*s+jets signal region. The left column
shows the detector-level comparisons between SM only and SM+BSM, to indicate the relative
size of the BSM contribution. The right column shows the difference between unfolded pseudo-
data with BSM included and the corresponding particle-level SM+BSM yields. Compared to the
scenario with A, = 1GeV, as shown in Figure 5.25, the contribution of this BSM configuration is
smaller. Discrepancies between unfolded pseudodata and particle-level SM+BSM yields are up
to 2% in the most discrepant bin, in the pi¢°°i! observable for the > 1 jet region in subfigure (b).
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Figure 5.27: Signal injection tests of the pseudo-scalar mediated DM scenario with Ma = 50 GeV
1GeV, for different observables in the pi*s+jets region. The left column shows
the detector-level comparisons between SM only and SM+BSM to indicate the relative size of
the BSM contribution. The right column shows the difference between unfolded pseudodata
with BSM and the corresponding particle-level SM+BSM yields. The mediator mass is lower
compared to scenario 1 and 2, which leads to BSM signals at low p<°!! and across the m;; and
Ag;; distributions. Discrepancies between unfolded pseudodata and particle-level SM+BSM
yields is up to 7% in the most discrepant bin in subfigure (f), but the residual differences at
particle-level are within statistical uncertainties of the experimental data.

and M, =
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5.7 Particle-level results

With detector-level results at hand and after thorough testing of the unfolding method, the un-
folded results at particle-level are shown in this section. First, the differential cross-section mea-
surements for the individual regions are presented in Section 5.7.1. The R™** ratio are con-
structed from the signal region and the lepton regions after unfolding and are presented in Sec-
tion 5.7.2. A consistency check between the particle-level results for the inclusive measurement
and the dominant process measurement is presented in Section 5.7.3. Additionally, Section 5.7.4
shows the results of a cross-check comparing the unfolded data from the 2u+jets region to the
2e+jets region. Finally, the statistical correlations between bins in a histogram and different ob-
servables are shown in Section 5.7.5.

The histograms of unfolded data with a detailed breakdown of the systematic and statistical
uncertainties are published on HEPData in Ref. [237]. In addition, the SM predictions with the
individual process components are also preserved. This enables a wide range of phenomeno-
logical re-interpretation studies. For example, due to the sensitivity to BSM physics, the data
can be used to constrain new physics using tools such as CONTUR [241]. In addition, improved
SM predictions can be validated directly to the data without the need for detector simulation. If
these new predictions only constitute a subset of the processes that contribute to this inclusive
measurement, they can be combined with the other SM processes used in this measurement that

are preserved on HEPData.

5.7.1 Unfolded, differential distributions
> 1jet

miss

Comparisons between unfolded, experimental data and MC at the particle-level for the p7

observables measured in the > 1 jet topology are shown in Figure 5.28.

Like the corresponding plots at detector-level in Section 5.5.1, the differential cross-section drops
five to six orders of magnitude across the p'* spectrum for the signal region and the lepton
regions. When a single charged muon is required, the cross-section is similar to the signal region,
although it is lower for the le+jets due to tighter selection requirements on electrons. The re-
quirement of two charged leptons reduces the cross-sections roughly by an order of magnitude
compared to the signal region and the single lepton regions.

The data is compared with SM predictions from Table 5.9. The MEPS@NLO prediction provides
adequate modelling, where the error band with a relative up and down uncertainty of approx-
imately 20% is dominated by scale uncertainties. The prediction reweighted to NNLO in ag
improves modelling of the overall cross-section and reduces the size of the theoretical uncertain-
ties across all bins.

The relative contribution of different SM processes to the total MEPS@NLO cross-section is shown
in the bottom panel. For all regions, the QCD V+jets process is the dominant process across the
measurement bins. In the signal region, electroweak Vjj and diboson process contribute more
toward larger values of p2**, while the relative contributions of top and W +jets drop to sub-per
mille and sub-percent values respectively. The trend of increasing electroweak V jj and diboson
with pieeeil is also observed in the lepton auxiliary regions.
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A breakdown of the corresponding systematic and statistical uncertainties on the experimental
data is shown in Figure 5.29. Statistical uncertainties are evaluated from the bootstrap replicas
using Equation 5.16. Similar to the detector-level uncertainty plots, JES uncertainties dominate
at low piee©l while the leading uncertainty in high p:<°!! bins is attributed to low statistics due
to sparsely populated bins. The uncertainties from fake background are only sizeable for low
pieeell values in the psS+jets and 1u+jets regions, which have a larger fraction of fake events
than the other regions. The unfolding uncertainty is at most 2% and negligible to the size of the

total uncertainty in the associated bins.

VBF

Comparisons between unfolded, experimental data and MC at the particle-level for the piiss
observables measured in the VBF topology are shown in Figure 5.30. A breakdown of the corre-
sponding systematic and statistical uncertainties is shown in Figure 5.31

Due to the jet requirements, the cross-sections for the VBF measurements are smaller than > 1 jet
measurements. Similar to detector-level, there is an observed increase of EWK V'j;j processes, of
up to approximately 15% in the highest ps°!! bin. The final pis<°!! bin of the le-tjets has a large
relative statistical uncertainty possibly due to a very low number of events being reconstructed
in that bin in particle-level. This seems unsatisfactory, however there are enough MC statistics
to determine the migrations accurately and the bin width is set to have at least 20 events in each
bin and a purity of more than 60%: it would be bad practice to “re-optimise” the binning after
unfolding and unblinding.

The nominal values of the MEPS@NLO prediction slightly under-predict the data, but the predic-
tion agrees with the data within the errors due to the large theoretical uncertainty of up to 20%.
The alternative HE] prediction, which is available for the lepton regions, improve modelling in
20 + jets and over-predict the data for the £ + jets regions. Due to the event sample size the al-
ternative high-energy jet (HE]) prediction suffers from relatively large statistical uncertainties for
high piee°!! bins.
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Figure 5.28: Particle-level comparisons between unfolded data and MC for pss in the > 1 jet
phase space. The middle panel shows the ratios of the predictions to the data, with statistical
uncertainties as solid markers and shaded bands to indicate the combined statistical and system-
atic uncertainties. The lower panels show the relative contributions from different SM processes
relative to the total MEPS@NLO prediction. Figures from Ref. [232].
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Figure 5.29: Relative contribution from different systematic uncertainty components at particle-
level for p<°! in the > 1 jet phase space. Only systematics with a contribution of > 1% in at
least one of the bins are shown in the figure. For illustrative purposes this figure shows the
symmetrised uncertainties, calculated as the average of the asymmetric error in each bin. Total
Exp. (Sym.) is the combination of statistical and systematic uncertainties and indicates the sym-
metrised total experimental uncertainty. The general trend across all plots is that the jet energy
scale (JES) uncertainties are large at low pis°!!, where statistical uncertainties become increasingly
larger with piec°il. Subfigure (a) shows a small uncertainty related to fake pits* backgrounds at
low piiss, while the lepton regions have associated lepton and fake lepton systematic uncertain-
ties across the full pie<°! range.
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Figure 5.30: Particle-level comparisons between unfolded data and MC for pii** in the VBF phase
space. The middle panel shows the ratios of the predictions to the data, with statistical uncer-
tainties as solid markers and shaded bands to indicate the combined statistical and systematic
uncertainties. The lower panels show the relative contributions from different SM processes rela-
tive to the total MEPS@NLO prediction. The HE] predictions are available for the lepton regions
and over-predict the single-lepton regions while nominal values of the two-lepton region predic-
tions are very accurate at low pi¢°°il. Figures from Ref. [232].
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Figure 5.31: Relative contribution from different systematic uncertainty components at particle-
level for pie<°!l in the VBF phase space. Only systematics with a contribution of > 1% in at
least one of the bins are shown in the figure. For illustrative purposes this figure shows the
symmetrised uncertainties, calculated as the average of the asymmetric error in each bin. Total
Exp. (Sym.) is the combination of statistical and systematic uncertainties and indicates the sym-
metrised total experimental uncertainty. The relatively large uncertainties associated to the fake
electron contribution in figure (b) are a propagation of theory uncertainties on the modelling of
the fake-enriched region using the matrix method defined in Section 5.3.8.
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Comparisons between unfolded, experimental data and MC at the particle-level for the m;; ob-
servables measured in the VBF topology are shown in Figure 5.32, with the corresponding un-
certainty breakdown plots in Figure 5.33. As m;; increases, EWK V jj becomes the dominant SM
process in the last bin.

The MEPS@NLO prediction mis-models the shape of the distributions in a similar way as the
detector-level MC before the m;; reweighting is applied. Due to the relatively large theory un-
certainties, the data and MC agree within the errors bars in most bins. The HE] prediction, which
again is included in the lepton auxiliary measurements, models the shape moderately better than
the nominal MEPS@NLO prediction.
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Figure 5.32: Particle-level comparisons between unfolded data and MC for p7'** in the VBF phase space.
The middle panel shows the ratios of the predictions to the data, with statistical uncertainties as solid mark-
ers and shaded bands to indicate the combined statistical and systematic uncertainties. The lower panels
show the relative contributions from different SM processes relative to the total MEPS@NLO prediction.
As indicated in the text, there still a shape mismodelling of the MEPS@NLO prediction, although it largely
agrees with data within the theory uncertainties. The HE] predictions, available for the lepton regions, is
intended to improve modelling of VBF-like topologies. While the overall fiducial cross-section is off by up
to 20%, the ratio to data is more flat across the m;; spectrum. Figures from Ref. [232].
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Figure 5.33: Relative contribution from different systematic uncertainty components at particle-
level for m;; in the VBF phase space. Only systematics with a contribution of > 1% in at least one
of the bins are shown in the figure. For illustrative purposes this figure shows the symmetrised
uncertainties, calculated as the average of the asymmetric error in each bin. Total Exp. (Sym.)
is the combination of statistical and systematic uncertainties and indicates the symmetrised total
experimental uncertainty. In subfigure (a), the fake p'** uncertainty drops to zero because above
a few GeV the A¢ (jet, p™**) becomes fully efficient to reject all fake pf'* contributions. Sub-
figures (b) to (d) additionally show the lepton and fake lepton systematic uncertainties, where
particularly the fake electron uncertainty for le+jets can lead to relatively large uncertainties on
the experimental data.
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Comparisons between unfolded, experimental data and MC at the particle-level for the A¢;;
observables measured in the VBF topology are shown in Figure 5.34, with corresponding uncer-
tainty breakdown plots in Figure 5.35.

The overall shape is well modelled by both the MEPS@NLO prediction and the HE] prediction.
Both data and MC exhibit similar features to the detector-level distributions for A¢;; that are
shown in Figure 5.16. For every region, each bin has a leading contribution from its correspond-
ing QCD V +jets process, particularly in the two-lepton regions where no subdominant SM pro-
cess has a contribution larger than 8%. In the piiss+tjets region, the at |[A¢;;| ~ 1 has a large
relative contribution from fake piiss. Since the associated systematic uncertainty is directly pro-
portional to the fake background, this uncertainty is in fact the dominant source of uncertainty
here. Several bins in the le4jets region suffer from large systematic uncertainties of the fake
lepton estimate, propagated from theory uncertainties of the background modelling in the fake-
enriched electron background. Due to the low acceptance of events in the bins at at |A¢;;| ~ 1
for di-lepton regions, there is only a very small number of events and the statistical error is the
dominant component of the uncertainty band.
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Figure 5.34: Particle-level comparisons between unfolded data and MC for p4i** in the VBF phase
space. The middle panel shows the ratios of the predictions to the data, with statistical uncer-
tainties as solid markers and shaded bands to indicate the combined statistical and systematic
uncertainties. The lower panels show the relative contributions from different SM processes rel-
ative to the total MEPS@NLO prediction. Figures from Ref. [232].



Missing transverse energy in association with jets 141

T W =
2 E ATLAS Internal — Total Exp. (Sym) - Data Stat. —~-JES 3
g F Vs=13TeV, 140 fb™ R
5 [ I +ets (VBF) ]
Q T -5 Fake p! JER -£3- Luminosity
E 1 t 4
= E 3
[ E =
2 E 3
® r 3
3 L ]
4
108 E
i o
s Slessoarbcaaaile s tiigie o/
qotb e e e L L
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Ag, [radimg
miss | +
(a) pT"*+jets
T W 5 (S s e e =
2> £ ATLAS Internal — Total Exp. (Sym.) -4+ Data Stat. - JES Bl > E ATLAS Internal — Total Exp. (Sym.) 44 Data Stat. s 7
= £ : 3 £ £ . q
g F Vs=13TeV, 140 fb™* Fake lep. R & Luminosiy | g F Vs=13TeV, 140 fo™* Fake lep. & Luminosity R ]
g I letjets (VBF) b 3 r  lutets (VBF) b
5 102 ? Ely scale Electron Eff. & Pile-up E 5 102 ? ¥ Muon E
13 E = [ E =
2 E B 2 E 3
8 r b K] F E
& [ ] & [ 7
0E = 0E 3
1o s 552 : | B P e o ouy o SOO D S e u
E ot 4 Ey ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥V ¥ ¥ ¥ ¥ ¥ vy v v ¥y v
101"—‘—"—‘—‘%%‘ ot b e 1 T | M
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Ag, [radim Ag, [radim
(b) Letjets (c) Lutiets
g W 3 g W 3
> E ATLAS internal — Total Exp. (Sym) 4+ Data Stat. —-JES E| > E ATLAS mnternal — Total Exp. (Sym) 4 DataStat. —-JES 3
S C - 1 = F : 3
s F {s=13TeV, 140 fb™* JER Fake lep. Electron Eff. ] g F (s=13TeV, 140 fb™* ¥ Muon £ Luminosity Fake lep. |
] [ 2e+jets (VBF) 4 5 F 2utets (VBF) ,
% 100 2 Luminosity A Pileup = (HIVT 4 g 100 JER E
[ E = (3 E =
2 E B 2 E 3
8 N ] k<l N ]
[} E - (3] E —
i i3
= 10 .
1E el = 1 =% L & 5|
C Lol | C |
Y R ol P B Y Ll Pl T il B qortb e e L L
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
B¢, [radimg Ag, [radim
(d) 2etjets (e) 2utjets

Figure 5.35: Relative contribution from different systematic uncertainty components at particle-
level for A¢;; in the VBF phase space. Only systematics with a contribution of > 1% in at
least one of the bins are shown in the figure. For illustrative purposes this figure shows the
symmetrised uncertainties, calculated as the average of the asymmetric error in each bin. To-
tal Exp. (Sym.) is the combination of statistical and systematic uncertainties and indicates the
symmetrised total experimental uncertainty. In subfigure (a) the fake p!** uncertainty becomes
dominant source of uncertainty in the region |A¢;;| ~ 1, as the relative contribution from fake
P2 is high which is directly correlated to the size of the error bar. Any asymmetries in the fake
yield, that are relatively small as can be seen in corresponding Figure 5.16a, are therefore ampli-
fied in the uncertainties as can be seen in this plot.
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5.7.2 Unfolded, differential R™s ratios

The ratios R™** are constructed after unfolding with the p2'+jets signal region in the numerator

and the auxiliary lepton regions in the denominator.

The bootstrap replicas from the separate differential distributions are used to calculate the statis-
tical uncertainties on the combined R™** ratio, but are also used to keep track of the correlations
between the R™** ratios and the histograms in the numerator of denominator.

Systematic uncertainties are propagated to ™ by calculating the ratio for each nuisance pa-
rameter first, and then evaluating the difference with the nominal R™** value similar to Equa-
tion 5.18. Here the cancellation of correlated uncertainties between the SR and the lepton regions
becomes clear. If a nuisance parameter increases the differential cross-section in a given bin by
m% and n% in the signal region and lepton region respectively, the relative difference with re-
spect to the ™ nominal will be n/m, which dissipates completely if this nuisance parameter is
fully correlated between these two bins, i.e. n = m.

Comparisons between R™ ratios for unfolded data and MC at the particle-level for picc©il in
the > 1 jet topology are shown in Figure 5.36. As indicated in Section 5.7.1, differential cross-
sections in the single-lepton regions are the same order of magnitude as the signal region and
the di-lepton channels are approximately an order of magnitude smaller, which is reflected in
the values of R™. Furthermore, we observe that the size of the ratio decreases with pieceil,
This can be understood because the efficiency for the lepton reconstruction is higher at large
piecell increasing the acceptance and therefore the fiducial cross-sections relative to the piiss+jets
region. A better agreement between data and SM predictions, for both the MEPS@NLO and
NNLO samples, is observed as the mismodelling of the total cross-section cancels out.

A breakdown of the R™* uncertainties on the measured data is shown in Figure 5.37. The domi-
nant jet uncertainties, shared between the signal region and the lepton regions, cancel in the ratio.
For example, the jet energy scale (JES) uncertainty is approximately 1% in the low pe! region
for R™iss, while it can be up to 3-6% for the separate fiducial cross-sections. Uncertainties from
nuisance parameters that are not correlated between the numerator or denominator in R™5, for
example from fake contributions or lepton efficiencies, do not cancel and therefore become the
leading uncertainties together with the statistical uncertainty.

Similar R™* plots as a function of pte°°!! measured in the VBF region is shown in Figure 5.38 and

Figure 5.39. In these plots we observe same main features as in the > 1 jet region: a cancellation
of jet uncertainties and the ratio decreasing as a function of pt<°!! due to different efficiencies in
pisSt+jets and lepton regions. Because the HE] prediction is not available for the p's+jets signal
region, no R™S ratio is constructed from HEJ predictions in these plots.

Results for R™* as a function of m;; in the VBF region are shown in Figure 5.40 and 5.41. Unlike
the ratios for pige°!l, the ratio does not decrease as a function of m;; because the lepton recon-
struction efficiency does not necessarily improve as a function of mj; like it does for pie<°!l. The
mismodelling of the shape of m; in the individual regions cancels out in ™%, where we observe

a flat ratio between MC and data as a function of m;;.

Results for R™* as a function of Ag;; in the VBF region are shown in Figure 5.42 and 5.43. Like
in the individual cross-section measurements, the ratio between data and MC is flat across the
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Figure 5.36: Particle-level R™* ratios for unfolded data and MC as a function of pi¢°! in the > 1
jet region. There is a good agreement between data and MC because mismodelling of the total
cross-section of individual regions cancels out in the ratio between the p*S+jets signal region
and the lepton regions. The ratios decrease as a function of pi°°!! because the efficiency for the
lepton reconstruction is higher at large p<°!!, increasing the acceptance and therefore the fiducial
cross-sections relative to the pss+jets region. Absolute values of the ratio reflect the fact that the
fiducial cross-section for the single-lepton regions is higher than those of the di-lepton regions.
Figures from Ref. [232].
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Figure 5.37: Relative contribution from different systematic uncertainty components at particle-

level for R™ as a function of piseo!!

in the > 1 jet phase space. The ratios R™** are constructed to

leverage a cancellation of uncertainties, which is observed particularly for JER and JES systemat-
ics, when comparing these relative uncertainties to the separate cross-section measurements. Be-
cause the R™*S ratios “mix” lepton regions with the pf*S+jets signal region, there are both (fake)
lepton uncertainties as well as fake pf*s uncertainties, but in the individual measurements these
are largely subdominant to the jet uncertainties that cancel out. Like in the individual regions,
statistical uncertainties become the dominant uncertainty component as pt°°!! increases.
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spectrum of A¢;;. In the region |A¢;;| ~ 1 the ratio increases slightly for the di-lepton regions,
which indicates that the fiducial cross-section of this bin drops more steeply in di-lepton regions
than in the signal region (and can be seen qualitatively in Figure 5.34). This effect is potentially
the result of sub-leading jets that contribute to pf'** but that escape the A¢ (jet, p'*) veto in the
signal region. Such events can be vetoed if the Z boson decays into two muons due to the overlap

removal procedure.



146 Missing transverse energy in association with jets

= T T 10 = T T T =
’%\ E ATLAS —e— Data (Stat.) %\ E ATLAS —e— Data (Stat) 3
i) [ Vs=13Tev, 140 fb* Data (Stat. + Syst) 2 [ (s=13TeV, 140 fb™ Data (Stat. + Syst) 1
3 i i
3 . le+jets, VBF & L lutjets, VBF £—— MEPS@NLO x nNLO EW 7
a Frie o 2 E -
© o
a g
¢ r m% a
8 8
© ©
Q Q
= =
o o
['% [N
0.6 -
500 1000 1500 2000 . 2500 500 1000 1500 2000 ) 2500
P Gev] P (Gev]
miss . miss .
(a) R™* for le+jets (b) R™** for 1p+jets
10° £ T T T 3 10° £ T T T 3
’g E ATLAS —e— Data (Stat)) E %\ E ATLAS —e— Data (Stat)) E
= F Vs=13Tev, 140 b 7////) oata (stat. + syst) ] & [ Vs=13TeV, 140 fb™ /// Data (Stat. + Syst) il
[} |- i - 3 |- i 4
% 28‘*]915, VBF =—+— MEPS@NLO x nNLO EW % ZL,H’]EIS, VBF —+— MEPS@NLO x nNLO EW
5 b o L 1
g 10 /& — i 10fe
E. UE et . E| E - E 7
z E z E 4
L ] e F ]
< p ] .
g 14 g 14
= 12 = 12
B ®
& 1 a 1
0.8 08
0.6 0.6
500 1000 1500 2000 . 2500 500 1000 1500 2000 ) 2500
P Gev] P (Gev]
miss . miss .
(c) R™* for 2e+jets (d) R™* for 2u+jets

Figure 5.38: Particle-level R™* ratios for unfolded data and MC as a function of pi¢“°!! in the
VBF region. There is a good agreement between data and MC because mismodelling of the total
cross-section of individual regions cancels out in the ratio between the pi**+jets signal region
and the lepton regions. The ratios decrease as a function of p=°!! because the efficiency for the
lepton reconstruction is higher at large pi°°!, increasing the acceptance and therefore the fiducial
cross-sections relative to the pi+jets region. Absolute values of the ratio reflect the fact that the
fiducial cross-section for the single-lepton regions is higher than those of the di-lepton regions.
There is a outlier at approximately two standard deviations in subfigure (b). This particular bin,
centred at 1180 GeV is under-predicted in p3i%>+jets (in Figure 5.30a) while it is over-predicted in
1p+ets (in Figure 5.30c). Figures from Ref. [232].
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Figure 5.39: Relative contribution from different systematic uncertainty components at particle-
level for R™* as a function of pi¢“°i! in the VBF phase space. The ratios R™° are constructed to
leverage a cancellation of uncertainties, which is observed particularly for JER and JES systemat-
ics, when comparing these relative uncertainties to the separate cross-section measurements. Be-
cause the R™*S ratios “mix” lepton regions with the pf*S+jets signal region, there are both (fake)
lepton uncertainties as well as fake pi*s uncertainties, but in the individual measurements these
are largely subdominant to the jet uncertainties that cancel out. Like in the individual regions,

statistical uncertainties become the dominant uncertainty component as pt°°!! increases.
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Figure 5.40: Particle-level R™ ratios for unfolded data and MC as a function of m;; in the VBF
region. There is a good agreement between data and MC because shape mismodelling effects
of the individual cross-sections cancel out in the ratio between the pi*+jets signal region and
the lepton regions. The ratio remains flat as a function of m; because there is no dependence of
reconstruction efficiency between the signal region or the lepton regions. The absolute values of
the ratio reflect the fact that the fiducial cross-section for the single-lepton regions is higher than
those of the di-lepton regions. Figures from Ref. [232].
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Figure 5.41: Relative contribution from different systematic uncertainty components at particle-
level for R™S as a function of m;; in the VBF phase space. The ratios R™** are constructed to
leverage a cancellation of uncertainties, which is observed particularly for JER and JES systemat-
ics, when comparing these relative uncertainties to the separate cross-section measurements. Be-
cause the R™*S ratios “mix” lepton regions with the pf*S+jets signal region, there are both (fake)
lepton uncertainties as well as fake p2iss uncertainties, but in the individual measurements these
are largely subdominant to the jet uncertainties that cancel out. Like in the individual regions,
statistical uncertainties become the dominant uncertainty component as m;; increases, and the
fake background systematics can become dominant at low m;.
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Figure 5.42: Particle-level R™ ratios for unfolded data and MC as a function of A¢;; in the VBF
region. Like in the individual cross-section measurement of the pi*s+jets signal region and the
lepton regions there is a good modelling of data across A¢;;. The absolute values of the ratio
reflect the fact that the fiducial cross-section for the single-lepton regions is higher than those of
the di-lepton regions. The fiducial cross-section of the single-electron region is lower than the
and the my of the W boson, leading to a
higher ratio R™* of figure (a) compared to subfigure (b). Figures from Ref. [232].

single-muon region due to additional cuts on real p¥:
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Figure 5.43: Relative contribution from different systematic uncertainty components at particle-
level for R™ as a function of Ag;; in the VBF phase space. The ratios R™* are constructed to
leverage a cancellation of uncertainties, which is observed particularly for JER and JES system-
atics, when comparing these relative uncertainties to the separate cross-section measurements.
Because the R™* ratios “mix” lepton regions with the p'**+jets signal region, there are both
(fake) lepton uncertainties as well as fake piiss uncertainties, but in the individual measurements
these are largely subdominant to the jet uncertainties that cancel out. The fake p** systematic
uncertainty is dominant in the region |[A¢;;| ~ 1, while particularly the fake lepton uncertainties
are important across the spectrum in the single-lepton regions.
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5.7.3 Consistency checks between inclusive and dominant boson pro-
cess unfolding

In this section, a validation study is presented to verify that the unfolded data from the inclusive
measurement, the target final state (TFS), and dominant boson process (DBP) mechanisms are
self-consistent. To first order, the sum of truth-level subdominant SM processes and unfolded
DBP data should add up to the same differential cross-section as the TFS unfolded data — because
the subdominant SM processes are precisely what was subtracted before unfolding in the DBP
approach. In other words, one expects the following ratio to be consistent with unity:

unfolded + MCsubdom. SM proc.

Data
R = —20F (5.21)
TFS Data]'i"llg'fsolded

It should be noted that because these two approaches have a different admixture of SM processes,
the detector response of the MC which is used in the unfolding differs between the DBP and TFS
methods. This may cause slight a slight offset from one in the ratio. The background composition
is constrained up to a set of scale factors with a given uncertainty as described in section 5.3.5.
When taking these uncertainties into account, together with the statistical uncertainties on data
and MC, any deviations from one should fall within these error bands.

Results for piis*, A¢;; and m;; are shown in Figures 5.44-5.47. The top panel shows the both the
DBP and TFS unfolded data individually, the subdominant SM process predictions at particle-
level and the subdominant SM process predictions added to the DBP unfolded data. The middle
panel shows the ratio RP. The uncertainty bands consists of three components. First, it in-
cludes the systematic uncertainties relating to the composition of the MC admixture, which is
applied to the unfolded DBP data, unfolded TFS data and the subdominant theory stack. Sec-
ond, statistical uncertainties on the MC prediction are included. Lastly, statistical uncertainties
on the unfolded data are included. Because the DBP and TFS unfolded data are correlated, a
bootstrapping method is used to account for these correlations. The uncertainty band for the
PR 4jets, le+jets and 1u+jets regions is dominated by the composition uncertainty in for low
values of pi¢©!l and m;;. In the tails, the statistical uncertainties on the MC and the statistical

uncertainty from the bootstrap replicas of the data become dominant.

There is good closure in the middle panel within systematic and statistical uncertainties for all
observables. This shows consistency between unfolding of an inclusive, final-state particle mea-
surement and a background-subtracted process measurement, where any discrepancies from

having a different subprocess mix are included as systematic uncertainties.

Bottom panels show a comparison between the TFS and DBP unfolded data, to give an esti-
mate of the relative size of the dominant SM process at truth-level. The di-lepton measure-
ments have a high dominant process purity. This is reflected as the ratio in the bottom panel,
Dataifolded / Data%%fsolded, being closer to one than the other regions. It also means that the de-
tector response for the TFS approach is very similar to the DBP method, such that the nominal
values of RPEF are expected to be closer to one than the signal region or single-lepton regions,
which is indeed observed in this test. The uncertainties on the ratio are smaller than for the sig-
nal region and single-lepton regions because the systematic for the composition uncertainty is

not applied here. This check also shows good closure in the 2e-+jets and 2u-+jets regions.
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Figure 5.44: Comparison between the DBP and TFS unfolded data the p'*® observable for the
> 1 jet phase space. The top panel shows the unfolded, background-subtracted data in red and
the unfolded, inclusive data in purple. The particle-level MC distributions that correspond to
subdominant SM contributions that are subtracted at detector-level in the former, are indicated
in blue. The sum of the unfolded, background-subtracted data and the subdominant SM predic-
tion is shown in green. The middle panel shows the ratio between the green and purple curves.
This ratio is expected to be one if the inclusive unfolding versus the background-subtracted un-
folding are consistent with each other despite having a different subprocess mix that is used in
the unfolding procedure, c.f. Equation 5.21. This is the case within the uncertainty band, which is
constructed from the statistical uncertainty and systematic uncertainties associated with the sub-
processes mix. Statistical correlations are taken into account when deriving this ratio. The bottom
panel shows the ratio between the inclusive and background-subtracted data. Deviations from
one give a measure of what fraction makes up the “subdominant background” processes. The
two-lepton channels in subfigure (d) and (e) have the highest signal purity.
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Figure 5.45: Comparison between the DBP and TFS unfolded data the p'*® observable for the
VBF phase space. The top panel shows the unfolded, background-subtracted data in red and the
unfolded, inclusive data in purple. The particle-level MC distributions that correspond to sub-
dominant SM contributions that are subtracted at detector-level in the former, are indicated in
blue. The sum of the unfolded, background-subtracted data and the subdominant SM prediction
is shown in green. The middle panel shows the ratio between the green and purple curves. This
ratio is expected to be one if the inclusive unfolding versus the background-subtracted unfold-
ing are consistent with each other despite having a different subprocess mix that is used in the
unfolding procedure, c.f. Equation 5.21. This is the case within the uncertainty band, which is
constructed from the statistical uncertainty and systematic uncertainties associated with the sub-
processes mix. Statistical correlations are taken into account when deriving this ratio. The bottom
panel shows the ratio between the inclusive and background-subtracted data. Deviations from
one give a measure of what fraction makes up the “subdominant background” processes. The
two-lepton channels in subfigure (d) and (e) have the highest signal purity.
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Figure 5.46: Comparison between the DBP and TFS unfolded data the m;; observable for the
VBF phase space. The top panel shows the unfolded, background-subtracted data in red and the
unfolded, inclusive data in purple. The particle-level MC distributions that correspond to sub-
dominant SM contributions that are subtracted at detector-level in the former, are indicated in
blue. The sum of the unfolded, background-subtracted data and the subdominant SM prediction
is shown in green. The middle panel shows the ratio between the green and purple curves. This
ratio is expected to be one if the inclusive unfolding versus the background-subtracted unfold-
ing are consistent with each other despite having a different subprocess mix that is used in the
unfolding procedure, c.f. Equation 5.21. This is the case within the uncertainty band, which is
constructed from the statistical uncertainty and systematic uncertainties associated with the sub-
processes mix. Statistical correlations are taken into account when deriving this ratio. The bottom
panel shows the ratio between the inclusive and background-subtracted data. Deviations from
one give a measure of what fraction makes up the “subdominant background” processes. The
two-lepton channels in subfigure (d) and (e) have the highest signal purity.
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Figure 5.47: Comparison between the DBP and TFS unfolded data the A¢;; observable for the
VBF phase space. The top panel shows the unfolded, background-subtracted data in red and the
unfolded, inclusive data in purple. The particle-level MC distributions that correspond to sub-
dominant SM contributions that are subtracted at detector-level in the former, are indicated in
blue. The sum of the unfolded, background-subtracted data and the subdominant SM prediction
is shown in green. The middle panel shows the ratio between the green and purple curves. This
ratio is expected to be one if the inclusive unfolding versus the background-subtracted unfold-
ing are consistent with each other despite having a different subprocess mix that is used in the
unfolding procedure, c.f. Equation 5.21. This is the case within the uncertainty band, which is
constructed from the statistical uncertainty and systematic uncertainties associated with the sub-
processes mix. Statistical correlations are taken into account when deriving this ratio. The bottom
panel shows the ratio between the inclusive and background-subtracted data. Deviations from
one give a measure of what fraction makes up the “subdominant background” processes. The
two-lepton channels in subfigure (d) and (e) have the highest signal purity.
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5.7.4 Lepton flavour universality check in dilepton channels

Lepton flavour universality requires that the fiducial cross-sections for le-Hets and 2e+jets should
be consistent with the 1p+jets and 2u+jets cross-sections respectively. This can be verified di-
rectly with the unfolded cross-sections presented in Section 5.7. The catch for the single-lepton
regions is that their fiducial phase-space is significantly different due to the m7 and real pi** cut
for the electron region. Therefore, this section only shows the results of a cross-check comparing
the unfolded data from the 2p+jets region to the 2e+jets region. To make an apples-to-apples
comparison between the Z — ee and Z — pp production cross-sections and to remove effects
from electroweak, top or diboson processes that contribute in these regions, results from the
dominant boson process unfolding are used in this test.

The only difference in the fiducial phase-space definitions for 2u+jets and 2e+jets is the lepton
rapidity cut. To account for this, simulation-based scale factors are derived for each bin and
applied to the unfolded data. The corrections are derived by running the analysis code for the
2p+ets region once with the pseudorapidity cut of |57| < 2.5 and once with 0 < || < 1.37, 1.52 <
In| < 2.47 — corresponding to the cuts for the 2u-+jets and 2e+jets regions respectively. The
ratio between the resulting histograms gives an estimate of the enlarged phase-space of muons
compared to electrons due to a larger acceptance in lepton pseudorapidity. This ratio is applied as
bin-by-bin scale factors to the muon yields when these are compared to the electron counterparts.

Figure 5.48 shows the unfolded data for the 2e+jets and 2u+jets from the DBP approach for
the piiss, A¢;; and m;; observables. The bottom panel shows the ratio between the electron
and muons channels, indicating that the dilepton regions are consistent for the two different jet
topologies - monojet and VBF - across the unfolded observables. The error bar includes statistical
uncertainties derived from the bootstrap method and the experimental lepton systematics.
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Figure 5.48: Comparison between the 2e+jets and 2/+jets region for the (a) piee°!! in the > 1 jet,
(b) preeell, (c) m;;, (d) A¢;; in the VBF phase-space. The uncertainty bands include the statistical
uncertainties derived using the bootstrap method and the experimental lepton systematics. Lep-
ton flavour universality dictates that the ratio in the bottom panel should be equal to one, but
this test is limited by correction factors to account for different experimental reconstruction of
electrons and muons. Nonetheless, good closure is observed in almost all bins of the measured
distributions.
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Figure 5.49: Statistical correlations between bins in the p#iss distribution in the pii*s+jets region
of the > 1 jet phase-space. The correlation matrix is not completely diagonal, because events can
migrate to different bins between detector-level and particle-level during the unfolding proce-
dure. The size of the off-diagonal elements captures the size of the bin migrations from unfold-
ing, while the diagonal elements are by construction fully correlated (100%) as they correspond
to the same bin on the horizontal and vertical axes. Correlation matrices for the auxiliary lepton
regions and the observables in the VBF region exhibit the same main features and are published
with the HEPData entry of the piisS+jets analysis in Ref. [237].

5.7.5 Statistical correlations

With the bootstrap method, statistical correlations between any combination of observable, phase-
space and jet topology can be constructed. This section shows a selection of the correlation ma-
trices that are published on HEPData in Ref. [237] for the purpose of re-interpretation.

Figure 5.49 shows the statistical correlation within the unfolded pie°!! distributions for the > 1
jet region. The diagonal of these correlation matrices are 100% by construction, because these
indicate the same bin on the horizontal and vertical axes. At detector-level, there are no statistical
correlations between different bins of the measured the data: an event is in one bin or another.
However, during unfolding events can migrate from one bin in detector-level and to another
bin at particle-level. The way that events migrate between particle-level bins is captured in the
(non-zero) off-diagonal values observed in these correlation matrices. These “self-correlations”
are published on HEPData for every measured histogram, including the R™** ratios.

By construction, the fiducial event-selections in Table 5.2 are not mutually exclusive between > 1
jetand VBF. This can lead to correlations between p4* in the > 1 jet region to ps5, m;; and A¢;;
in the VBF region. The statistical correlations are strongest between the pi™** observables for both
regions, which is shown in Figure 5.50 for the p%i*+jets signal region. Such correlation matrices
contain important information when multiple histograms are used in statistical combinations for
either a SM fit or BSM limit setting. If there is some effect, e.g. mismodelling of the cross-section

or a strong BSM signal, that impacts strongly correlated bins, there is a risk of accounting for
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Figure 5.50: Statistical correlations between p2is* in the > 1 jet phase-space (horizontal axis)
and pf'*s in the VBF phase-space (vertical axis), both measured in the ps*+jets signal region.
Table 5.2 shows that the phase-space definitions of the two different jet topologies are not fully
orthogonal, such that a subset of events passes both > 1 jet and VBF event selections. As a result,
observables in the two jet topologies can be correlated. As seen in this figure, the correlation
between p2iss of the two observables is strongest along the diagonal, which corresponds to the
same binning in piiss (except for bin 10 and 11). Other combinations of p=ss, m,; and A¢,; in
the > 1 jet and VBF topologies are less correlated, with the corresponding correlation matrices
published in Ref. [237] for re-interpretation studies.

this effect twice. By including the correlations in the fit, the effect from overlap in phase-space
between different distributions is mitigated. The p}iss observable has largely the same binning
in the > 1 jet region and the VBF region , except for the largest p** bin in VBF which is slightly
larger to ensure a good number of events in an otherwise statistically limited bin. For each
event the real p2'ss component is calculated once and will be the same in both the > 1 jet and
VBF region. Consequently, we expect any correlations to be largest along the diagonal of this
correlation matrix, which is indeed observed. In this work, we only highlight this correlation
matrix because the correlations between other combinations of p'**, m;; and A¢;; in the > 1
jet and VBF topologies are smaller. However, the full set of correlation matrices published in
Ref. [237] for re-interpretation studies.
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5.8 Interpretation

In this section we use the unfolded, experimental data to investigate the agreement with SM pre-
dictions from state-of-the-art MC event generators and to set limits on two BSM scenarios that
predict DM candidates. We immediately reap the benefits of performing an unfolded measure-
ment, as no detector simulation is necessary for either SM or BSM samples that are used in these
statistical tests.

First, we set the stage and introduce the statistical framework in Section 5.8.1. Using this frame-
work, a quantitative comparison with SM predictions is presented in Section 5.8.2, while we take
a closer look at new physics models in Section 5.8.3.

5.8.1 Statistical framework and methodology

We can regard differential cross-section measurements as a combination of Poisson counting ex-
periments for multiple bins. The probability distribution function (p.d.f.) of a random variable x
with expectation value y follows a Poisson distribution,

pre p oo 1 _l(z=py2
Llalw) = = == =¥ (5.22)

approaching a Gaussian function in the large-sample limit. It is suggestively written as a condi-
tional probability of observing some experimental value = based on a theoretical model expressed
in p1. The combined likelihood of observing multiple (k) data points & as a set of theoretical pa-
rameters /i and nuisance parameters 0 is then the product of the individual likelihood functions for

each bin: )
L& 0) =1 Lzilp) = —m—oo e 35X (@,i1.0) G(6"), 523
(@it 0) = [ [ £(ilmi) S detCor H (0)) (5.23)
which accounts for the correlations between bins via the covariance matrix (Cov) and where x?2
is
= = 2 oo 7@ = ()\T —1(= AOIEIC

(7, 7, 0) = (- p(id) +29( ). &) Cov ! (7 — pli) +Ze( ). e®) . (5.24)
The theory prediction is indicated by p(i), which can be pure SM or SM+BSM. Systematic uncer-
tainties are included as nuisance parameters § and are expected to be normally distributed, i.e.
have a mean of zero and standard deviation of one. The absolute uncertainty amplitudes are ¢ (*)
and the standard Gaussian constraint term is

G(o9) = \/% Lem30 (5.25)
Now let us take a step back and remind ourselves that there are two main goals in this re-
interpretation chapter. First, we want to quantify how well the data agrees with the Standard
Model in a goodness-of-fit test, where in this case the SM corresponds to our null hypothesis H,.
Second, we want to see if there is an alternative hypothesis 71, in this case SM with an extra con-
tribution from BSM physics, that is more favourable than the null hypothesis. Although these
are inherently different objectives, our general strategy is the same: for a given model — SM only
or SM+BSM - we want to minimise the y? to maximise the likelihood in a fit. In both tests the
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systematic uncertainties provide degrees of freedom to vary data and theory within their errors
and achieve better post-fit agreement, from which we can quantify the agreement between data
and the hypotheses.

There are two approaches to include the effect of systematic uncertainties. First, in the “pull
approach” the effect of Gaussian systematic uncertainties is embedded through shifts on the dif-
ference & — j(ji) conform the set of NPs . In a fitting procedure, the value the likelihood is
maximised (or similarly x is minimised) by reducing the difference in & — p(Z). This is a balanc-
ing act with the external constraint term G(6(")) that penalises NP shifts away from the nominal
value of the systematic uncertainty. The constraint term also indicates the Gaussian nature of the
uncertainties. The “pulls” are the resulting values of the data, theory and NPs that maximise the
likelihood function: Z, ji and 6; respectively. Profiling systematics in this method has multiple
advantages. First, it allows us to implement asymmetric or one-sided uncertainties. Second, the
post-fit values and NPs pulls contain information about modelling effects and demonstrate how
each systematic is constrained by the data. Lastly, plots showing the agreement between data
and theory can be made post-fit. The disadvantage is that it is computationally expensive: this
measurement has more than three hundred experimental nuisance parameters and additional
theoretical uncertainties, in addition to combining all the different phase space regions and ob-
servables in a single fit.

The second, alternative “covariance approach” includes systematic uncertainties in the covari-
ance matrix as Cov = COVgtat+0source COVisyst. source, Which takes into account any (anti-)correlations
in the measurement. The downside is that this approach symmetrises the systematic uncertain-
ties and we lose information on pulls on individual NPs, but in return we greatly reduce the
complexity of the likelihood function. The calculation of x? is proven to be equivalent for both

approaches in the case of Gaussian systematic uncertainties [242].

Ideally, i.e. with infinite computing power, all systematic uncertainties are profiled over in the
pull approach since this provides the maximum amount of information. However, to perform
goodness-of-fit tests and hypothesis tests we need to compute the likelihood function many times
to model the p.d.f. of x* under Hy or H;, as explained in more detail in the next paragraph.
Therefore, it becomes infeasible to perform fits to thousands of toy experiments with hundreds
of measurements. We make a compromise between retaining full information and speed. The
pull approach is used when performing individual goodness-of-fits tests, because the main goal
is to assess the modelling, impact and constraints of systematic uncertainties. Experimental and
theoretical systematic uncertainties are added to the covariance matrix if their impact is less than
1% for every measurement in the likelihood function. The covariance approach is used when
deriving observed distributions of toys. The effect of individual systematic uncertainties on the
unfolded data is stored on HEPData [237], from which correlations between different nuisance

parameters can be constructed in full.

In addition to the observed value of x? per degrees of freedom, the agreement between data and
the SM can be quantified via the p-value. This is the probability of obtaining a result as likely or
less likely than the observed figure of merit x2, . under the assumption of the SM only hypothesis
H(]:

oo

p=1- / FOE)AE | (5.26)

2
Xobs.
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where f(x?) indicates the p.d.f. of x* with k measurements.

The Neyman-Pearson lemma states that the likelihood ratio is the most powerful hypothesis test
at some significance threshold «. Therefore, to test an alternative hypothesis with BSM #; to the

SM only hypothesis Ho, we define the likelihood ratio as

L(Z|[3, 0
(i) = 8% (#5,6) (5.27)
L(Z|fism, 0)

where the likelihoods are evaluated by marginalising the NPs . The notation of jigy makes it
explicit that it contains only a SM contribution while /i is a combination of SM and BSM signal.

This is re-parametrised as the test statistic

ti =—=2A(jI) = X} = Xy » (5.28)

which will be positive if the SM is more compatible with the experimental data and negative
when the alternative BSM hypothesis is more favourable. The test statistic t; needs context in the
form of an underlying p.d.f., based on the hypothesis that is assumed to be the “true” hypothesis,
before any conclusion can be drawn from the numerical calculation of the observed ¢ ops.. The
confidence level (CL) of the hypothesis H; being true is defined as the probability ¢; being larger

or equal than ¢;; obs., assuming the alternative, signal hypothesis is true:

cL = [ steamas. (5.29)
,0bs.
In other words: under the assumption of this BSM scenario ji, what is the probability of getting a
result less likely under these assumptions? In the frequentist approach, a hypothesis is excluded
at a confidence level of 1 — o when C'L < «. The parameter « is the size of the test and is typically
taken to be v = 0.05 in particle physics experiments, such that the calculated limits are at 0.95 CL
(or 95% CL). Lowering « raises the bar in terms of exclusion: to exclude a set of parameters fi,
a smaller test size requires the value of CL to be smaller, necessitating either an increase in the
observed agreement with the SM (i.e. decreased x7,_ ) or a more incompatibility with the signal

model (i.e. increased x7).

The p.d.f. of the test statistic f(t;z|{) is obtained by simulating pseudo-experiments (or “toy”-
experiments) according to the expected statistical and systematic covariances. For the observed
limits, the experimental data is fluctuated many times and in each case the test statistic is cal-
culated, exposing the underlying distribution of f(t¢;|f) for the signal hypothesis. Similarly, we
can compute expected limits to gauge the sensitivity of a measurement to a particular signal. To
calculate expected limits, no experimental data but only theoretical predictions are used. Under
a hypothesis #, we “expect” to measure a distribution that follows exactly the prediction of that
hypothesis. By throwing toys according to this predicted distribution, we obtain the distribution
of the expected test statistic. The expected sensitivity is then evaluated by calculating the CL
exclusion where f(tz|/i) is evaluated for the null-hypothesis (#,), which answers the following
question: “If we measured precisely the SM (background) only prediction with our experiment,

how (un)likely are we to exclude this particular model?”.

With Equation 5.29 we have a measure to exclude models of SM plus BSM signal that agree
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poorly with experimental data. However, if the null hypothesis is more favourable than the
alternative hypothesis it is not guaranteed that the null hypothesis itself has good agreement
with the data. Consider an example where 3 events are measured in data, 9 events are expected
from the SM and 2 BSM signal events are expected: the observation of 3 events is more favourable
for the SM than the BSM, but still unrepresentative for the SM on its own. Additionally, in a pure
frequentist CL there is a risk of falsely excluding a correct hypothesis in a fraction « of times. The
problems are mitigated by defining a modified frequentist confidence level

CL(7)
Ls = ’
¢ CLp

(5.30)

which explicitly takes the confidence level of the background-only hypothesis CL;, into account.
We exclude a hypothesis when CLs < «. Since CL}, < 1, as a result CLs > CL(j) for all ji. This
means that the CLg method over-covers and is more conservative than the CL method.

5.8.2 Standard Model fit

The unfolded data is compared to state-of-the-art SM theory predictions in a combined fit with
two main goals. The first objective is to quantify if the data is modelled adequately within statis-
tical and systematic uncertainties. The second aim is to gain insight in the modelling and impact
of different systematics before we use the same experimental data to infer limits on parameters
of different BSM models in a hypothesis test.

Fits are performed using the inclusive measurement using the same MEPS@NLO prediction
shown in the data and MC comparison plots in Section 5.7.1. First, a fit it made to include all the
piecell distributions for the signal region and the auxiliary lepton measurements. This provides
adequate modelling with a x?/n.d.o.f. &~ 101/57. The differential cross-section measurement for
Ag;; show good modelling, but m;; is known to be poorly modelled. Therefore, a simultaneous
fit including all three observables (pie<°!l, A¢;; and m;;), two jet topologies (> 1 jet and VBF) and
measurement regions (signal and leptons) yields a poor agreement of x?/n.d.o.f. &~ 390/70.

Fits are also performed using R™* ratios instead. As seen in Section 5.7.2, mismodelling effects
and systematic uncertainties cancel to a large degree in these ratios. The fit configuration in-
cluding the R™s is expected to show improved agreement between data and MC. Indeed, we
observe x?/n.d.o.f. ~ 62/56 in a simultaneous fit to all regions and all observables.

For above reasons, R™** ratios are used in the hypothesis tests presented in the next section.
Specifically, the hypothesis tests use R™5 values of pr°°! in the > 1 jet region only

(with x%/n.d.o.f. ~ 48/45 in the SM fit), and p°°! from both the > 1 jet and VBF region (with
x?/n.d.o.f. ~ 110/84 in the SM fit).

QCD scale uncertainties are the dominant SM theory uncertainty, giving a band of size 15-20%
for the MEPS@NLO predictions. The shape of the uncertainty within this band is generally not
well known. Following the recommendations from Ref. [243], different decorrelation schemes
are tested and, if there are any differences in the final results, the approach leading to the most
conservative results is taken. In Section 5.4.4, the default correlation scheme from Ref. [225] was
introduced. The shape of a hyperbolic tangent allows tails of QCD scale uncertainty to vary
separately from the centre of the distribution, where the mid-point at 50% in logarithmic space
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is chosen arbitrarily. We tested alternative schemes where this point was varied to 0%, 25% and
75% of the distribution in logarithmic space. Additionally, for each mid-point an alternative
decorrelation function abs(tanh(z)) was tested, which varies the high and low tails in the same
direction rather than the opposite direction. Simultaneous fits to all regions in the > 1 jet phase-
space show that the resulting values of x?/n.d.o.f. are unaffected by using different correlation
schemes. Therefore, the default mid-point of 50% as suggested in Ref. [225] is used. All other
sources of systematic uncertainties, including the experimental systematics, are taken to be fully

correlated between different bins, observables and regions.

Figure 5.51a and 5.51b show the nuisance parameter post-fit pulls for the pic°! observable in
the > 1 jet region for a SM-only fit to individual cross-section distributions and the R™iss pg-
tios respectively. When using individual distributions, there are significant pulls on the QCD
scale uncertainties (6(1?) Kn1,0) to compensate for the overall cross-section offset that is observed
between data and MC. These large pulls suggest that it is unsafe to use this fit configuration di-
rectly to constrain BSM, as the tightly constrained post-fit parameters can lead to overestimation
or underestimation on constraints of the BSM parameter space.

As seen in Figure 5.51b, the constraints on QCD scale uncertainties are relaxed when using Rmiss
instead. This is understood because the offset — present in the signal region as well as the lepton
regions — cancels to a large degree in the R™* ratio, as seen in the fiducial cross-section plots in
Section 5.7. Some parameters pulled slightly even for R™i5, for example the jet flavour response,
top modelling and & (1:2) Ko, but all parameters still agree with the pre-fit value within uncer-
tainties and only one parameter (QCD uncertainty related to ¢t¢ modelling) is pulled by more than
one standard deviation from the pre-fit value.

The good x?/n.d.o.f. fit values together with the pull plot motivates the choice for using the
R™iss fit configuration in deriving constraints on BSM models in the next section. The caveat
is, however, that R™** is not a suitable quantity for all BSM interpretations. Depending on the
model, BSM signal can appear in both the signal region and the lepton regions and a cancellation
in the ratio can lead to reduced sensitivity in such scenarios.

5.8.3 Limits on new physics scenarios

One important motivation for the measurement of missing energy with jets final state is its sen-
sitivity to a broad range of BSM physics, particularly of ps* in the signal region for models that
predict DM candidates. In the context of the ATLAS analysis we consider two BSM scenarios, but
with the publication of unfolded data on HEPData together with detailed information on system-
atic uncertainties and statistical correlations this is a powerful measurement in re-interpretation

efforts.

First, we set limits on the parameter space of a common benchmark simplified model in which
a DM candidate couple directly to an axial-vector mediator Z’. This is one of the two models
that was used in the signal injection tests. We show that limits obtained using our particle-level
measurement are competitive with a dedicated detector-level monojet search that was highly
optimised to BSM sensitivity. Second, we consider a more complicated model that introduces an
additional Higgs doublet, along with a pseudo-scalar a which couples to the DM candidate.
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Figure 5.51: Nuisance parameter post-fit pulls, expressed as the difference between the best-fit
value § and the pre-fit value f, normalised by the pre-fit uncertainty (Af) for each NP. Nuisance
parameters with impacts of < 1% across the measured spectra are not shown. The post-fit val-
ues correspond to the SM only fits to the MEPS@NLO predictions, using the signal region and
auxiliary measurement regions for (a) the p5°i! observable in the inclusive jet phase space, using
the cross-section distributions and (b) the pi¢°! observable in the inclusive jet phase space, using
the Rmiss distributions. In the raw fit, some NPs representing QCD scale uncertainties and their
shapes are constrained by construction: these uncertainties are taken to be fully correlated be-
tween boson channels and regions of phase space, meaning that the data in the le+jets, 1u+jets,
2e+jets and 2p+jets regions can constrain the theory uncertainties in the piss+jets region. This
follows the approach of Ref. [225], which proposes an aggressive correlation model based on
state-of-the-art QCD calculations at NNLO and electroweak at NLO. Figures from Ref. [232].
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Fermionic DM with axial-vector mediator

A common, simplified extension of the SM involves an additional U(1) symmetry that predicts
the existence of a fermionic Dark Matter candidate x that couples to an axial-vector mediator Z’
and is only charged under this additional gauge group [34], also referred to as the “DMA” model.
If SM quarks are charged under this gauge group, Z’ mediators can be produced in LHC proton-
proton collisions for example via s-channel diagrams. The Z’ can decay back into two SM quarks
but the distinctive signature is a decay to two y fermions leading to a p** contribution larger
than the SM prediction. This model has been studied extensively by both ATLAS [187, 191]
and CMS [244]. To illustrate the power of unfolded, precision SM measurements we compare
our results to those from the full Run-2 dataset ATLAS monojet search [191], that uses the same
dataset obtained under the same detector conditions.

The parameter settings to generate DMA events at the particle level include a coupling of Z’ to
SM quarks g, = 0.25 and the coupling of Z’ to the DM candidate g, = 1.0. These parameters
are often chosen in benchmark models because in this regime the narrow-width approximation
remains valid. Also, setting g, = 1.0 ensures that Z’ decays predominantly to DM particles,
which leads to a signal that is more distinctive above multijet background than when it would
decay back to a pair of SM quarks. In this analysis, we evaluate 95% CLg in the plane of m, and
myz. As detailed in the previous section, the fitting procedure for this hypothesis test uses R™*
as inputs, where the predicted R™* is recalculated to include the BSM signal.

As this signal leads to a real piss signature, the DMA model only contributes to the piiss+jets
region and not to the auxiliary lepton regions. Figure 5.52 shows what this model looks like in
the piiss observable in the > 1 jet region, for three different masses of M, and a fixed mediator
mass of myz = 1750 GeV. For each value of M,, the relative signal strength gets increasingly
stronger at larger p'**. The phase-space factor for Z' — Y is larger for smaller values of M,,
leading to increased fiducial cross-sections as M, gets smaller.

The obtained limits are shown in Figure 5.53. As the excess data — observed in the individual
cross-section measurements — cancels in the R™** ratio, we see that the observed and expected
limits agree relatively well when including a BSM signal. Similar to the ATLAS monojet search
with 139 fb™" of data [191], masses for the mediator are excluded up to approximately 2 TeV in
the region m, < my /2. The area above M, > my /2 is not excluded because in this region
the on-shell decay of Z' — x is not accessible due to energy conservation. At mediator masses
above 2 TeV the production cross-section becomes small due to the finite beam energy of /s =
13 TeV, ultimately leading to reduced sensitivity in the differential distributions of the pFss+jets
measurement region. There is a discrepancy in the expected limits, that can be attributed to
differences in the event selections and the choice of binning. In the unfolded measurement we
enforce relatively broad bins in the p2i* tails to maintain a sufficient number of events for robust
unfolding, while this is not a strict requirement for the search. The key point is that measurement
can be used for setting constraints with a sensitivity reaching as far as for dedicated searches,
but measurements have the advantage of disabling the need for detector simulation when re-
interpreting the data.

In the same spirit as the SM fits, different correlation models of the QCD scale uncertainties are
tested to evaluate their impact on the BSM models. This test shows that the obtained limits are
insensitive to the correlation scheme. Therefore, the default 50% midpoint in logarithmic space
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Figure 5.52: Differential distribution of the pi** observable in the > 1 jet phase-space, with the
pre-fit SM MEPS@NLO prediction indicated in red and pre-fit unfolded data as black markers.
Combined systematic and statistical uncertainties are indicated as vertical bars for both data and
MC. Additionally, this figure shows the contribution from three different parameter choices of the
DMA model that is explained in more detail in the text. For each BSM signal, the mediator mass
is fixed to Mz = 1750 GeV. The blue, green, and yellow histograms correspond to the signal
for M, = 50,400, 750 GeV respectively, which are added to the SM prediction. The DM masses
are chosen to illustrate the shape of BSM contributions for a range of different parameter points
in the regime M, < mz /2. BSM contributions increase with p2i** relative to the SM prediction.
The Z’' — xx fiducial cross-section is larger as M, becomes smaller.
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Figure 5.53: Exclusion limits at 95% CLg in the plane of Dark Matter mass (m,) and mediator
mass (mz) for the simplified DM model with an axial-vector mediator. Expected limits at 1o
are indicated as a green shaded region, where the observed and expected limits from this analy-
sis, evaluated using the particle-level R™!* measurements in the > 1 jet region, are indicated as a
solid and dashed black line respectively. The area under the black solid line is excluded, showing
a sensitivity of up to 600 GeV for M, and up to 2 TeV for the mediator mass Mz:. The results are
competitive with the limits from the ATLAS monojet search [191]. Figure from Ref. [232].

for the (de)correlation function is used. All other sources of systematic uncertainties, including
the experimental systematics, are taken to be fully correlated between different bins, observables
and regions. Additionally, limits from the R™¥* ratios are consistent with limits obtained by using
the individual cross-section measurements. This is expected since both methods use information

from the lepton regions to constrain the signal region in an (eventually) equivalent way.

2HDM+a

This study of a second DM scenario demonstrates the flexibility of an unfolded measurement and
the sensitivity of an inclusive p'* final state. This model predicts an additional Higgs doublet
and a pseudo-scalar a that couples to DM [33, 245]. In this analysis, we perform a scan in the
plane of the pseudo-scalar mass m, and tan j3, the ratio between the vacuum expectation values
of the two Higgs doublets. This model is referred to as the 2HDM+a model, which is studied
extensively in ATLAS at different model configurations [246]. The sensitivity depends on the
choice of multiple free parameters, but the shared feature is 2HDM-+a appears predominantly in
analyses that have some form of missing energy in the final state, such as B2 + Higgs, EX 4 7
or indeed Ess + jets.

The 95% CLy limits, obtained from the R™* values of both the > 1 jet and VBF regions, are shown
in Figure 5.54. There are three main regions of sensitivity. First, for low values of tan 5 < 0.7
masses of m, < 520GeV are excluded due to loop-induced production of the pseudo-scalar
and its consequent decay into DM particle, as pp — a(xx)+ets. Second, at large tan 3 > 10,
b-quark induced production of the pseudo-scalar yields another excluded region. Lastly, there is
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Figure 5.54: Exclusion limits at 95% CLs in the plane of tan 8 and the pseudo-scalar mass m,, for
the 2HDM+a model. Expected limits at =10 are indicated as a green shaded region, where the ob-
served and expected limits from this analysis, evaluated using the particle-level R™* measure-
ments in the > 1 jet and VBF regions, are indicated as a solid and dashed black line respectively.
The area below the solid black line is excluded, i.e. of values up to tan 5 =~ 0.8 at m, < 500 GeV.
The area to the left and below the dashed line is expected to be excluded. At low values for m,
there is a discrepancy between these observed and expected limits, which is understood qualita-
tively from the bad pre-fit agreement between data and the SM due to the normalization offset
of the MC predictions in combination with the shape of the 2HDM-+a signal in the differential
distributions used as inputs to the fit. Figure from Ref. [232].

sensitivity at small m, for processes that are independent of tan 3, for example pp — H — aZ
and pp — H* — aW¥*. Additionally, leptonic decays of W and Z bosons in the aforementioned
processes can lead to small contributions to the auxiliary lepton regions.

At low values for m, there is a discrepancy between observed and expected limits, which is
understood qualitatively as follows. There is bad pre-fit agreement between data and SM mainly
due to the total cross-section mismodelling of the MC, exemplified by the relatively large pull on
the overall normalization of the MC in Figure 5.51. This is reduced for R™%, which is used in
the limit-setting, but some residual effects remain. As a consequence, the addition of BSM signal
can lead to a better overall fit to the data. This is particularly a problem in the 2HDM+a and not
so much for the exclusion for the DMA model for the two following reasons. First, the 2HDM+a
signal in the differential distributions is less peaked and more broadly distributed between bins
than the simplified DMA model shown in Figure 5.52. As a result, discrepancies between data
and MC can be solved in many bins at once due to the addition of 2HDM-+a signals. Secondly,
the 2HDM+a model does not only contribute to the pss+jets region, but also the lepton regions.
The discrepancies between data and MC in different measurement regions are then mitigated by
the BSM simultaneously, which reduces the observed exclusions.



Chapter 6

Analysis preservation and
reinterpretation

In the previous chapter we have seen how results from a physics analysis are interpreted in terms
of the SM and two BSM scenarios. However, only a limited number of theoretical models can
be tested directly by the experiments. This can have practical reasons, for example not having
enough person power in the analysis team to carefully examine that one extra BSM model, or
the decision to publish a measurement as soon as possible to meet a conference deadline. But
there can also be more fundamentally restricting reasons. For example, SM to a fixed order in
perturbation theory may not be available at time of the publication or ideas for a new physics

scenario were only proposed after the measurement was made.

To pre-empt such situations and maximise scientific value of publications, experiments can define
their analyses and store the data in such a way that the experimental data can later be reused.
How experiments can do this and how results can be reused is discussed in Section 6.1. Now is a
critical time for shifting our approach to analysis preservation, because Run-3 (and Run-2) may
be the final word on many topics until they are surpassed well into the HL-LHC era. If we do not
to a good job of this now, some data might be lost forever. Careful analysis preservation leaves a
potential goldmine for the next generation of physicists, just like how results from deep inelastic
scattering experiments are instrumental in the current day through the determination of parton
distribution functions. In Section 6.2 we highlight current tools and e-infrastructure that shape
the analysis preservation and reinterpretation landscape. Lastly, these tools are taken to the test
by reusing existing LHC data to examine the compatibility of a Dark Matter model in Section 6.3.

6.1 General overview

Discussions on analysis preservation and reinterpretation have played a big role in the past
decade. Motivations and recommendations for the LHC started to emerge during Run-1, see
e.g. Refs. [247-249], with more recent recommendations for the HEP community provided for
example in Refs. [174, 250, 251]. The LHC Re-interpretation Forum and Les Houches meetings
are instrumental platforms for continued discussion of this field and the development of the
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necessary tools to facilitate this, with yearly workshops where experimentalists and phenome-
nologists alike meet. The necessity of data and analysis preservation is also underpinned by
the 2013 update to the European Strategy for Particle Physics [252], as well as a dedicated Data
Preservation study group [253].

This section highlights main techniques for analysis and (meta)data preservation in Section 6.1.1,
with applications to a variety of physics problems summarised in Section 6.1.2.

6.1.1 Preservation of LHC analyses

The reusability is determined by both the analysis design and the auxiliary material that is pub-
lished along with the journal publication.

Analysis design

As discussed in Section 4.3.1, particle-level measurements are easier to interpret than particle-
level searches. Therefore it is generally to the benefit of the HEP community to publish results
in the particle-level representation. A key point here is the validation of the unfolding under
different circumstances. Unfolding tests, as illustrated in Section 4.4.3 are instrumental to ensure
that model-assumptions during the unfolding still hold when reinterpreting the data under a new
model.

Unfolding is a statistical procedure that is unstable if the number of binned events becomes too
small. Therefore, particle-level measurements are not always possible in low-statistics regions of
phase space that are optimised for sensitivity to a rare signal process. This is where detector-level
searches still punch their weight in terms of BSM reinterpretation, and the community still ben-
efits of the publication of online materials for searches. But since full detector simulation is CPU
expensive, concessions are made to the scope of reinterpretation studies (by only considering
a subset of parameter configurations) or accuracy (by reverting to fast simulation or smearing
tools).

A second choice in analysis design, alluded to in Section 4.3.2, is the definition in terms of final-
state particles instead of physical processes. This removes the model-dependence of measured
data on irreducible SM background processes. In this definition, future improvements to SM
predictions from MC event generators are simply reinterpreted and validated against the exper-
imental data. Additionally, model-dependence is reduced by defining particle-level objects close
to the detector definitions.

The physics programme of experiments should cover as much phase space as possible, with a
broad range of final states and observables. Because different analyses use overlapping datasets
and are generally not statistically orthogonal, it is important to account for the possibility of
events that populate the same bins in different searches or measurements. This can be pre-
empted by the use of bootstrap methods [235] to correlate bins between different analyses, while
novel ideas are developed to quantify the amount of overlap between different regions [254].

Online publication of auxiliary (meta)data

CERN recognises the necessity to make LHC data publicly accessible in different levels of ab-
straction for a variety of use cases, enshrined in the CERN Open Data Policy [255]. The key point
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is that experiments provide, in addition to the journal publication, digitised versions of the data
and auxiliary metadata to maximise the reinterpretation potential of analyses. The standardised
public, online repository for the storage of this information is HEPData [236, 256]. There is a vary-
ing degree of how much data is published by different analyses (and groups) within the same
experiment, let alone between different experiments. ATLAS provides HEPData recommenda-
tions for “bare minimum” to “maximal” reinterpretation potential [257]. This section describes
the different types of data that can be published to online repositories. This gradually gets more

complex, but in turn offers more flexibility in terms of reinterpretation.

The absolute minimum that analyses can provide are the numerical values of the experimental
data, including a simple breakdown of the systematic and statistical uncertainties. This should
cover all the measured distributions from a paper that are suited for reinterpretation, and it is
recommended to also provide the corresponding SM and BSM predictions used in the analysis.

The analysis logic should be clearly explained in the paper, but this can still lead to ambiguities
to precisely reproduce the event selection. To validate the selection, experiments should provide
a detailed cut-flow table for each signal region or a runnable code snippet that encapsulates
the analysis logic. Section 6.2 highlights RIVET as the industry standard for the preservation of
particle-level analyses.

For analyses dominated by systematic uncertainties, a simple breakdown is usually not suffi-
cient. In this case the dominant sources of uncertainty should be provided individually, allowing
correlations between different bins to be extracted. This can alternatively be done by providing
explicit correlation matrices or even the full statistical workspace containing the likelihood func-
tions. For recombination of results in different histograms, explicit statistical correlations need to
be provided, for example obtained by bootstrap methods.

Analyses defined in terms of final-state particles can have contributions from different SM pro-
cesses. In this case, it is beneficial to include a breakdown of the predictions for different SM
processes, ideally with a decomposition of the associated theoretical uncertainties.

In the case of likelihood fits, the publication of the statistical workspace contains valuable infor-
mation for reproducibility and future (re-)combinations. Since a few years ATLAS started to pub-
lish workspaces using a serialised JSON format [258], that represent pyh f [259, 260] workspaces'.
One example of an analysis that published the full likelihood is the ATLAS /s = 13 TeV super-
symmetry search with 7 leptons in the final state [262].

Over the last few years, non-analytic variables from machine learning algorithms have taken
a central role in many BSM searches. This outpaced the online preservation infrastructure, so
the storage of trained models in a stable way has become an important point of attention in
workshops at Les Houches and the Reinterpretation forum [263].

6.1.2 Reusing results from LHC analyses

Experimental data, if preserved in an accessible way, can be used for many different purposes.
These are broadly categorised into reinterpretation for SM applications and for BSM searches.

This section focuses on BSM reinterpretations of particle-level measurements, which is later on

IThe pyhf package is a Python implementation of HistFactory [261] that works independently of ROOT.
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used to constrain a BSM model that predicts a DM candidate from anomaly cancellation in Sec-
tion 6.3.

In the context of the SM, LHC measurements are important inputs for Monte Carlo event genera-
tors. Section 4.1.1 already discussed fits for parton distribution functions, but there are other parts
in the MC event generation chain that introduce free parameters that are either fundamental to
the model or related to the implementation in MC models. These parameters are “tuned” using
experimental data. This tuning includes parameters for MPISs, initial- and final-state radiation,
and hadronisation [264, 265]. Of course, experimental data is also used for direct SM-to-data com-
parisons. State-of-the-art SM predictions can be validated and their (shape) modelling assessed.
This can also be in the form of global (SM) effective field theory fits, see e.g. Refs. [266, 267],
to interpret experimental measurements with minimal assumptions of the underlying physics at

high mass scales.

Reinterpretation for BSM allows models to be validated to regions of phase space that were not
included in the original measurement. As a result, in simultaneous fits to multiple measure-
ments, a larger region of BSM parameter space can be excluded. There are various tools that
automate this procedure. The general idea is to generate BSM events, compare the results with
experimental datasets and ultimately infer some statistical limits from this. The main differ-
ence between tools is the choice in terms of the representation level of the data, using either
particle-level measurements, detector-level searches, or both. Reinterpretations can conveniently
be made at the particle-level, because simulation of generated BSM samples is not needed, but the
scope of publicly accessible, re-interpretable particle-level measurements is smaller compared to
the plethora of detector-level BSM searches.

6.2 Tools

There is a profusion of open-source software packages that enable analysis preservation and
reinterpretation of LHC datasets. The main tools that are currently being used and developed
are summarised in Table 6.1. While the subtle distinctions between various tools are interesting
to discuss, this section restricts the topic to RIVET, YODA, HEPData and CONTUR, central to the
phenomenological studies in Section 6.3.

6.2.1 RIVET, YoDA and HEPData

Together, RIVET, YODA and HEPData form the holy trinity of particle-level analysis preservation.

RIVET (Robust Independent Validation of Experiment and Theory) consists of a computational
core that can reproduce analysis logic from LHC measurements, mapping particle-level or detector-
level events in HepMC3 format [94] to binned histograms. This mechanism includes the full re-
construction of the fiducial phase-space including jet clustering (using Fast]et [155]) and dressed
leptons, calculation of event properties and application of event selections, and ultimately a
projected onto experimentally measured observables. The analysis logic for each publication
is stored as a C++ snippet, or a “RIVET routine”, that should exactly reproduce the results from
the code that was used to produce the results for the final paper. Indeed, careful validation of the
RIVET routine is required before it is accepted into the RIVET library, which currently consists of
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R .
Objective Tool epresentation Description Refs.
level

Data storage HEPData Particle & detector ~Online repository for ex- [236]
perimental datasets

Analysis RIVET Particle & detector ~Preservation of analysis [268, 269]

preservation code in runnable C++
snippets

SimpleAnalysis Detector Implementation of AT- [270]

LAS SUSY searches

BSM limits CONTUR Particle Multidimensional BSM  [241, 271]

parameter scanning using
LHC measurements

MadAnalysis Particle & detector Recast of LHC searches [272-274]
and measurements

Gambit Particle & detector Global fits combining [275]
LHC data with results
outside collider physics

Checkmate Detector Implementation of LHC [276]
searches

SModelS Detector Simplified-model ap- [277,278]
proach to reinterpreting
LHC search results

Table 6.1: Overview of several publicly accessible tools to enable reinterpretation of LHC physics
results.

more than 1500 preserved analyses. Rivet also includes smearing functions to emulate detector

effects, so that detector-level can be included in addition to the particle-level measurements.

RIVET uses the YODA (Yet more Objects for Data Analysis) statistics library [279], which emerged
from the development of Monte Carlo event generators as a functional tool developed for flexi-
ble, lightweight and multidimensional histogramming. Because datasets in HEP are often very
large, it is computationally infeasible to perform histogramming in one go. Therefore, continuous
aggregation is a desirable property to enable histograms being filled in multiple steps. This rules
out many existing histogramming tools, and HEP software relies in many cases on the ROOT
software package [280] for these continuous aggregation features. However, ROOT has many
additional dependencies and features beyond histogramming. Therefore it is desirable to have
a more lightweight package for a flexible, maintainable implementation of histogram features,
provided by YODA.

Although RIVET is also used for purely simulation based comparisons, e.g. in Figure A.1 to study
two different MC setups, the power of RIVET lies in its ability to project simulations onto exper-
imental data. In fact, RIVET is the default tool used by developers of MC generators to validate
results and tune parameters to existing measurements. The experimental data is obtained from
HEPData in the YODA format, and stored to the RIVET repository. This closes the circle of direct

data versus MC comparisons at the particle-level.

Both YODA and RIVET offer full functionality of visualising the different YODA data-types. As part
of this thesis work, the plotting infrastructure in RIVET and YODA were completely restructured
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Figure 6.1: Example plots generated with the RIVET and YODA plotting functionality. a) 1D-
histogram comparing multiple MC predictions to data with uncertainty bands and b) 2D-
histogram with values indicated by a colour map. Figures taken from Ref. [279].

to use modern, widely-used computing packages. This Python-based API is interfaced to the
computational library NumPy [281] and data-visualisation toolkit Matplotlib [282]. Users can
interact with the API directly, but YODA and RIVET both also provide plotting scripts that can be
used to generate plots out-of-the-box in a common style.

Most of the plotting functionality is part of the YODA software. This module supports customi-
sation of plot features, such as ratio plots with multiple inputs, switching between logarithmic
and linear axes, tweaking of labels and more. An example of 1D and 2D histograms are shown
in Figure 6.1. The plotting functionality is designed to be agnostic to any underlying physics,
because YODA is a histogramming package not restricted to applications in HEP. Plots can be
generated in different graphical formats, but a distinctive feature of this new module is that it
also produces a set of executable Python scripts, one corresponding to each graphical output.
The Python scripts reproduce the graphical outputs via plotting-calls to Matplotlio and NumPy.
The scripts are designed to be easy to understand by the user, and can therefore be refined and
tweaked further to offer maximum flexibility. In addition, this text-based intermediate format is

future-proof and easily exchangeable between different software systems.

Practical HEP applications of RIVET demand the propagation of MC errors, including uncertain-
ties on the choice of renormalisation and factorisation scales or on the PDF set. To this end, the
RIVET plotting module first calculates error bands, for example as the uncertainty envelope or
from a PDF prescription. In a second step these combined bands are passed to the YODA plot API

for the generation of graphical outputs and associated plotting scripts.

6.2.2 CONTUR

CONTUR (Constraints On New Theories Using RIVET) [241] is a framework that enables compar-
isons between BSM theories and precision LHC measurements that are available in the RIVET
analysis library. The philosophy behind CONTUR is that many models, or subsets of the parame-
ter space thereof, can already ruled out by existing measurements without defining a dedicated
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Figure 6.2: Diagrammatic representation of the CONTUR workflow. Starting from a set of BSM
Feynman rules, a Monte Carlo event generator (MCEG) can generate BSM collision events at the
particle level. Using RIVET this is projected onto observables, that are compared to experimental
data and SM predictions from HEPData. CONTUR infers statistical limits from this, which can be
repeated for multiple points in BSM parameter space to obtain multidimensional exclusion limits.
Additionally, the CONTUR infrastructure enables automatic steering of the event generation and
running RIVET over the set of events. Therefore, the arrows with “MCEG” and “RIVET ” are
effectively hidden from the user. The illustrations of the histogram and exclusion plot are kindly
provided by L. Corpe [209].

experimental search for it. This exploits an exhaustive list of measurements and final states,
offering different run conditions from different beam energies and experiments. CONTUR links
together multiple established tools (e.g. RIVET and different MC event generators) for a stream-
lined and efficient workflow, while the modular design makes it straightforward to include the
latest versions of the used software packages.

The CONTUR workflow is as follows. A set of BSM Feynman rules, indicating the new BSM par-
ticles and their interactions, is fed into MC event generators, such as HERWIG or MADGRAPH, to
simulate proton-proton collisions under the assumption of the new BSM processes. These events
can then be projected onto observables, corresponding to LHC measurements, using RIVET. The
BSM contribution can be stacked on top of the SM predictions, and the agreement with experi-
mental data evaluated. If there is a large BSM signal that exceeds the uncertainty bands, this is
converted to a confidence level intervals on the parameters of the BSM model. By repeating this
procedure for multiple points in parameter space, multidimensional exclusion diagrams can be
obtained. This is illustrated schematically in Figure 6.2.
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CONTUR uses a subset of particle-level measurements in the RIVET library. These measurements
can partially overlap if the same dataset and a similar final state is used. As a result, the injection
of BSM can leads to correlated signals in distributions from different analyses. Without a proper
treatment of these correlations with bootstraps, double counting can lead to an overestimation of
the resulting exclusion. To mitigate this, CONTUR divides the measurements in orthogonal cate-
gories or “pools”, that are separated by beam energy, experiment and final state. Only the best
exclusion is taken and combined with exclusions from the orthogonal pools to form a combined
exclusion. This per-pool-best-exclusion can be calculated either from a histogram within that
pool, if statistical correlations between different bins are available on HEPData, or a single bin, if
correlations are not available.

CONTUR limits are presented as 68% or 95% CL intervals, where CLg = ps+4/1 — pp. The p-values
for the background only (null) hypothesis b and the alternative hypothesis s + b are calculated
from the test statistic based on the likelihood ratio

, = —2ln SEHEHY) ©6.1)
L(F|i5+b

~ =

In this equation, s indicates the number BSM signal events, b the SM background and z the num-
ber of events in experimental data. The parameter of the signal strength that maximises the max-
imises the likelihood is written as fi. The signal hypothesis is excluded when the signal strength
ii = 1is excluded. The null (SM) hypothesis corresponds to ¢ = 0. Similar to Section 5.8.1,
likelihoods are written as Poisson distributions. The test statistic approaches

tpobs & Xoops = (T — fi-5—b) Cov. ™! (¥ — ji- 5 b) (6.2)

in the large-sample limit, i.e. where Poisson likelihoods approximate normal distributions, where
the covariance matrix Cov. includes the statistical and systematic uncertainties on the data, SM
prediction and BSM signal. The probability distribution function for the test statistics follows a
central chi-square distribution for n degrees of freedom, such that

Xa- (6.3)

b= [ sdwan, - |

t11,0bs Xﬁ,,obs
In the alternative hypothesis i offers one additional degree of freedom such that n = 1. First,
the CLg value is calculated for each histogram in the CONTUR database following Equation 6.2.
Again, this takes into account all bins if statistical correlations for the data are provided on HEP-
Data, or otherwise it evaluates the CLs exclusion for each bin individually and continues with
the bin that has the highest exclusion. Then, the most sensitive histograms (or bins within those)
from each pools are concatenated into a single list from which the global likelihood (combining
all the different pools) is obtained.

Additionally, CONTUR calculates expected limits using the same statistical procedure, but re-
placing the nominal values of the experimentally measured data with the SM predictions, i.e.
Snom. — Tnom., While keeping the size of the experimental uncertainties. Furthermore, the sensi-
tivity of the HL-LHC dataset can be estimated by scaling the total experimental uncertainties of
the /s = 13 TeV LHC measurements by the square root of the ratio to the projected integrated
luminosity of 3000 fb~" during the HL-LHC. The underlying assumption is that the systematic
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errors scale down with the statistical uncertainties. This projected sensitivity is conservative in
the sense that it uses only currently available SM predictions (that may become more precise in
the future) and assumes that the HL-LHC programme does not expand the phase-space regions
that are currently measured.

CONTUR is a powerful approach to limit setting, because on a cluster of PCs it is possible to gener-
ate 100,000 particle-level events in O(hours) for N x N two-dimensional grids in BSM parameter
space. With this efficient feedback loop it becomes feasible to study different parameter config-
urations, or iteratively optimise the grid or targeted phase-space of a BSM model. Many LHC
final states are considered at the same time for nearly no extra computing costs, which sometimes
leads to unexpected collider signals of the considered BSM theory.

It should be emphasised that CONTUR is a package that only sets exclusions, and that it is not a
discovery tool. While large deviations between expected and observed limits can be interpreted
as a sign of new physics, CONTUR can not make any quantitative inference of this suspicion.

One of the main limitations in CONTUR is its dependence on the preservation and re-interpretability
of LHC measurements. Experimental results can only be re-used from model-independent particle-
level measurements, where a RIVET routine is provided together with sufficient auxiliary (meta)data
on HEPData. Only a subset of analyses that satisfy the requirements of “model-independent”
and “particle-level” also provide the SM predictions on HEPData. To make use of those analyses
in CONTUR, SM predictions need to be estimated by digitising plots in the original publication
or by rerunning the event generation.? Furthermore, missing statistical correlations weaken the
exclusion limits because in a conservative approach only the most sensitive bin of a histogram
is taken into account. Initiatives in ATLAS — following recommendations from Les Houches and
Reinterpretation Forum discussions — can promote the publication to HEPData of SM predictions
and correlations for every measurement.

6.3 Analysing the gauged baryon humber model with CONTUR

This section presents a CONTUR study of a model in which baryon number conservation is im-

plied by a local U(1)g gauge symmetry. The formal definition and new particles associated to

this BSM scenario is presented first, observing that the model provides an interesting collider
miss

phenomenology with a wide range of final states, including the pf'**+jets final state presented
in Chapter 5, making it suitable for reinterpretation using CONTUR.

6.3.1 Motivation and theoretical model

In the Standard Model, global baryon number (B) and total lepton number (L) are accidental
symmetries of the full theory. It is possible to construct a model where B, L or both are conserved
at the quantum level by extending the SM gauge group with additional Abelian U(1)" gauge
groups as follows [283-286]:

Gom @ U(1) ® U(1)]. (6.4)

2For measurements with missing SM predictions, CONTUR provides an option to assume that the SM prediction exactly
matches the measured data. While this option provides insight into the sensitivity of a measurement to a given model,
any constraints from this mode are not included in the global exclusion.
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Imposing new gauge symmetries can lead to gauge anomalies, which are the non-cancellation
of divergences in the full theory. The divergences give rise to many problems, including non-
unitarity which in turn leads to probabilistic issues in the quantum field theory (QFT) interpre-
tation. Extra fermionic degrees can be added to cancel the anomaly and to study symmetry
breaking, which poses constraints on model at hand [287-290].

In this project, we restrict ourselves to the case where only baryon number is a local gauge sym-
metry. In addition to new fermionic degrees of freedom, the SM gauge Higgs sector is extended
with a U(1)g gauge leptophobic Zg boson and a Higgs singlet Sp. The local baryonic symmetry
U(1)g is broken when Sg acquires a vacuum expectation value and this guarantees the stability
of the lightest fermionic field. This fermionic field is the dark matter candidate labelled with x.
A priori, the DM candidate can be represented by either a Majorana or Dirac field. This study is
restricted to the case where x is a Majorana particle, as this is the most generic scenario to cancel
gauge anomalies via additional fermionic fields. The model for gauge cancellation using Dirac
fields instead is illustrated in Ref. [291].

For Majorana DM, the model has the following interactions:
LD - %Btiv“qu + (DuSe) (D*Sg) +ixr7" Duxt

— V(H,Sg) — (AXLCxLSs + h.c.)

+ Eanomaly cancellation s (65 )

where Lanomaly cancellation cOntains the heavy fermionic fields for anomaly cancellation and

D#Sp = 0"Sp — 3igsZ S, (6.6)
Dty = 0"xr — gigBZgXD (6.7)
The scalar potential is given by
V= —p}HYH + \g(H'H)? — 13,5558 + A\5(S5Se)? + Aup(H H)(S5S8),  (6.8)
with the Higgs bosons
H= ( L hr , > and Sp= i(sB—H‘aB). (6.9)
5 (ho + iag) V2

Spontaneous symmetry breaking of baryon number and the electroweak sector occur when the
new Higgs boson and the SM boson acquire a vacuum expectation value respectively: (sg) = vp
and (hg) = vo. The physical Higgs bosons are coupled via the mixing angle 6 5:

h = hgcosfg — spsinfg,
0 B — SB B 6.10)
hg = sgcosfg + hgsinfg,

6.3.2 Collider signatures

The leptophobic Zg boson couples to SM quarks and the DM particle x. The main production
mode in a proton-collider is therefore the s-channel ¢qg — Zg process. This could be visible as both
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resonant and non-resonant production, with Zg decaying into a pair of quarks or an invisible final
state with two x DM particles. The decay into light quarks leads to a dijet signature, but the dijet
production cross-section via Zg, O(10~3nb) for gg = 1.0, is orders of magnitude smaller than the
SM predicted dijet cross-section of O(10% nb). This makes dijet signatures a difficult final-state to
infer limits from using CONTUR. However, for sufficiently high M, the distinctive production
of a top-quark pair via pp — Zj — tt is allowed. The total ¢Z production cross-section is much
smaller, with fiducial cuts reducing the phase-space of ATLAS measurements to only O(10~2 nb)
[292] where BSM signals can have a large impact. Furthermore, if M7, > 2x, invisible particles
are produced in the final state via Zg — xx. If Zp is produced in association with a highly
energetic jet, this leads to a distinctive piiss+jets signature as qq — gZ3; — gxX, 99 — 425 — qxX
or gq¢ — GZ; — qxx. At slightly lower cross-sections the Zg is also produced with a photon

instead of a jet, leading to either v + jets or v + p§'** final states.

The new Higgs boson hg is produced mainly via pp — Zj — Zghg. This production cross-section
is relatively small, compared to Zg — ¢d/xx because the Z} is very off-shell. However, the hp
decay can lead to distinctive signatures that offer good discrimination from SM backgrounds.
Atlow Mp, (< 150 GeV), the new Higgs decays mainly into a pair of photons. This final-state is
precisely measured at the LHC with small fiducial cross-sections of O(10~! nb). At larger masses,
hg can decay as a resonance and non-resonance into pairs of SM EW gauge bosons, i.e. hg — ZZ
and hg — WW. If kinematically allowed, it can also decay into x and Zg, but this depends on
the assumptions on the masses of the respective BSM particles.

6.3.3 Generator setup

For the event generation we use HERWIG v7.2.3 [83]. The model-specific features of the gauged
baryon number theory are stored in the Universal Feynman Output (UFO) format [293]. The
UFO format specifies particles, parameters, vertices and couplings as Python objects, that col-
lectively form the set of Feynman rules used by the event generator. A complete UFO model
normally comprises one directory with a Python script for each class of properties, with for ex-
ample a particle.py and parameters.py. UFO models are a generic class not limited to
a specific generator, and the UFO model is converted into objects that HERWIG can implement
using HERWIG’s ufo2herwig command.

HERWIG has a built-in mechanism to calculate the hard process for 2 — 2 scattering, based on
the Feynman rules of the BSM model of interest. To this end, we construct a herwig. in file
corresponding to this BSM model that is then passed to HERWIG for the event generation. In the
herwig. in file, we use the HPConstructor (from “hard process constructor”) object to specify
the incoming and outgoing particles for inclusive 2 — 2 scattering. SM gluons, quarks and anti-
quarks — excluding the (anti-)top quarks — are considered as incoming particles. The hg and Z3
bosons are added to HPConstructor as outgoing particles. The decays of hg and Zg are simulated
after the hard scatter process. The constructor for resonant processes ResConstructor defines
s-channel processes with an intermediate resonance. To this end, both hg and Zg are added
as intermediate particles. Incoming particles include again the light quarks, light anti-quarks
and gluons. By default CONTUR adds all SM particles as outgoing particles to ResConstructor,
although the actual final-state particles that can be constructed from the hg and Zg resonances
depends on the vertices in the UFO model.
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The described LO setup leads to final states with jets, for example via resonant dijet production
or the production of heavy bosons in association with jets. Many experimental analyses have
a jet pr cut to select only hard and well-measured jets. By default, a large fraction of events
generated with HERWIG will have jets below these thresholds. To improve statistics in the BSM
event samples and to avoid generating a lot events that are ultimately discarded through jet pr
cuts in the RIVET routines anyway, a jet pr cut of 150 GeV is imposed in the hard scatter process.
The impact of the additional jet pr cut at generator-level is studied using the RIVET routine of
the /s = 13 TeV ATLAS piisstjets analysis, which has a jet pr cut at 120 GeV cf. Table 5.2 and
a cut on p™™ at 200 GeV. Before adding a jet pr cut in HERWIG, only 3% of events that pass the
cut on A¢ (jet, pp™**) also pass the signal region > 1 jet selections. The generator-level cut in
HERWIG improves this figure to 89%. It may seem counter-intuitive to have a jet pt cut at matrix-
element level larger than the jet pr cut of the experimental analysis, but in this LO setup the jet
pr should balance the pfi** from Zg — vv in LO event generation, and as indicated p%** has a
higher experimental cut at 200 GeV. Furthermore we are not just analysing the pis+jets final
state, but also any other final state with jets, and with lower jet pr cuts it is increasingly more
CPU expensive to have reasonable statistics in the phase-space of experimental analyses.

6.3.4 Results

Free parameters in the gauged baryon number model are the coupling g, masses Mz,, M}, and
M,., and the mixing angle sin §g. The latter is constrained to be small from direct DM detection
constraints and is fixed to sinfg = 1072 throughout these studies. Different combinations of

two-dimensional parameter scans are performed for the BSM coupling and particle masses.

Coarse grained scan for gg and Mz,

First, we examine bounds on Zp as a function of its mass for different values of gg. The values
of the coupling are varied between 0.1 < gg < 1.0 in increments of 0.1, the mass covers a range
of 13 linearly spaced point on the interval 50 GeV < Mz, < 3000 GeV, and the additional free
parameters are fixed to M, = 100 GeV and M}, = 200 GeV.

The results are presented in Figure 6.3. The right plot in Figure 6.3a shows the CL exclusion for
each individual parameter point on the 10 x 13 grid, for which events have been generated using
HERWIG and compared to existing LHC measurements. The colour coding indicate the level of
exclusion. The exclusions for individual grid points are interpolated to obtain exclusion contours
at 95% and 68%, shown in the left panel of Figure 6.3a as solid and dashed lines respectively. The
left panel also includes the 95% expected exclusion limits as a dotted line. The red dotted line
corresponds to the estimated sensitivity from the HL-LHC programme. Figure 6.3a shows the
same observed and expected exclusion lines, but the colour coding indicates which measurement

pool provided the most exclusion it a given point in parameter space.

For intermediate masses Mz, ~ 1500 GeV the value of gp is excluded down to almost 0.2, while
low and high-mass regions allow values of gg up to 0.5 and 0.4 respectively. Couplings of gg > 0.5
are excluded across the entire range of Mz, .

In the region Mz, ~ 100 GeV the main exclusion comes from a precision ATLAS measurement of
Z(— 0707) +jet(s) at /s = 8 TeV [294]. Figure 6.4 shows one of the differential measurements
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Figure 6.3: CONTUR scan in the gg-Mz, plane, indicating the 95% observed exclusion (black solid
line), the 68% observed exclusion (black dashed line) and the 95% expected exclusion (dotted
line). The red dotted line is the projected HL-LHC sensitivity, and the region above the red
dotted lines would be excluded in the HL-LHC scenario at 95% confidence level. Subfigure (a)
shows the individual grid points in the right panel, that are interpolated to obtain contour lines
in the left panel. Figure (b) shows the same contour lines, but the colour coding indicates which
pools give the most sensitivity for a particular point on the plane (see text). The fixed parameters
for this scan are M}, = 200 GeV, sinfg = 0.01, and M, = 100 GeV. Figures taken from Ref. [299].
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Figure 6.4: Comparison of the gauged baryon model signal to SM predictions and ATLAS data
from Ref. [294], for M,, = 100 GeV, sinfg = 0.01, M}, = 200 GeV, gg = 0.6 and Mz, = 100 GeV.
Data is indicated with black markers, the SM prediction as a red histogram and the SM+BSM
prediction as a blue histogram. We observe that the BSM contribution leads to an excess in the
tail of the pr distribution of the ¢/ system, which is primarily due to ZZg production where the
SM Z decays leptonically.

from this analysis that contributes to the exclusion for gg = 0.6, Mz, = 100 GeV. The plot shows
the experimentally observed data as black markers, the SM prediction as a red line and the BSM
signal superimposed on the SM background in blue. The ratio panel shows the agreement of
the SM and SM+BSM prediction relative to the data, where the vertical axis is scaled to the total
uncertainty to show agreement expressed as the number of standard deviations it is away from
the data. The BSM leads to an excess in the tail of the pr distribution of the ¢¢ system, which is
primarily due to ZZg production where the SM Z decays leptonically.

For larger masses the Zg — xx decay switches on, leading to an exclusion primarily from mea-
surements with a p'stjets final state. The most sensitive LHC measurement of p2*s+jets is the
one presented in Chapter 5, so that our focus on re-interpretability is already paying off in this
study. The corresponding particle-level distributions with the BSM signal injected on top of it
are shown in Figure 6.5. The > 1 jet p%iss distribution is the most sensitive observable, because
theoretical uncertainties of the NNLO reweighted SM prediction are much smaller than those for
the MEPS@NLO prediction in the VBF distributions.

At sufficiently high M, the new Zg boson can decay into a top-quark pair. As shown in Fig-
ure 6.6, this emerges as a resonance at Mz, of the invariant mass of the ¢t system and leads to
an excess in the high pr tails of the top-quarks. There is an overestimation of the data from
the Standard Model POWHEG +PYTHIAS8 prediction. Adding BSM on top of this only brings the
SM+BSM yields further away from the experimental data. Although the CLg; method accounts
for this in the observed limits, the 95% observed exclusions are stronger than the 95% expected
exclusions. This feature also seen in Figure 6.3, where the solid lines excludes smaller values
of gg than the dotted line. The ¢t signal gives strong exclusions, and is fully efficient around
Mz, = 1500 GeV. For higher masses the production-cross section of Mz, decreases, ultimately
reducing the sensitivity reach in gg.
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Figure 6.5: Comparison of the gauged baryon model signal to SM predictions and ATLAS data
from Ref. [232], for M, = 100 GeV, sinfg = 0.01, M}, = 200 GeV, gg = 0.4 and Mz, = 542 GeV.
Data is indicated with black markers, the SM prediction as a red histogram and the SM+BSM
prediction as a blue histogram. For this particular parameter point, most of the constraining
power comes from the p2i* observable in the monojet phase-space. The VBF phase-space, as
explained in the chapter on the pi*+jets analysis, only has NLO samples available for the SM
predictions, while the monojet phase-space additionally has NNLO reweighted samples with
much smaller theoretical uncertainties. CONTUR uses the NNLO samples for the monojet phase-
space, which leads to stronger constraints for this region compared to the VBF phase-space.
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Figure 6.6: Comparison of the gauged baryon model signal to SM predictions and ATLAS data
from Ref. [292], for M,, = 100 GeV, sinflg = 0.01, M}, = 200 GeV, gz = 0.4 and Mz, = 2508 GeV.
Data is indicated with black markers, the SM prediction as a red histogram and the SM+BSM
prediction as a blue histogram. The SM only prediction already over-predicts the data across the
spectrum. By adding additional BSM on top the disagreement with data only becomes larger.
Therefore the observed exclusions are normally stronger than the expected conclusion from this
measurement, as can be seen explicitly in for example Figure 6.3.

CONTUR considers particle-level measurements, but the gauged baryon model can also be con-
fronted with data from detector-level searches. Search bounds in the same gg-M, plane are pre-
sented in Figure 6.7, with the CONTUR measurement constraints superimposed as a dark green
line. The search bounds were obtained under the assumption that M, is decoupled from the
Higgs sector and that it decays only into SM quarks. This rules out gg > 0.2 for intermediate M,
masses, while gg < 0.3 in the mass range Mz, < 500 GeV.

Low Mz, region

Figure 6.8 shows similar two-dimensional scans in the gg-Mz, plane, now zooming in on the re-
gion of low Mz, mass below 500 GeV to resolve interpolation effects. As expected from the full-
range scan, there are constraints from Z(— ¢~ (") + jet(s) at /s = 8 TeV, while pi**+jets dom-
inates where Mz, > 2M,. A new signature emerges, as this high granularity scan exposes di-
photon measurements as the most sensitive final state in the region 150 GeV < Mz, < 250GeV.
This photon signal is due to hg — 7y decays, which has branching fraction of approximately 25%
for the choice Mj,; = 200 GeV and M, = 100 GeV. Although the production of pp — Z5 — Zghp
has a relatively small cross-section, the distinctive hg — v+ decay delivers strong exclusions due
to the excellent resolution on photon measurements. Figure 6.9 shows exclusions obtained from
Ref. [316]. This confirms that the diphoton pair is the result of a M}, decay, as the invariant
diphoton mass peaks sharply at M}, = 200 GeV. Additionally, the new BSM model leads to a
sharp excess in the pr tails of the reconstructed photons.

The decay Zg — xx can be switched off by setting M, > My, /2. The results of a scan with
M, = 10TeV is shown in Figure 6.8b, showing that the diphoton signature alone is capable of
excluding a large part of parameter space. Furthermore, exclusions arise from hp decays into two



Analysis preservation and reinterpretation 187

----- ATLAS 13 TeV 139 b

----- CMS 13 TeV 137 fb7!

""" ATLAS 13 TeV 29.3 fb!

----- CMS 13 TeV 27 fb !

----- CMS8TeV 188 fb!

----- ATLAS ISR 7/ 13 TeV 79.8 fb '

----- CMS ISR 7/ 13 TeV 35.9 fb~'

0-0 1 1 Il 1 Il
50 500 1000 1500 2000 2500 3000 =----- CMS 13TeV 2.7 fb!

My, [GeV]

Figure 6.7: Experimental bounds on gg-Mz, from LHC searches [300-307] (see legend) and
CONTUR constraints corresponding to the 95% confidence level exclusion shown in Figure 6.3
(in dark green). The exclusion contours using searches only are slightly better than the CONTUR
constraints, because it can target regions of phase-phase that are not covered by LHC measure-
ments (yet). Figure taken from Ref. [299].
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Figure 6.8: (a) Results from CONTUR, as in Figure 6.3b, but now zooming in on the low Mz,
region. (b) as in (a), but now with M, = 10TeV. An explanation of different measurements
contributing to the overall exclusion is given in the text. Figures taken from Ref. [299].
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Figure 6.9: Comparison of the gauged baryon model signal to SM predictions and ATLAS data
from Ref. [316], for M, = 10TeV, sinfg = 0.01, M}, = 200GeV, gg = 0.6 and Mz, = 225GeV.
Data is indicated with black markers, the SM prediction as a red histogram and the SM+BSM
prediction as a blue histogram. In subfigure (a), we see a sharp excess precisely at m..,, i.e.
peaking around the chosen parameter Mj, = 200 GeV. This particular value of 200 GeV is just an
illustration: for different parameter values of M}, the m.., peak shifts accordingly. In figure (b)
we see that the diphoton decay can also lead to an excess in the tails of the transverse momentum
of the diphoton system.
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heavy gauge bosons, i.e. ZZ — 4¢in pink or WW — {11,515 in light blue. Indeed, Figure 6.10a
confirms that the invariant mass plots of the four-lepton mass have a sharp peak in the BSM
signal at My, = 200GeV. The invariant mass of the WW system is not fully reconstructed
experimentally, but kinematic distributions such as the rapidity of the e, u system give exclusions
of the BSM parameter space as shown in Figure 6.10b.

Fixed coupling

Furthermore, we investigate the dependence on other model parameters for fixed values of gg,
that are guided by the allowed parameter space from the searches. We perform multiple scans,
for Mz, against both Mj,, and M,, all across values between 100 GeV and 5 TeV as shown in
Figure 6.11. We consider gg = 0.15 because this is unconstrained across most of the M, range
from the searches, but also gg = 0.25 which is still viable in the low M, region. Figure 6.11a
fixes M, = 100GeV, gg = 0.15 which results in an exclusion only at 68% confidence intervals.
For this small value of gg, the production cross-section of hg becomes so small that it effectively
switches of. Therefore, Figure 6.11a shows no dependence on M}, in terms of the exclusion
limits. Nonetheless we observe that the dominant exclusion of some parameter points — albeit
below 68% CLg— comes from the diphoton measurement. The dependence on the mass of Zg is
similar to that of Figure 6.3, where Zg — tt leads to exclusions for sufficiently large Myz,. This
scan in the My,-My, plane also consistent wit Figure 6.3 in that the p2i**+jets signal is too weak
at gg = 0.15 to yield exclusions at 68% CLs. The projected HL-LHC sensitivity in red, however,
excluded a large range of 300 GeV < Mz, < 1500 GeV at 95% CLs. A similar picture emerges in
Figure 6.11a with M, = 10TeV,gg = 0.15. There is a slight increase of sensitivity at high M},



Analysis preservation and reinterpretation 189

Inclusive differential cross section for four leptons (Max = 1710 GeV). pp — eTuFvvj, b-veto

/>\ 101 27‘ T ‘ TT T ‘ T T ‘ T T ‘ TT T ‘ TT T ‘ TT T ‘ TTT 775 z\ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
() £ 3 = r -
O ATLASData + 4 T 1000 — ATLASData +
é 1L Sherpa+NLO EW —— _| 5 S MATRIX nNNLO x NLO EW —— g
\EJ E BSM+SM excl. 51% 3 800 — BSM+SM excl. 77% ;
= r (83% expected) b S (72% expected) g
S0k — L ]
= E 3 600 — —
102 B r h
E 400 (— —
NI | L i
- E| 200 |— _
104 ;\ A T N UEE AT ERTE A ? | . m =
B T L O L B B B B =
o 20 — o 20 —
= E 3 = E E|
EJ: ] = 2 [ m—
2 ook Uﬂw n H n ‘ E 2 ooE — — E
b E 3 b = =T 3
£ rE W“L_J L] 3 2 =
5] = = 5] = 3
i P = M a0 -
730.:1\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\: —30:““““‘“““““““‘:
250 500 750 1000 1250 1500 1750 2000 0.0 0.5 1.0 15 2.0 25
M(4l) (GeV) Yen

(a) (b)

Figure 6.10: Comparison of the gauged baryon model signal to SM predictions and ATLAS data,
for (a) Ref. [317] with Mz, = 312.5GeV, and (b) Ref. [315] with Mz, = 425 GeV. In both figures,
M, =10TeV, sinfg = 0.01, My, = 200 GeV, gg = 0.5. Data is indicated with black markers, the
SM prediction as a red histogram and the SM+BSM prediction as a blue histogram. Subfigure (a)
shows an excess of BSM signal at M (4¢) ~ 200 GeV, consistent with the decay hg — ZZ — 4(.
The decay hg — WW, where both W bosons decay leptonically, leads to excesses in kinematic
distributions of the final-state leptons as illustrated in subfigure (b).

mass, because hg — xx is forbidden which leads to an increase branching ratio of its decay into

two gauge bosons.

We also consider the sensitivity in a plane of M,-Mgz,, for gg = 0.15 and gg = 0.25 for Fig-
ure 6.11c and 6.11d respectively. This demonstrates a similar dependence on Mz, as observed
before. For values of gg = 0.15 the BSM signal is too small to lead to exclusions at 95% CLs,
but this is recovered with gg = 0.25. In both scenarios, the limits at Mz, = 1000 GeV from the
hadronic ¢t measurements are slightly weaker in the low M, region. This is explained because
Zg decays predominantly into DM in this region, reducing the cross-section of tt-production via
the BSM resonance. For gg = 0.25, the p*>+jets signature excludes a small region at low M, at
68% CLg, which is consistent with the limits from Figure 6.8a. The projected HL-LHC sensitivity
shows that that Zg with a mass as low as 200 GeV across the full M, range can be discovered or

rejected in the near future.

6.3.5 Additional dark matter constraints

Dark matter models are constrained by cosmological limitations on the relic density and the scat-
tering of SM nucleons as probed by direct detection experiments. Since the gauged baryon model
predicts a DM candidate, both types of DM constraints can be imposed on the parameter space
of this model. This demonstrates a direct connection between areas of physics at the largest scale,
cosmology, and the smallest scale, particle physics. The Majorana DM candidate can annihilate

via the following processes:

XX — qq, ZpZy, Zghs, hghs, hh, hhg, WW, Z Z. (6.11)



190 Analysis preservation and reinterpretation

102 103 102 10°
MZB [GGV] MZB [GeV]

(b)

102 4 — — 102
10? 10? 10? 10®
M, [GeV] M, [GeV]
(©) (d)
B hadronic £ [292,295] @@ y+ps [312,318] @ Ly [296] 4
3~ [310, 319] E 1 lo+pR+jet [308] R plRsS+et [187, 232]
Ojets (0 Het O £y Lo+ piss

Figure 6.11: CONTUR scans in the Mz,-M}, and M,-My, planes, indicating the 95% observed
exclusion (solid line), the 68% observed exclusion (dashed line) and the 95% expected exclusion
(dotted line). The red dotted line is the projected HL-LHC sensitivity. The excluded areas lie
between the solid or dashed lines respectively. The mass M, is fixed to 100 GeV and 10 TeV for
subfigures (a) and (b) respectively, both with sin g = 0.01, gg = 0.15. Subfigures (c) and (d) are
generated with couplings gg = 0.15 and gg = 0.25 respectively, with the other parameters fixed
to sinfg = 0.01, M}, = 200 GeV. In subfigure (b) we see an increased sensitivity at large M},
around Mz, ~ 600 GeV compared to subfigure (a). Because the Zg — xx decay is effectively
switched off in figure (b), there is a larger decay width into final states (e.g. v + p2'**) that are
more constraining. In figures (c) and (d), the hadronic t¢ measurement yields most part of the
exclusions. At lower M,, the Zg — xx becomes the dominant decay mode, leading to a reduced
sensitivity of the ¢¢. This is not completely counterbalanced by an increased sensitivity from the
piss tjets measurements, although the expected exclusions from the p2is*+jets analysis pool be-
come visible as a dotted line around M, ~ 100 GeV in subfigure (d). At large Mz, we observe
a (counter-intuitive) discrepancy that the current observed limits are stronger than the expected
HL-LHC sensitivity. This happens because the SM predictions of the hadronic t¢ measurement
overestimate the data, as shown in Figure 6.6, leading to stronger observed than expected exclu-
sions. Figures taken from Ref. [299].



Analysis preservation and reinterpretation 191

Constraints on the relic density from cosmological observations, Qh? < 0.12 [20], can be satisfied
for both gg = 0.15 and gg = 0.25 even when M, and Mz, are close to the electroweak scale.

The cross-section of nucleon-DM scattering o, y — via the exchange of H, hg or Zg gauge bosons
—can be calculated analytically and compared to direct detection bounds in the plane of M, -0, n.
This excludes values of 100 GeV < M, < 200 GeV and 100 GeV < M, < 400 GeV for gg = 0.15
and gg = 0.25 respectively, but values of M, are still allowed to be close to the EW scale.

The combined set of constraints from collider physics, cosmology and direct-detection exper-
iments are complementary, but still leave a large window of allowed parameter space of the
gauged baryon model, as shown in Figure 6.12. All in all we see a well-motivated, anomaly-
free model that is compatible with constraints from different kinds experimental measurements.
Even more so, particle masses can be well below the TeV-scale and hence well within reach of
the Large Hadron Collider at CERN. As demonstrated in Figure 6.12, the projected sensitivities of
the HL-LHC program cover a large part of the parameter space that is still allowed. This model
a viable candidate for further study in the LHC program, where a discovery is possible in the

short to intermediate term.
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Figure 6.12: Summary of different bounds in the M,-My, plane for a coupling of gg = 0.15
and gg = 0.25 for figure (a) and (b) respectively. For the other parameters sinfg = 0.01 and
Mp, = 200 GeV were assumed. The white regions in the 2D parameter space are still compatible
with experimental observations, where the different exclusions, indicated with coloured regions
and lines are derived from the following. Observed collider constraints using CONTUR are shown
between black solid lines as a grey area for the 95% confidence level. The corresponding con-
straints from CONTUR at 68% confidence level is the region between the dashed black lines. The
red dotted line is the projected HL-LHC sensitivity, and the area between these two lines would
be excluded at the HL-LHC under the assumptions given in the text. The purple shaded region is
excluded, as in this region the model would lead to a larger relic DM abundance than the exper-
imentally measured value. The solid purple line along the edges of the purple regions indicate
the model parameters for which Qh? matches the experimentally measured value of 0.12 exactly.
The perturbative bound, which excludes the red shaded region, follows from the requirement of
having a new Higgs potential that is bounded from below. The orange line at QA% = 0.12 is ruled
out from limits on the DM-nucleon cross-section in direct-detection experiments. Figures taken
from Ref. [299].



Chapter 7

Conclusion

This thesis motivates a shift in approach to new physics searches at the Large Hadron Collider,
particularly during Run-3 data-taking and the High-Luminosity LHC era. Where traditional
searches normally have a short shelf life, precision Standard Model measurements are a com-
plementary approach that allow swift and simple reinterpretations of experimental data for a
multitude of beyond the Standard Model scenarios. In this work, the first inclusive p'* mea-
surement with the full ATLAS Run-2 dataset of 140 fb~' is presented. This analysis is optimised
to be maximally re-interpretable. Using a benchmark DM model it is shown that such mea-
surements are competitive in terms of BSM sensitivity to dedicated collider BSM searches. To
back up the claim that re-interpretable measurements are powerful assets, the published ATLAS
pisstjets results are immediately used to set stringent constraints on a theoretical model that
predicts a DM candidate from anomaly cancellation.

Differential cross-section measurements of missing energy in association with jets are performed
using the ATLAS detector. In addition to the phiss+jets final state, four auxiliary regions with
charged leptons are measured. These lepton regions are used to constrain experimental and the-
oretical systematics in the pfi**+jets region. Results are also presented as ratios between the piss
region and the lepton regions (R™"%). In addition to an inclusive monojet topology, each region is
also measured in a VBF-enhanced phase space defined by additional jet selections. The analysis is
performed with re-interpretability in mind, exemplified by two important design choices. First,
the data is corrected for detector effects in an iterative Bayesian unfolding technique. Second,
the phase-space is defined in terms of the final state particles rather than final state processes. In
other words, subdominant SM processes that enter the measurement regions are not subtracted
from data but rather kept as signal.

Experimental data is compared to theoretical NLO QCD V +jets predictions. These show ade-
quate shape modelling for the p/'** observable, but there is an overall offset of 10-20% of the to-
tal cross-section. MC predictions from NNLO reweighted QCD V +jets samples show improved
modelling of the total cross-section and significantly smaller theoretical uncertainties. The shape
of m;; in the VBF region is mismodelled by the NLO predictions, and alternative predictions
from HE] - only available for the lepton regions — show slight improvements in the shape mod-
elling. The agreement between data and MC is quantified with a x? fit, which is best for the R™is
results where mismodelling effects largely cancel.

193



194 Conclusion

The ATLAS pis*+jets measurement is interpreted in terms of two BSM scenarios. First, a pseudo-
scalar simplified DM model is tested to benchmark the sensitivity against a detector-level mono-
jet search using the same data. Competitive limits are obtained, and hence this work shows that
precision SM measurement can be as good of an asset in BSM limit setting than dedicated BSM
searches. To demonstrate the sensitivity and flexibility of the measurement, limits are also set on
parameters of the 2HDM+a model.

The analysis logic of the pfi*+jets measurement is preserved in RIVET, while numerical (meta)data
will be publicly available on HEPData. Using the CONTUR software, a re-interpretation of these
public results is made for a BSM scenario in which a DM candidate is predicted from gauge
anomaly cancellation. CONTUR includes a large set of LHC differential cross-section measure-
ments from the RIVET library to compare new BSM models to a wide range of already measured
final states. This work presents the first limits on this model using particle-level measurements.
The CONTUR framework lends itself optimally for exploratory studies of a new model, because
CPU-intensive detector simulation is not required which results in a quick feedback-loop. Large
regions of the parameter space are excluded by the new p2i*+jets analysis, and these collider
constraints are combined with results from DM searches and cosmological measurements of the
cosmic microwave background. Projected sensitivities show that a large range of the parameter
space is accessible during HL-LHC data-taking, so that a discovery is possible in the medium

term.

Model-independent cross-section measurements are proven to be extremely powerful in a myr-
iad of different ways, but only if sufficient (digital) material is published outside the experimental
collaborations. The “handover” from experimentalists to the outside world can be a bottleneck
where useful and labour-intensive physics data is lost into the void. At the dawn of the High-
Luminosity LHC program — where we will see the last hadronic collisions for a very long time —
it is critical to follow up on collective efforts to publish full statistical models, machine learning
algorithms and any other tools used in analysis to benefit re-interpretation. This thesis serve to
demonstrate how re-interpretable measurements are performed and re-used, and to convey the

benefits of this approach in an urgent message to the rest of the particle physics community.
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Appendix A

Comparison of Lund string and
cluster hadronisation model

As part of this thesis work, the effects of using the Lund string or cluster hadronisation model
is studied using both a set of ¢Z and dijet events. The general idea is to generate a set of events
with the same matrix-element calculation and parton shower, and in this way isolate the effect of

changing the underlying hadronisation models.

Figure A.1 shows a selection of POWHEG-BOX [89-91] tf events that are showered and hadronised
using HERWIG 7.1.6 [82-84], comparing the cluster and Lund string hadronisation models. This
RIVET analysis is designed for purely MC based ¢t production studies [322], characterising the
final state with top-quarks via reconstructions of leptons and jets instead of partonic tops, and
ultimately plotting variables such as jet pt or reconstructed masses for top quarks and W bosons.
It is good to emphasise that both sets of plots constitute the exact same set of events up until the
parton shower, with the only difference being the hadronisation model that was used.

Most observables show agreement within statistical uncertainties, such as the jet pr and the scalar
sum of transverse momenta Ht. However, there is a shape difference around the reconstructed
W and top masses. By default, and in this study, the analysis is run in the single-lepton decay
mode of the ¢t system. The hadronically decaying W boson is reconstructed from the pair of
non-b-tagged jets that best matches the W mass. If the two hadronisation models yield hadrons
with different kinematic properties and distribute them differently between jets, this can explain
the mass discrepancy around the My peak. Considering both sets of histograms differ only in the
hadronisation model, this effect can be related to the fact that the cluster model populates the tail
of the jet multiplicity distribution more strongly. If some ¢¢ event leads to less reconstructed jets in
the Lund string model than in the cluster model, the (less numerous) jets in the Lund string will
carry more energy because of energy conservation: the energy has to go somewhere. This would
then explain the mass peak of the W mass is shifted towards higher values for the Lund string
model compared to the cluster model. A jet substructure analysis can shed further light on this
hypothesis and effects in jet reconstruction from using different hadronisation models. The top
mass is reconstructed from the combined four-momenta of the W boson and a b-jet, propagating
the effect of the hadronic W mass reconstruction and potential mismodelling of the b-jet mass to
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Sample Herwig?7 version Parton shower Hadronisation model

1 7.1.6 Angular-ordered Cluster
2 7.1.6 Angular-ordered Lund string
3 721 Angular-ordered  Cluster
4 7.1.6 Dipole Cluster

Table A.1: Four different sets of dijet samples.

the discrepancy that is seen around the reconstructed mass of the top quark.

Furthermore, four sets of dijet samples, c.f. Table A.1, are produced for validation and compared
to a dijet cross-section measurement in ATLAS [320] using Rivet in Figure A.2. In this context, the
most important configurations to compare are again the blue and red histograms, using the exact
same setup except for the hadronisation model. Figures A.2a and A.2b show consistent shape
modelling of the jet pr distributions between the two different hadronisation models. Both MC
predictions underestimate the experimental data, which can be expected because the setups only
include LO terms in the matrix-element calculation. The jet mass plots in Figures A.2c and A.2d
have a slight shape difference in the low-mass region, where the Lund string model has a larger
fiducial cross-section around 200 GeV. The RIVET analysis for the dijet cross-section measurement
does not go down to lower dijet mass, but we can investigate the low-mass m;; region with the
purely based MC study [321]. Figure A.3 shows the jet-mass distributions of the leading and
sub-leading jets in pr. Here, we see again that the Lund string model peaks at a slightly higher
mass compared to the cluster model and that the Lund string model has a harder jet pt spectrum.
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Figure A.1: Observables for ¢t production samples with the Cluster and Lund string hadronisa-
tion models, generated with POWHEG+Herwig 7.1 and corresponding to the MC_TTBAR Rivet
analysis [322], that generates multiple particle-level quantities from input MC samples. The fig-
ures show a discrepancy between mass-dependent observables for the Lund string model (in
blue) compared to the cluster model (in red), as well as the tail of the jet multiplicity in subfigure

(d)-
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Figure A.3: Observables for dijet production samples indicated in Table A.1. The observables are
generated with the MC_DIJET RIVET analysis [321], that generates multiple particle-level quan-
tities from input MC samples. The emphasis is on a comparison between the Cluster and Lund
string hadronisation models, generated with POWHEG+Herwig 7.1, in red and blue histograms
respectively. The differential distributions as a function of jet pr in subfigure (a) and (b) show
that the Lund string model has a harder pt spectrum than the cluster model for the leading and
sub-leading jets (in pr) respectively. Consequently, the reconstructed jet mass of the leading and
sub-leading jets peaks at a higher value for sample generated with the Lund string model com-
pared to the cluster model.
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Appendix B

Migration matrices for auxiliary
lepton regions

This section highlights the migration matrices used in the unfolding for the single-lepton and
di-lepton channels. The matrices for the pis°°!! observable for the > 1 jet and VBF region are
shown in Figure B.1 and B.2 respectively, while the m;; and A¢;; observables for the VBF region
are shown in Figure B.3 and B.4 respectively. Like the p2i*+jets region matrices presented in the
main body of the text, all matrices are mostly diagonal where the diagonal entries that correspond

to the purity are at least 60%.
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Figure B.1: Migration matrices for the p5®°! observable in the > 1 jet region for the single-lepton
and di-lepton auxiliary regions. In all plots, the diagonal entries (i.e. the purity) is observed
to be at least 60%, which is found to lead to a reliable convergence of the unfolding within a
small number of iterations such that the statistical uncertainties from the unfolding procedure
are reduced. The off-diagonal elements indicate that there is more migration to higher p%'** bins
than to lower p'* bins. This is explained by the fact that these are steeply falling distributions
and that reconstruction of the magnitude of a vector, i.e. p'**, at a slightly different value leads
to relatively more migrations to high p** bins.
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Figure B.2: Migration matrices for the pi¢°i! observable in the VBF region for the single-lepton
and di-lepton auxiliary regions. In all plots, the diagonal entries (i.e. the purity) is observed
to be at least 60%, which is found to lead to a reliable convergence of the unfolding within a
small number of iterations such that the statistical uncertainties from the unfolding procedure
are reduced. The off-diagonal elements indicate that there is more migration to higher p%'** bins
than to lower p'* bins. This is explained by the fact that these are steeply falling distributions
and that reconstruction of the magnitude of a vector, i.e. p'**, at a slightly different value leads
to relatively more migrations to high p** bins.
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Figure B.3: Migration matrices for the m;; observable in the VBF region for the single-lepton
and di-lepton auxiliary regions. In all plots, the diagonal entries (i.e. the purity) is observed
to be at least 60%, which is found to lead to a reliable convergence of the unfolding within a
small number of iterations such that the statistical uncertainties from the unfolding procedure
are reduced.
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Figure B.4: Migration matrices for the A¢;; observable in the VBF region for the single-lepton
and di-lepton auxiliary regions. In all plots, the diagonal entries (i.e. the purity) is observed
to be at least 94%, which is found to lead to a reliable convergence of the unfolding within a
small number of iterations such that the statistical uncertainties from the unfolding procedure
are reduced.
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